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Here we report on two unrelated adult patients presenting with Limb girdle muscular dystrophy who were found to have novel variants in ANO5. Both patients had prominent weakness of their proximal lower limbs with mild weakness of elbow flexion and markedly elevated creatine kinase. Next generation sequencing using a custom-designed neuromuscular panel was performed in both patients. In one patient, 336 genes were targeted for casual variants and in the other patient (using a later panel design), 464 genes were targeted. One patient was homozygous for a novel splice variant [c.294+5G>A; p.(Ala98Ins4*)] in ANO5. Another patient was compound heterozygous for two variants in ANO5; a common frameshift variant [c.191dupA; p.(Asn64fs)] and a novel missense variant [c.952G>C; p.(Ala318Pro)]. These findings support the utility of next generation sequencing in the diagnosis of patients presenting with a Limb girdle muscular dystrophy phenotype and extends the genotypic spectrum of ANO5 disease.

Keywords: case report, limb girdle muscular dystrophy, ANO5, novel variant, next generation sequencing


INTRODUCTION

Anoctamin 5 (ANO5) is a protein that belongs to a family of calcium-activated chloride channels and phospholipid scramblases (1). The exact function of the ANO5 protein is not completely understood although it has been shown to play a role in sarcolemma repair (1). Recessive variants of ANO5 have been associated with a range of muscle diseases including limb girdle muscular dystrophy (LGMD R12), (2, 3) distal myopathy (Miyoshi-like muscular dystrophy type 3), (4) exercise induced myalgia, (5) recurrent rhabdomyolysis, (6) axial myopathy (7) and asymptomatic hyperCKemia (5).

Patients with LGMD R12 typically present in adulthood with slowly progressive proximal lower limb and bicep weakness that is often asymmetric. This is associated with markedly elevated creatine kinase (CK) levels (2, 3). For unknown reasons females homozygous for ANO5 variants tend to have a less severe phenotype than males (5). Dilated cardiomyopathy and cardiac conduction disease have been reported but are rare (8). Magnetic resonance imaging (MRI) of the lower limbs often shows selective atrophy and fatty infiltration of the posterior calf and thigh muscles (9).

Here we report the clinical, pathologic, and genetic findings of two unrelated patients presenting with LGMD who were found to have novel variants in ANO5.



CASE REPORT


Patient 1

This 35-year-old Iranian man presented with slowly progressive upper and lower limb weakness from the age of 20 years. At the time of presentation, the patient had difficulty standing from the seated position and washing his hair. There were no sensory symptoms. There was no significant medical history. The patient was borne to non-consanguineous parents. His brother had similar symptoms, but four other siblings were unaffected.

On examination he had a waddling gait. There was no muscle wasting. Tone was normal. There was MRC 4/5 weakness of hip flexion and extension, hip adduction and knee flexion and extension. There was MRC 4+/5 weakness of elbow flexion bilaterally. Distal upper and lower limb strength was normal (MRC 5/5). Facial, ocular and neck strength was normal (MRC 5/5). Reflexes were normal. The sensory examination was normal. The CK was 1990. An MRI of the upper limbs performed 3 years earlier showed increased T2 signal of teres major and long head of triceps bilaterally without atrophy or fatty infiltration (Figure 1). A muscle biopsy showed end-stage muscle disease consistent with a chronic muscular dystrophy.


[image: Figure 1]
FIGURE 1. Magnetic resonance imaging (MRI) of selected muscles from patients 1 and 2. (A) Left shoulder of patient 1 - axial T2* weighted sequence showing increased T2 signal of teres major and long head triceps (white arrows). (B) Bilateral thighs of patient 2 - coronal T1∧ weighted sequence showing extensive fatty replacement of anterior and medial thigh muscles (white arrows) with relative preservation of the right rectus femoris (black arrow). *T2, transverse relaxation time; ∧T1, longitudinal relaxation time.


Previous genetic testing for Becker muscular dystrophy and facioscapulohumeral muscular dystrophy (FSHD) was negative. The patient had also undergone targeted sequencing of the fukutin related protein (FKRP) gene, which was normal. Next generation sequencing (NGS) using a custom-designed 336 gene neuromuscular panel (PathWest Laboratory, Australia) (10) revealed homozygosity for a novel splice variant [c.294+5G>A; p.(Ala98Ins4*)] in intron 5 of the ANO5 gene (ClinVar https://www.ncbi.nlm.nih.gov/clinvar/variation/1326848/?new_evidence=true).

While in silico analysis was not indicative of a likely splice effect, complementary DNA studies demonstrated intron inclusion and a complete absence of normal product (Figure 2). His brother was also found to be homozygous for the same variant on targeted sequencing of ANO5.


[image: Figure 2]
FIGURE 2. DNA sequence chromatogram for patient 1. (A) Normal control mRNA. (B) Patient 1 mRNA showing loss of exon 5 donor splice site resulting in intron inclusion and premature termination of protein due to presence of stop codon in variant mRNA.




Patient 2

This 55 year-old man presented with slowly progressive lower and upper limb weakness from the age of 35 years. At the time of presentation, he had difficulty rising from the seated position and walking up stairs. There was no significant medical history. There was no family history of muscle weakness.

On examination he had a waddling gait. There was wasting of the calf muscles bilaterally. The other limb muscles were of normal bulk. Tone was normal. There was MRC 4/5 weakness of hip flexion, hip extension, hip adduction, hip abduction, knee flexion and right knee extension. There was MRC 3/5 weakness of left knee extension. There was MRC 4+/5 weakness of elbow flexion and extension bilaterally. Distal upper and lower limb strength was normal (MRC 5/5). Facial, ocular and neck strength was normal (MRC 5/5). Reflexes were reduced in the upper and lower limbs. The sensory examination was normal. The CK was 4,910.

An EMG showed myopathic motor units without abnormal spontaneous activity in the right vastus medialis, vastus lateralis, biceps femoris and medial gastrocnemius. There were fibrillations with reduced recruitment of large motor units in the right tibialis anterior. MRI of the upper and lower limbs showed fatty infiltration and mild atrophy of the posterior calf and thigh muscles along with fatty infiltration and atrophy of the pectoral, latissimus dorsi and teres muscles (Figure 1). An echocardiogram did not show evidence of cardiomyopathy. The patient declined to undergo a muscle biopsy.

Next generation sequencing using a custom-designed 464 gene neuromuscular panel (PathWest Laboratory, Australia) (10) revealed compound heterozygosity for two variants in the ANO5 gene; a previously reported pathogenic frameshift variant [c.191dupA; p.(Asn64fs)] in exon 5 that results in a premature stop signal and a novel missense variant [c.952G>C; p.(Ala318Pro)] in exon 10 (ClinVar https://www.ncbi.nlm.nih.gov/clinvar/variation/1327991/?new_evidence=false#id_first). Segregation studies were not possible as the patient's first-degree relatives were not available for genetic testing.




DISCUSSION

We describe two patients presenting with LGMD who were found to have novel ANO5 variants after NGS using a custom-designed neuromuscular genetic panel. The use of multigene panels is especially helpful for the diagnosis of LGMD R12 as its phenotype can overlap with other types of LGMD (11) and muscle biopsies in these patients are often non-diagnostic and show non-specific myopathic or dystrophic changes (7, 12) although skeletal muscle amyloid deposits have been identified in some cases (13). The identification of disease causing variants with NGS also helps with genetic counseling in those with LGMD by allowing for targeted genetic testing in family members that could be carriers or at risk of inheriting the disease.

Patient 1 was a 35-year-old Iranian man who was homozygous for a novel splice variant [c.294+5G>A; p (Ala98Ins4*)]. This variant leads to intron inclusion resulting in premature truncation of the protein, is absent from controls (14–17) and segregates with disease in the affected sibling (13, 18) (Figure 2 and Table 1). Patient 1 has Iranian ancestry. Most reported cases of LGMD R12 have been in European patients (3). However, LGMD R12 has been reported in patients from the Middle East, including Saudi Arabia (18), Jordan (19) and Afghanistan (20).


Table 1. Genetic summary for ANO5 variants.

[image: Table 1]

Patient 2 was a 55-year-old Caucasian man who was compound heterozygous for the frameshift variant [c.191dupA; p.(Asn64fs)] and a novel missense variant [c.952G>C; p.(Ala318Pro)]. Through a founder effect, the frameshift variant [c.191dupA; p.(Asn64fs)] is the most common pathogenic ANO5 variant identified in European patients with LGMD R12 (3). The missense variant [c.952G>C; p.(Ala318Pro)] in patient 2 is absent from controls, is strongly conserved (21) and predicted to be damaging in silico (22, 23) (Table 1). Currently considered a variant of uncertain significance as per the American College of Medical Genetics and Genomics—Association for Molecular Pathology (ACMG-AMP) guidelines (24) additional functional evidence could help elucidate its impact. Detailed, mutation-specific assessments across ANO5 are lacking in the literature but loss of ANO5 has been shown to cause defective membrane repair (1). The novel missense variant we report in patient 2 is located within the first transmembrane domain of the protein (25) and could influence the effectiveness of membrane transport for repair (ie. coordination of annexins), particularly in muscle where it is highly expressed (26). The clinical presentation of patient 2 with adult onset, slowly progressive proximal lower limb and biceps weakness and significantly elevated CK is typical of other cases of LGMD R12 reported in the literature (2, 3).



CONCLUSION

ANO5 variants are not uncommon in LGMD but occur with a spectrum of LGMD severity. Our findings extend the genotypic spectrum of ANO5 disease and supports the utility of next generation sequencing in the diagnostic process. Further work on understanding disease mechanisms underlying ANO5 associated LGMD is needed to address relevant therapeutic avenues.
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Background: Spinal muscular atrophy (SMA) is an autosomal recessive disorder caused by pathogenic variation of the survival motor neuron (SMN) 1 gene. Symptoms of SMA include progressive limb muscle weakness, atrophy, and severe scoliosis. Nusinersen is an antisense oligonucleotide that can enhance the production of the SMN protein. Here, we report a case with scoliosis who received orthopedic surgery combined with Nusinersen intrathecal injections.

Case Presentation: Scoliosis orthopedic surgery followed by Nusinersen intrathecal injections was given to a 16-year-old girl who had thoracic and lumbar scoliosis and type 3 SMA. Surgery was performed for T3-S2 posterolateral fusion (PLF), with a channel left on the vertebral laminae of L3-L4. The balance of the spine and pelvis was significantly improved and the height increased by 9 cm. Lumbar puncture was conducted with local anesthesia under ultrasound and CT guidance through the laminae channel and Nusinersen was successfully injected. Comparing the two approaches, real-time ultrasound guidance for intrathecal Nusinersen injections after spinal surgery is preferred, however, CT guidance is an alternative if the initial puncture procedure is difficult. After the aforementioned multidisciplinary treatment, a good outcome was achieved, as demonstrated by a 2-point increase in RULM and MFM32 scores 2 months later.

Conclusion: Scoliosis orthopedic surgery combined with Nusinersen intrathecal injection is an effective treatment for SMA patients with scoliosis.

Keywords: SMA, scoliosis orthopedic surgery, Nusinersen intrathecal injection, real-time ultrasound guidance, CT guidance, case report


INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive disorder that leads to the degeneration and even loss of the motor neurons in the spinal cord. Usually, it is caused by the deletion of exon 7 of the SMN1 gene. It has been noted that its incidence is ~10 in 100,000 at birth and later prevalence of individuals with classic forms of the disease is ~1–2 per 100,000 persons (1). According to the age of onset and maximum exercise capacity, there are three different types of SMA, namely, type 1, type 2, and type 3, in children, and type 4 in adulthood. Among those, type 1 SMA is the most severe and also the most common fatal neuromuscular disorder in infants (2). SMN2 gene undergoes alternative splicing and produces a truncated mRNA isoform missing exon seven. A C-to-T nucleotide transition at position six of exon seven of the SMN2 gene is responsible for the alternative splicing. The resulted truncated SMN protein is non-functional and thought to be degraded rapidly. About 10% of SMN2 pre-mRNA is properly spliced and subsequently translated into full-length SMN protein. Therefore, the quantity of the functional SMN protein produced and the clinical severity of SMA is dependent on the number of the SMN2 gene copies retained in the SMA patients.

Nusinersen is an anti-sense oligonucleotide, which was designed to modify the splicing behavior of the SMN2 gene and thus increase the inclusion of exon7 and the expression of the full-length SMN protein (3, 4). It was approved by the US Food and Drug Administration (FDA) in late December 2016, the European Medicines Agency in June 2017 (5), and the Chinese national medical product administration (NMPA) in 2019. Due to its inability to pass through the blood–brain barrier, Nusinersen can only be administered intrathecally through lumbar puncture (6).

Respiratory dysfunction is the most common complication and primary cause of death in SMA. Patients may have difficulty in clearing lower respiratory secretions due to cough weakness, and some with severe scoliosis may develop restrictive ventilatory dysfunction due to their severe chest wall deformity. Scoliosis and hip subluxation or dislocation are the two most common orthopedic problems encountered by patients with SMA (3). The collapsing long C-shaped scoliosis (7), typically seen in children with SMA, is caused by the weakness of the trunk muscles and their inability to keep the spine in the upright position (4). Such curvature may involve a large segment of the spine with its apex often located in the thoraco-lumbar junction, extending into the pelvis and leading to the development of a significant imbalance between trunk and pelvis (8). The age of onset, severity, and progression of scoliosis are related to the type of SMA and the extent of muscle weakness (9). The more severely the child is affected, the higher the probability of developing scoliosis at an earlier age and also the greater anticipated curve progression (1). Spinal fusion is recommended in the presence of documented scoliosis progression and curves between 40° and 60° in children, ideally at 10 years of age or older (10), especially, if there is a recorded deterioration in their motor function or pulmonary capacities. However, intrathecal injection treatment is very difficult for the patients who have received orthopedic surgery because of the lack of anatomical landmarks on the vertebral laminae and deficient flexion of the lumbar spine after scoliosis orthopedic surgery and there were few experiences in China up to date.

Here, we report an SMA case with scoliosis who underwent orthopedic surgery followed by Nusinersen intrathecal injections, and technical essentials of the procedure. It perfectly reflects the multidisciplinary cooperation.



CASE REPORT


Clinical Data

The case is a 16-year-old girl who achieved independent walking at one year old. She was found to have progressive muscle weakness with waddled gait and difficulty walking up and down stairs and squatting at 3 years old. She developed tremor in both the hands at the age of 5 years. At the age of 12, the patient was unable to squat or walk up and down stairs. She lost her ability to walk at 13 years old and ability to stand at 15 years old. Currently, she is wheelchair bound. The muscle strength of the patient's upper limbs is relatively preserved compared to her lower limbs and she can write in a prone position, but cannot lift heavy objects. Her intelligence is normal. There is no consanguinity in the parents and no history of any neurological disorders, genetic conditions, or early deaths in either parents' family.

On examination, the patient had atrophic muscles in her proximal lower limbs and relatively pseudohypertrophy of the gastrocnemius. Her upper extremity strength was Grade 4 and lower extremity strength was Grades 2-3, based on Medical Research Council (MRC) scale. She was observed exhibiting tongue fasciculations. She has tongue fasciculation and atrophy, areflexia, joint contractures, ankylosis of both feet, and severe scoliosis.

Her EMG showed neurogenic injury with abnormal insertional activity and reduced recruitment pattern. The muscle MRI showed fatty infiltration, amyotrophy, and edema.



Diagnostic Tests

Her genetic testing showed homozygous deletion (exon7 and exon8) of the SMN1 gene, and there were 3 copies of the SMN2 gene. Then, the systemic functions were assessed in detail after diagnosis.



Orthopedic Complications

Scoliosis and pelvis obliquity developed after the patient lost her independent walking. She was diagnosed to have long C-shaped thoracolumbar scoliosis with cobb angel of 63° at present. Inclination of the pelvis was 9.5°. Because of the inclination of pelvis and scoliosis, she needs to use both hands to maintain balance while sitting, therefore, making it impossible for her to study or work with her upper limbs.



Respiratory Involvement

Pulmonary function test showed a decrease vital capacity and an increased residual volume. Her diffusing lung capacity for carbon monoxide (DLCO) was 79.45% predicted. The patient's lung function damage was presented as restrictive ventilatory defect.




SCOLIOSIS ORTHOPEDIC SURGERY

Rapid progression of scoliosis and decompensation of the trunk can lead to cardiorespiratory functional impairment in an unexpectedly short period of time. In order to free up the upper limbs for daily activities and to prevent cardiorespiratory functional deterioration, spinal fusion is recommended for her. In consideration of the pelvis obliquity and the flexibility of scoliosis, an isolated posterior spinal arthrodesis should be sufficient to achieve satisfactory correction of her deformity, without the need for additional anterior surgery or preoperative spinal traction. Scoliosis orthopedic surgery with sequential Nusinersen intrathecal injection was decided with fully consent from both the patient and her parents. She received the T3-S2 PLF surgery with 30 pedicle screws implanted in September 2021.

Because of the severe pelvic tilt, orthopedic fusion surgery was fixed to the S2 segment, and S2 sacral alar–iliac screws were planted for spinal–pelvic fixation. The surgical procedure was technically successful and well-tolerated. No severe postoperative complications were noted. The scoliosis correction rate was up to 71.4% and her height had increased by 9 cm. Pelvic inclination angle improved from 9.5° (preoperative) to 0.5° (postoperative) and pelvic tilt was well-corrected (Figure 1).


[image: Figure 1]
FIGURE 1. Scoliosis orthopedic surgery. X-ray, CT images and appearance of the SMA patient with scoliosis. (A) The anteroposterior view of spinal X-ray before surgery. (B) The lateral view of spinal X-ray before surgery. (C,D) The left and right bending view of spinal X-ray before surgery. (E,F) The three-dimensional CT images before surgery. (G) The anteroposterior view of spinal X-ray after surgery. (H) The lateral view of spinal X-ray after surgery. (I) The appearance of the back before surgery. (J) The appearance of the back after surgery. (K) The three-dimensional CT images after surgery. (L) The sagittal CT images after surgery and the osseous channel are circled in the figure.


Clinical outcomes of the orthopedic surgery are summarized in Table 1.


Table 1. The clinical data and outcome about the orthopedic surgery.
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Nusinersen Intrathecal Injection

The intrathecal injection was completed at the 30th day after the orthopedic surgery. In a novel procedure, the osseous channel was left on the vertebral laminae of L3-L4 to facilitate subsequent intrathecal injection in this case. This included partial removal of the superior half of the lamina, the spinous process of L4 and the inferior half of the lamina and the spinous process of L3 with complete excision of the intervening ligamentum flavum.

Lumbar punctures were successfully performed with local anesthesia under real-time ultrasound guidance through the laminae channel for the first and second Nusinersen injections (Figures 2A,B), although it was time-consuming to find the anatomical structure in which echo signal was affected by the postoperative local anatomical changes and implants. Considering the comfort and minimization of tissue injury to the patient, lumbar puncture was guided with the help of CT for the third and fourth dosage of Nusinersen (Figures 2C–E). Location, direction, and depth of puncture was quickly and clearly determined by CT, with a much higher resolution. In the CT guidance process, low-dose parameters were set, and the final radiation amount of a single operation was presumably in the very low range of 0.1 (mSv), which was equivalent to the radiation amount of 1 chest CT (0.05–0.24 mSv). Clinical data from the Nusinersen intrathecal injection are shown in Table 2.


[image: Figure 2]
FIGURE 2. Nusinersen intrathecal injection process under the guidance of B-ultrasound and CT. (A,B) Real-time ultrasound-guided lumbar puncture. (A) Ultrasound probe position of paramedian sagittal oblique scan at the level of lamina. (B) Local anesthesia before intrathecal injection. C-E CT-guided lumbar puncture. (C) Place a metal positioning wire at the posterior midline around the lumbar spine. (D) Determine the needle insertion route through CT scan, and calculate the needle insertion point on the body surface and needle insertion angle. (E) The puncture needle successfully entered the subarachnoid space).



Table 2. Clinical and motor function evaluation with Nusinersen intrathecal injection.
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Postoperative Recovery

During the perioperative period, the patient received individualized rehabilitation intervention as soon as possible according to the results of different means of assessment, including: (1) manual active-assistive stretching of lower extremity joints; (2) thoraco-lumbar sacral or those for posture and to promote function; (3) muscle strength training and functional activity exercise; (4) bicycle training with resistance; and (5) respiratory muscle training.

In this study, the MFM 32, RULM, and HFMSE scales were used to evaluate the changes in motor function of the patient (Table 2). After the surgery and three doses of Nusinersen, both MFM32 and RULM scores improved by 2 points, due to improvements in muscle strength and motor function of upper extremities. However, HFMSE scores decreased temporally after surgery, because the surgery damaged the trunk muscles, which affected some activities, such as rolling over. It will probably take some time to recover.

Above all, spinal orthopedic surgery not only increased the thoracic volume of the patient, but also facilitated the rehabilitation exercise process. The motor functions of patients improved significantly after the surgery, four doses of Nusinersen and rehabilitation training.




DISCUSSION

Spinal muscular atrophy affects motor neurons of the spinal cord and the lower bulbar nuclei (11). It manifests clinically with progressive limb and trunk weakness affecting the proximal trunk muscles more than the distal muscles and the lower limbs more than the upper ones according to the natural history (12). According to the patient's manifestation and gene test result, she was diagnosed SMA, type 3. She received further multidisciplinary treatment in our neuromuscular disorder center.

The spinal deformity develops as a consequence of the generalized weakness and poor ambulatory function (11). Patients with SMA and mild scoliosis who lose ambulatory capacity and became wheelchair-bound show rapid deterioration of their scoliosis and pelvis obliquity (13). Orthopedic surgery is the primary treatment for the patients with neuromuscular scoliosis and pelvic tilt, and is also an important part of the standard care for SMA patients. If the orthopedic corrective surgery is not performed in time, the spinal deformity will significantly be aggravated and the costal arch will gradually impact the iliac crest, resulting in severe lumbar and costal pain. Furthermore, the cardiopulmonary function and gastrointestinal function will deteriorate gradually with the aggravation of chest and abdominal compression, and eventually become life-threatening. The objective of the orthopedic surgery is to correct the tilt and balance of the pelvis, restore the coronal and sagittal balance of the spine, promote potential for upper limb rehabilitation exercise and consequently improve the quality of life of the patient (11). The correction rate for scoliosis depends on the flexibility of the spine. Greater flexibility results in a better correction rate (14). Spinal development usually become mature between the ages of 13–16 accompanied by acceptable curve flexibility, however, spinal flexibility decreases with age (15). Therefore, the optimal age for scoliosis surgery is between 13 and 16 years of age (16). In this case, the balance of the spine and pelvis was improved significantly and the height increased by 9 cm, and the patient was able to sit alone without the assistance of hands after surgery, thus, facilitating the rehabilitation exercises. The trend of improvement of the patient's motor function can be seen in the short term and the further long term follow-up is required.

Nusinersen is an effective, life-changing treatment in children of all ages with SMA (5, 17). It can be administered intrathecally even in children with severe scoliosis or following spine surgery (18, 19). The spinous processes are removed and the vertebra is fixed with the posterior screw rod system during scoliosis correction surgery (20). Due to the lack of anatomical landmarks on the vertebral laminae and deficient flexion of the lumbar spine after orthopedic fusion surgery (21), the space for needle insertion between the adjacent spinous processes is limited. Therefore, the intrathecal injection treatment is very difficult for the patients who have received orthopedic surgery. Cervical puncture can be used for Nusinersen administration. However, this approach was not necessarily due to the high technical success rate of lumbar punctures given that even the slightest error during a cervical puncture operation may cause cervical spinal cord injury, paralysis, and apnea. Transforaminal approach has been used frequently for intrathecal injections after spinal surgery, however, there is a risk of injuries to nerve roots and vessels, which pass through the foramen. In order to preserve the channel for intrathecal injection, an L3-L4 laminectomy can be performed at the same time as spinal correction and fusion surgery in this patient.

The first two lumbar punctures were performed with local anesthesia under real-time ultrasound guidance while the third and fourth ones were administered with CT guidance through the laminae channel.

Compared with the CT guidance, ultrasound guidance is available readily at the bedside and radiation-free, but it is important for a clinically experienced physician to perform the procedure because metal artifacts such as implants can interfere with the ultrasound. It always takes a period of time to find the vertebral space using ultrasound, and the longer operation time brings more discomfort to the patient (22). CT-guided intrathecal injection is a feasible method of Nusinersen administration for patients with difficult lumbar puncture because of the severe scoliosis or spinal stabilization with a high technical success rate (23). In this case, CT-guided puncture required less operative time, a lower local anesthetic dose, and lower VAS score after the procedure compared with ultrasound guidance. Considering the advantages and disadvantages of both guidance approaches, we recommend real-time ultrasound guidance for the first intrathecal injection of Nusinersen for SMA patients after spinal surgery, which can be replaced by CT guidance if the first puncture process is difficult.

In summary, scoliosis orthopedic surgery combined with Nusinersen intrathecal injection is an effective and efficient procedure for SMA patients with scoliosis. The patient benefited from the osseous channel left during orthopedic surgery. Not only were the scoliosis and pelvic tilt significantly corrected, but the intrathecal injection was performed safely. As with all the single case studies, further studies with larger sample sizes are needed.
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Introduction: Guillain-Barré syndrome (GBS) has been classified into demyelinating and axonal subtypes or forms, such as acute motor axonal neuropathy (AMAN) and regional pharyngeal-cervical-brachial variant (PCBv).

Objective: To study the relationship between motor nerve conduction blocks (CBs) and prognosis in AMAN and PCBv.

Patients and Methods: We retrospectively analyzed six cases of AMAN and PCBv with serial nerve conduction studies (NCS) and electromyography (EMG).

Results: The serial NCS (1st−2nd and 3rd week) showed, as the most constant data, a decreased amplitude of the compound muscle action potential (CMAP) in 100% of cases. CBs were present in 66.6% of cases. EMG (3rd week) showed signs of severe denervation in 33.3%. All patients were treated from the 1st−2nd week of evolution with intravenous immunoglobulins (IVIGs). Patients with CBs (1st−2nd and 3rd week), showed reversible CBs or reversible conduction failure (RCF) and complete recovery at 1 month. Patients without CBs, with persistent reduced distal CMAP amplitude (dCMAP), showed severe acute denervation due to axonal degeneration (3rd week and 1st−3rd month) and a slow recovery of several months.

Conclusions: Not all axonal forms of GBS have a poor prognosis. This study of AMAN and PCBv shows that patients with CBs can have reversible CBs or RCF, and good prognosis. Patients without CBs, with persistent reduction of dCMAP amplitude decrement, have severe acute denervation, and a worse prognosis. AMAN and PCBv have a continuous spectrum ranging from CBs due to dysfunction/disruption of Nodes of Ranvier, called nodopathies, with reversible CBs or RCF and good prognosis, to axonal degeneration with worse prognosis.

Keywords: acute motor axonal neuropathy, nerve conduction blocks, nodopathies, nodo-paranodopathies, regional variants, Guillain-Barré syndrome


INTRODUCTION

Traditionally and currently, Guillain-Barre Syndrome (GBS) applies to a broad spectrum of acute acquired and immune-mediated inflammatory polyradiculoneuropathies, with classification generally into two major groups or forms, demyelinating forms, such as acute demyelinating polyneuropathy (AIDP) and axonal forms, such as acute motor axonal neuropathy (AMAN) and the more frequent regional pharyngeal-cervical-brachial variant (PCBv) with axonal pattern (1).

The frequency of AMAN ranges from 6–7% in the United Kingdom and Spain to 30–65% in Asia and Central and South America (1).

Acute motor axonal neuropathy is a post-infectious autoimmune process against peripheral nerve antigens, associated with the presence of antiganglioside antibodies anti-GM1, GD1a, GM1b, and GalNAc-GD1a (1–3). PCBv is associated with a heterogeneous immunological profile of anti-ganglioside, anti-GT1a, anti-GT1b, GQ1b, GD1a, and GT1b antibodies (4–6). Gangliosides contribute to the stability of proteins that maintain the binding of axon and myelin at the paranodes and of sodium channels at the nodes of Ranvier. Antibodies bind to gangliosides at nodes of Ranvier, resulting in inactivation of voltage-dependent sodium channels or may produce primary axonal degeneration (3, 7).

The diagnosis is clinical, supported by electrodiagnostic, cerebrospinal fluid (CSF), and antiganglioside antibodies. AMAN presents with acute progressive weakness, with relative symmetry in upper and lower limbs, without sensory symptoms and osteotendinous reflexes usually being preserved (1). PCBv appears with progressive oropharyngeal, facial, and cervicobrachial weakness (sometimes affecting the arms) (1, 8, 9).

Based on electrodiagnosis, AMAN was previously characterized by axonal degeneration with decreased CMAP amplitude without signs of demyelination (10, 11). Currently, motor conduction blocks (CBs) without signs of demyelination (temporal dispersion of the CMAP) are described as being, in some cases, reversible CBs or reversible conduction failure (RCF) (12). A similar finding restricted to the upper extremities is observed in the PCBv (9, 13, 14).



MATERIALS AND METHODS

We retrospectively analyzed six cases of patients with AMAN and regional axonal variant PCBv, aged 18–73 years, from the Universitary Hospital of León. The research protocol and informed consent were requested and approved by the corresponding Medical Research Ethics Committee (CEIm).

Patients began with progressive loss of strength in their extremities (4 cases), dysphagia and neck and upper limb muscles weakness (1 case), and dysarthria followed by dysphagia and bilateral facial paralysis (1 case). No sensory symptoms were detected in any of the patients. The clinical features and neurophysiological studies (serial NCS and needle EMG) findings were evaluated. Laboratory test, such as antiganglioside antibodies serologies and cerebrospinal fluid (CSF) test were analyzed.

Electrophysiological studies were carried out using a Keypoint Medtronic EMG system. Recordings were performed by standard methods using surface stimulating and recording electrodes. The MCV measurement of the median and ulnar nerves was carried out by stimulation at the wrist, elbow, axilla, and Erb's point while recording over abductor pollicis brevis (APB) and abductor digiti minimi (ADM), respectively. MCV of peroneal nerve was assessed by stimulation at the ankle and knee while recording over the extensor digitorum brevis muscle (EDB). Minimal F-wave latencies were recorded from APB and abductor hallucis muscles after stimulation at the wrist and ankle, respectively. An H-reflex was recorded over soleus muscle after tibial nerve stimulation at the popliteal fossa. The axillary nerve was stimulated at the Erb's point while recording from the deltoid muscle. The spinal accessory nerve was stimulated at the posterior triangle of the neck while recording from the trapezius muscle. The phrenic nerve conduction study was stimulated on posterior border of the sternocleidomastoid muscle and recorded 5 cm from the xiphoid process (G1) with reference electrode (G2) 16 cm away from the ipsilateral costal margin. Sensory conduction velocity (SCV) of the median and ulnar nerves was determined from digit III and V to the wrist, respectively. An antidromic SCV of the sural nerves was obtained after stimulating the midcalf. Electromyography (EMG) was recorded with concentric needle electrodes from the right deltoid, APB, tibialis anterior (TA), and facial muscles. We analyzed the duration and morphology of the motor units, the presence of spontaneous activity, and the EMG pattern at maximum voluntary effort.

Accuracy was optimized using the Rajabally et al. (15) and Uncini et al. (16) electrodiagnostic criteria for axonal forms of GBS. In summary, the first and second studies must not show AIDP features and at least one of the following in two nerves: distal compound muscle action potential (dCMAP) amplitude <80% lower limit of normal (LLN) with persistent reduction in the following studies; proximal/distal CMAP (pCMAP/dCMAP) amplitude ratio <0.7 (excluding tibial nerve) on the first test, which can be recovered without increased temporal dispersion (dCMAP duration ≤120% ULN or pCMAP/dCMAP duration ratio ≤130%); absence of isolated F waves (or persistence <20%). The term RCF is used when at least in two nerves, there is evidence of a >150% increase dCMAP amplitude without increased dCMAP duration (≤120% ULN) or pCMAP/dCMAP amplitude ratio <0.7 in the first test that improves more than 0.2 in the following tests without increase in temporal dispersion (16). According to this, the term RCF applies to CBs that recover without showing temporal dispersion, a correlate of de-remyelination.



RESULTS

All 6 cases had a history of previous upper respiratory tract infection or self-limited diarrhea, with an acute progressive course of weakness, without sensory symptoms (Table 1). Serial NCS showed a decreased CMAP amplitude >80% LLN in all cases, as well as at least two nerves with normal conduction velocities (CVs) and normal sensory conduction parameters. The CBs were established according to the criteria described by the American Association of Neuromuscular and Electrodiagnostic Medicine (AANEM) (17) and criteria described by Rajabally et al. (15) and Uncini et al. (16): a definite partial CB was defined as a decrease in amplitude or area >50%, with a temporal dispersion <30%. Probable partial CB was defined as an amplitude or area decrease of 30–49%, with a temporal dispersion <30%. RCF was defined according to criteria described from Uncini et al. (16).


Table 1. Clinical features, CSF, antiganglioside antibodies and evolution.
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Four cases with CBs (1st−2nd and 3rd week), one of them (PCBv) with an absence of F waves in upper limbs (2nd and 3rd week), and absent or mild signs of acute denervation (3rd week) showed reversible CBs or RCF and complete recovery in 1 month. Two cases without CBs (1st−2nd and 3rd week), with persistent reduction in dCMAP amplitude and severe signs of acute denervation due to axonal degeneration (3rd week and 1st−3rd month) showed slow recovery up to several months (Figures 1, 2 and Tables 2, 3).


[image: Figure 1]
FIGURE 1. Serial nerve conduction studies (NCS) of case 1. Three serial NCS of the median nerve (A–C) and ulnar nerve (D–F) in case 1, performed at 1 week, 3 weeks, and 1 month after onset (see Tables 2, 3 for nerve conduction values). Median nerve: 1st week (A), 3rd week (B), 4th at 1 month (C) with CMAP recorded after stimulation from distal to proximal, with stimulation at wrist elbow, axilla and Erb's point, to APB muscle. Ulnar nerve: 1st week (D), 3rd week (E), 4th at 1 month (F) with CMAP recorded after distal to proximal stimulation at wrist, below elbow, above elbow, axilla and Erb's point, to ADM muscle. In the 1st and 3rd week the median and ulnar nerves show CBs or amplitude ratio pCMAP/dCMAP <0.7, and duration ratio pCMAP/dCMAP <130%. DML and MCV are preserved (Table 3). At 1 month, RCF (amplitude ratio pCMAP/dCMAP <0.7 on the first test) improves more than 0.2 in the median and ulnar nerve. Consequently, these changes are indicative of RCF. APB, abductor pollicis brevis; ADM, abductor digiti minimi; BCs: motor conduction blocks; CMAP, compound motor action potential; pCMAP, proximal CMAP; dCMAP, distal CMAP; DML, distal motor latency; VCM, motor conduction velocity.
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FIGURE 2. Case 5. Pharyngo-cervical-brachial variant (PCBv). F wave performed in the 2nd week. Low amplitude CMAP and absence of F waves of the left median nerve (A), and normal F waves (arrow) in the left tibial nerve (B).



Table 2. Nerve conduction studies (NCS) and electromyography (EMG).
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Table 3. Nerve conduction studies (NCS) in all patients.
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All patients were treated from the 1st to 2nd week of evolution with intravenous immunoglobulins (IVIGs), and their disabilities were assessed with the Hughes functional rating scale before treatment, 1 month and 6 months after onset. Rapid recovery was defined as an improvement of two or more points in the Hughes grade scoring system within 1 month from the beginning, and slow recovery defined as inability to walk independently (grade 3 or more) 1 month after.



DISCUSSION


Usefulness of Anti-ganglioside Antibodies

Anti-GM1 and anti-GD1a antibodies are markers of axonal damage in axonal forms (AMAN), not seeing in demyelinating forms (AIDP) (18, 19). They are time-dependent, being more useful in early stages with progression to severe forms and they decrease over time (1, 2, 4–6, 20). Positive antiganglioside antibodies are considered a useful but not required aid in the diagnosis of axonal forms of GBS because they interfere with the albumin-cytological dissociation of CSF, which is also dependent on the time being requested (1, 9); this may explain the negative results in cases 1, 2, 5, and 6 (milder cases in which antiganglioside antibodies were requested at a later stage); and the positivity in cases 3 and 4 (severe cases, in which antiganglioside antibodies were requested earlier).



The CBs and the Term RCF

When we talk about CBs, we mean CBs along the axon, having their marker in the reduction of the pCMAP amplitude and in the pCMAP/dCMAP ratio (distal CBs are described by reduced dCMAP amplitude). It had been observed that in some patients diagnosed with AMAN, the decrease in CMAP amplitude with CBs persisted over time, while others showed rapid recovery with normalization of previous abnormalities, indicating that some axonal forms may be characterized by reversible CBs or RCF (12, 21–24).

Uncini et al. (16) defined the term RCF when a pCMAP/dCMAP amplitude ratio <0.7 at the first test which improves more than 0.2 in the following trials, without temporal dispersion (pCMAP/dCMAP duration ratio ≤ 130%). The failure to distinguish between reversible CBs or RCF and demyelinating conduction block (decreased CMAP amplitude with pCMAP/dCMAP duration >130%) leads to the misclassification of AMAN patients with RCF as AIDP (12, 16).



The Emerging Concept of Nodopathies and Nodo-Paranodopathies

It is based on the discovery of nodal and paranodal antigenic targets. Anti-ganglioside antibody-mediated neuropathies share a common pathogenic mechanism of node of Ranvier dysfunction/disruption, which can follow two different pathways: a rapid recovery of the affected node for AMAN with RCF or a progression of AMAN with axonal degeneration with slow recovery (7, 22, 25, 26). GBS has traditionally been classified into demyelinating or axonal subtype or form according to whether the myelin or axon is primarily affected. This dichotomous classification generated confusion in the electroneurophysiological diagnosis of axonal neuropathy with antiganglioside antibodies (AMAN and PCBv). To clarify this confusion, Unicini and Kuwabara (26) categorize neuropathies with antiganglioside antibodies, characterized by a common pathogenic mechanism of dysfunction/disruption at the nodes of Ranvier, called nodopathies. The AMAN axonal subtype of GBS is a prototype of nodopathy in the first phase of AMAN with CBs without signs of demyelination (temporal dispersion) and resolving rapidly (days or weeks). The advantages of the term nodopathies are that they points out directly to the site of nerve injury; resolve the paradox that an axonal form may be reversible with a good prognosis; and emphasizes the potential reversibility in neuropathies, which traditionally were thought to be characterized only by axonal degeneration, opening a therapeutic window for timely targeted treatments (26).



The CBs and Prognosis

Not all axonal forms (AMAN and PCBv) of GBS have a poor prognosis, as was thought a few years ago. Animal models and clinical studies in AMAN show antibodies and complement deposits in the nodes, an immune process causing node elongation, deanchoring of the paranode non-compacted myelin, and conduction failure with CBs (7). In the initial stages of the immune process, the dysfunction of the nodal region is reversible; but if the immunological reaction progresses, the Ca+ influx into the axon causes axonal degeneration (25). The different forms of AMAN form a continuous pathophysiological spectrum ranging from RCF to axonal degeneration (23). CBs, especially reversible CBs, are a good prognostic factor in patients with AMAN (27). In EMG, severe acute denervation indicates axonal degeneration and a worse prognosis, whose recovery requires longer time (28).



Early Diagnosis and Treatment of GBS

Alterations of the proximal nerve trunk with CBs in NCS are a very relevant feature in the early stages of the disease (29, 30). Since the pathophysiology of GBS is dynamic, serial NCS is necessary for the accurate classification of GBS subtypes at an early stage (12, 16, 30). Early diagnosis of GBS in the first week of evolution is difficult, but it is important to start treatment early, since 25% of patients need ventilatory support and 20% are unable to walk after 6 months (1).



RCF and Potential Therapeutic Implications

The presence of RCF indicates, in antibody-mediated disorders, a temporary therapeutic potential. Treatments targeting conduction failure before axonal degeneration occurs may be beneficial. The presence of potentially reversible conduction failure has implications for diagnosis and prognosis and stimulates the search for targeted immunological treatments that may halt progression to axonal degeneration (31).



Therefore, We Make a Protocol Proposal for Early Diagnosis and Treatment

Perform the first NCS of the nerve trunks, such as proximal segments, and F waves during the 1st week of evolution; if there are data of possible GBS, start treatment with IVIG; if there are no conclusive data, the NCS should be repeated during the 2nd week. Perform the following NCS and EMG in the 3rd week and at 1 month of evolution to determine the subtype or form of GBS and the presence of reversible CBs or RCF for possible nodopathies, indicating a good prognosis, and to determine the degree of acute denervation, which if severe, would indicate a worse prognosis. Early diagnosis and treatment could be essential to avoid, as far as possible, an evolution to axonal degeneration. It should be recalled that in an early stage, the GBS diagnosis can be essentially clinical supported by electrophysiological studies. Thus, treatment should be initiated as early as possible, if necessary, without the confirmatory data from electrophysiological studies.

We propose the use of the following terminology: nodo-paranodopathies in the initial phases of GBS, when CBs are observed, nodopathies if the CBs are reversible or RCF and paranodopathies if CBs with temporal dispersion of the CMAP is observed; and to continue to use the classical diagnosis AMAN in the more advanced axonal forms with axonal degeneration, and AIDP in the demyelinating forms; thus respecting the traditional and the new emerging term of nodo-paranodopathies. In our opinion, today the term nodopathy is not a diagnosis but a pathophysiological category.

The term nodopathy with RCF does apply to an early phase as it takes at least two serial NCS and few weeks from onset. In the early GBS phase, CBs without abnormal temporal dispersion in the first phase can be found also in classical AIDP, which is a demyelinating paranoid-internodopathy (32).




CONCLUSION

Not all axonal forms of GBS have axonal degeneration with a poor prognosis. AMAN and PCBv have a continuous pathophysiological spectrum ranging from CBs due to dysfunction/disruption of the nodes of Ranvier, called nodopathies, with reversible CBs or RCF and good prognosis, to axonal degeneration, with a worse prognosis. According to the findings of the AMAN and PCBv studies, patients with CBs can have reversible CBs or RCF, absent or mild acute denervation and better prognosis. Patients without CBs and with persistent reduction in dCMAP amplitude have severe acute denervation due to axonal degeneration and a worse prognosis. NCS can support the early diagnosis of GBS, if we observe alteration of F waves, or CBs, which are a very relevant feature in the initial phase, sometimes necessary for serial NCS and also for the classification of GBS subtypes. The term nodopathies points directly to the site of the lesion and highlights the possible reversibility of these neuropathies that were traditionally characterized only by axonal degeneration, and stimulates research into immunological treatments with specific monoclonal antibodies.
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Congenital myasthenic syndromes (CMS) are inherited disorders that lead to abnormal neuromuscular transmission. Post-synaptic mutations are the main cause of CMS, particularly mutations in CHRNE. We report a novel homozygous CHRNE pathogenic variant in two Egyptian siblings showing a CMS. Interestingly, they showed different degrees of extraocular and skeletal muscle involvement; both presented only a partial response to cholinesterase inhibitors, and rapidly and substantially ameliorated after the addition of oral β2 adrenergic agonists. Here, we enlarge the genetic spectrum of CHRNE-related congenital myasthenic syndromes and highlight the importance of a β2 adrenergic agonists treatment.
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INTRODUCTION

Congenital myasthenic syndromes (CMS) are a heterogeneous group of rare inherited neuromuscular transmission disorders characterized by fluctuant muscle weakness and fatigability, classically described as non-progressive disorder with a low impact on the walking ability (1). Their estimated prevalence is 1 in 500,000 in Europe (2), with higher frequency in some geographic areas with high consanguinity rates, such as North Africa (3). To date, mutations in more than 30 genes are known to be associated with CMS, which can be classified into pre-synaptic, synaptic, and post-synaptic, according to the location of the molecular defect (4, 5).

Post-synaptic defects have been reported to be the most frequent cause in more than half of CMS, particularly those due to mutations in the gene encoding the ε subunit of the acetylcholine receptor (CHRNE) (5, 6).

Mutations of CHRNE gene are associated with two types of mechanisms: a low expression of functional ACh receptors (AChR) at the cell surface, causing a primary acetylcholine receptor deficiency, also called “low expressor” CMS, or a kinetic defect in the acetylcholine receptor, where the amount of AChR is normal, but there is an alteration in the channel opening time after acetylcholine binding, leading either to slow channel syndrome, if the opening time is excessively prolonged, or to fast channel syndrome, if the closure is too fast (7).

The typical CMS presentation occurs in infancy with marked fatigability, ophthalmoparesis, bilateral ptosis, mildly progressive facial, bulbar, axial, and limb weakness with respiratory involvement related to myasthenic crisis (8, 9).

Clinical manifestations of AChR ε subunit deficiency may vary considerably between affected families (10), and the same family members. This results in a heterogeneous phenotype between siblings with different clinical courses and prognoses (11, 12).

The primary therapeutic intervention in low expressor CHRNE-associated CMS is the cholinesterase inhibitor pyridostigmine. Reported treatment experience with low expression CHRNE mutations shows that cholinesterase inhibitors cause a favorable but incomplete response, improving muscular strength, particularly in ocular muscles. In poorly or incompletely responsive patients, other therapies have been considered, such as beta2 adrenergic receptor agonists (albuterol, salbutamol) or the 3,4- diaminopyridine (21).

The use of 3,4- diaminopyridine results in further improvement when the response to initial therapy is not sufficient or incomplete (13). The addition of beta2 adrenergic receptor agonists stabilizes the neuromuscular junction structure and reduces the acetylcholine dispersion, thus producing a dramatic improvement in some cases (14). This is different from other CMS, as, for instance, slow channel CMS or DOK7 CMS, where the addition of pyridostigmine potentially worsens symptoms (15).

Here, we report on two siblings with a clinically heterogeneous CMS linked to a novel CHRNE variant and describe their variable therapeutic response to pyridostigmine, and oral β2 adrenergic agonists.



CASE REPORT

Patient 1 (P1), an 11-year-old boy, and Patient 2 (P2), an 8-year-old girl, are the third and fourth born of a sibship of four, born to healthy consanguineous Egyptian parents. The first-born deceased at 5 years, following a respiratory infection, suggesting a probable neuromuscular involvement.

P1 presented at 8 months with ptosis, ophthalmoplegia, poor cry, and nasal regurgitations. His psychomotor development was normal, but he developed fatigable generalized muscle weakness with frequent respiratory infections. Detection of antibodies against AChR and MuSK was negative; electrophysiologic studies showed a decremental response in the compound muscle action potential in response to repetitive stimulation in the median nerve. Serum lactate and CK levels were normal. On the base of clinical suspicion of a seronegative myasthenia gravis, a treatment with pyridostigmine was started at 6 months. The latter only showed a slight amelioration of the weakness and fatigability. P1 successively underwent plasma exchanges, repeated intravenous immunoglobulin therapy, and a thymectomy. The course was progressive and led to gait loss at 6 years.

Referred to our center at 8 years, he showed bilateral ptosis and ophthalmoplegia, nasal voice, facial weakness with open mouth, and diffuse muscle weakness, particularly in triceps and hamstrings (3 MRC), but also in deltoid, quadriceps, and psoas muscles (4 MRC). The Garches myasthenic score was 60/100, and he had a very restricted indoor ambulation, necessitating a wheelchair for the exteriors (Figure 1). Spirometry revealed respiratory involvement with a forced vital capacity (FVC) of 1,640 ml (89%) when sitting and 1,060 ml (59%) in supine position, highly suggesting a diaphragmatic weakness. EKG and cardiac ultrasonography were normal.


[image: Figure 1]
FIGURE 1. Clinical features, P1. P1, an 11-year-old boy with before treatment with salbutamol, showing severe bilateral ptosis and facial weakness (A); note the improvement after salbutamol treatment; he showed only mild ptosis (B) and less fatigability, being able to walk without aid (C).


Patient 2 was born at term after an uneventful pregnancy and reached the normal milestones at expected age. She presented ptosis and frequent respiratory infections at 2 years old. ENMG showed a significant decremental response in repetitive nerve stimulation. There were no anti-AChR and anti-MUSK antibodies in serum. A therapy with Pyridostigmine 60 mg two times a day was started, and the response was partial, with fluctuating muscle weakness and fatigability despite adequate dosing (7 mg/ kg/day).

On referral to our clinic at 5 years old, neurological examination revealed symmetrical axial and proximal muscular weakness, bilateral ptosis, and facial weakness with open mouth (Figure 2). She had fluctuant fatigability, being able to walk with mild restrictions for 500 meters. 6MWT corresponded to 448 meters, and she scored 70/100 at Garches' myasthenic score. There was no bulbar involvement, including dysphagia and dysphonia. Respiratory test revealed an FCV of 133 ml (84%) in sitting positions and 1,900 ml (70%) in supine position. Cardiac workup was normal.


[image: Figure 2]
FIGURE 2. Clinical features, P2. P2, an 8-year-old girl presenting with sever bilateral ptosis before treatment with salbutamol (A); amelioration of the eyelid ptosis (B); amelioration of strength in neck extensor muscles (C).


Based on the familial clinical story and the ancillary tests, a diagnosis of CMS was suspected in both children.


Molecular Studies

Next-Generation-Sequencing (NGS)-based screening of 54 genes involved in muscular excitability (a list on request), among which 30 CMS causing genes, including CHRNE, was performed in the proband P1 using a SeqCapEZ capture design (Nimblegen), and a MiSeq sequencer (Illumina). A total of 1,101 coding sequences and flanking regions were sequenced. Variants were identified through a bioinformatics pipeline (Genodiag, Paris, France). Copy number variations (CNVs) in targeted regions were searched for by a dedicated algorithm based on comparison of normalized number of reads of each region among the 12 samples of the sequence run. Variants were filtered according to their frequency in the general population (GnomAD) and in the patient's samples. It revealed the presence of a homozygousc.632_633dupCGp. (Gly212Argfs*3) variant in the exon 7 of CHRNEgene. The same variant was detected by Sanger sequencing of CHRNE exon 7 in a homozygous state in Patient P2, and in a heterozygous state in both healthy parents.

This variant predicts a shift in a translation reading frame, a change of glycine 212 to arginine, and a premature stop codon at Codon 214 (Figure 3). This premature termination codon may trigger nonsense-mediated decay of CHRNE mRNAs. Such a homozygous frame shift in the CHRNE gene results in low expressor-type CMS.


[image: Figure 3]
FIGURE 3. Genetics. A 2-bp shift of a reading frame from Codon 212 and premature stop codon at codon 214 of CHRNE gene (an image of this part of mRNA was taken from Alamut Visual software, Interactive Biosoftware Sophia Genetics).




Response to Treatment

The clinical status before and after the introduction of Salbutamol is listed in Table 1. Both patients were initially treated with pyridostigmine from ages 6 months (P1) and 10 months (P2), with a favorable but incomplete response, despite adequate dosing (at least 1 mg/Kg/dose for at least 4 doses per day). We introduced a concomitant treatment with salbutamol, which was well tolerated without side effects, with a progressive dose until 6 mg/day in both children, (P1 at.17 mg/Kg/day; P2 at.2 mg/kg/day), taken in three divided doses. An important improvement of the weakness was observed in both P1 and P2 from the first 2 weeks of treatment, particularly in P1. At the 6-month visit, P1 was able to walk and run, using the wheelchair only for long distances, with a 6MWT of 390 mts. Ptosis and ophthalmoplegia were also partially ameliorated, with a 71/100 in the Garches Myasthenic score, corresponding to a 10-point amelioration. Importantly, the spirometry showed an FVC of 2,530 ml (94%) in sitting position, and 2,560 ml (95%) in supine position, highlighting a spectacular amelioration compared to the first assessment, 1,060 ml, 59% in supine position (Table 1).


Table 1. Response to treatment, adding oral β2 adrenergic agonists (salbutamol).

[image: Table 1]

On the long term, P1 showed mild fluctuating symptoms, including increased fatigability and restricted ambulation some months after starting the treatment, and he showed a myasthenic crisis with extreme fatigue, loss of ambulation, swallowing difficulties, and diaphragmatic involvement (FVC of 36%) needing hospitalization. The fatigability and respiratory involvement disappeared in 1 day.

P2 with a milder clinical phenotype at the baseline significantly improved her axial strength and her ptosis after treatment, showing an amelioration of 15 points in the myasthenic score. 6MWT was 486, consisting of a gain of 38 meters. CV remained stable and without respiratory infections.

In these times, both patients follow treatment without any respiratory involvement, and mild-to-moderate motors symptoms with occasional fluctuations in time.




DISCUSSION

CMS are a heterogeneous group of inherited disorders caused by mutations in genes that lead to impaired neuromuscular transmission (15). Most CMS are caused by molecular defects in the acetylcholine nicotinic receptor of the muscle, in particular CHRNE, which accounts almost 80% of all CMS (5, 16, 17), leading to AChR deficiency (15).

Based on a similar clinical phenotype, consisting with poorly responding myasthenia and their family history, we suspected a congenital myasthenic syndrome in both P1 and P2. Genetic studies disclosed a novel never-reported variant mutation in CHRNE, confirmed by segregation studies. Frame shift mutations of CHRNE gene are associated with a low expression of the ACh receptors at the cell surface, termed as a “low expressor” CMS mechanism, which is the most common type of CMS.

Clinically, CHRNE have been described as mild and non-progressive disorders, but some authors have recently reported loss of ambulation in several patients (10, 11, 18–20). A wide spectrum symptom, even among individuals within the same family, has been reported, spanning from severe cases with premature and fatal respiratory failure and milder cases presenting only with ptosis (8, 11). P1 and P2 manifested a typical phenotype with early-onset bilateral ptosis, ophtalmoparesis, facial, neck muscle and proximal limb weakness, with fluctuant fatigability, discordant severity, but also a marked respiratory dysfunction and symptoms, generating a risk of life-threatening complications. Of note, the genetically unconfirmed first born of the sibship died of respiratory infection during infancy.

The precise mechanisms of this clinical variability discordance in severity are not well understood; they might be associated with epigenetic, varying-phenotype mutations, sex variation, and environmental factors (11). In any case, we stress the importance to monitor tightly the respiratory function in patients with ACHRε deficiency.

From a therapeutic standpoint, we only observed a partial response to esterase inhibitors as reported previously (13). The introduction of salbutamol resulted in more consistent response (Table 1), without side effects in both children.

The mechanism of action β2 adrenergic receptors agonist on the neuromuscular junction has remained unknown until today, but some studies revealed that they increase quantal release and reduce the conductance of the AChR channel (9) and increase the number of briefs intraburst closures, causing an open-channel blockade of AChR (21).

Treatment with salbutamol led to a clear respiratory benefit in both children, suggesting an improvement of diaphragmatic weakness. The association of the acetylcholinesterase inhibitors may lead to a significant impact, not just on their strength and fatigability, but also on their autonomy for daily life, without significant side effects, thus reinforcing that β2-adrenergic receptor agonist therapy could be the first choice of pharmacological strategy for treating CMS with CHRNE mutations, as previously reported (22).

Our observations and the review of the literature suggest that mutations in the genes coding for subunits of the acetylcholine receptor, and, in particular, the epsilon subunit, should be the first researched in patients presenting with symptoms of myasthenia and decremental response on repetitive stimulation in absence of anti-AchR and anti-musk antibodies. Mutations in the CHRNE with a low expressor profile may be identified in severe infantile cases and may have a mild response on acetylcholinesterase inhibitors. In these cases, adding β2 adrenergic agonists could, as in our cases, result in an important gain of motor and respiratory function (9, 23–25).



CONCLUSION

In conclusion, these cases broaden the genetic spectrum of CHRNE-related myasthenic syndromes. Further studies are needed to confirm the relationship between this mutation, the progressive course, and the response to treatment.
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Background: Heat stroke is a potentially fatal condition that is caused by elevated core temperature. Guillain–Barré syndrome (GBS) induced by heat stroke is extremely rare and has only been reported in few case reports. The purpose of this case study was to evaluate the clinical symptoms, neuroelectrophysiological and imageological features of GBS after heat stroke.

Methods: We reviewed our hospital records and previously published reports to find the cases of GBS after heat stroke. The clinical, imageological, and electrophysiological profiles, treatment and prognosis were presented and analyzed.

Results: We retrieved three cases of GBS induced by heat stroke from our hospital, which presented as lesions on multiple cranial and peripheral nerves and albuminocytologic dissociation in the cerebrospinal fluid. All of these patients had disorders of consciousness at the early stage of heat stroke and a “pseudo-recovery period” after they recovered from coma after heat stroke. After immunoglobulin administration and immunoregulation therapy, these patients' neurological deficiencies were relieved significantly. But there are still disabilities and almost totally reliant on others.

Conclusions: The number of the cases of GBS induced by HS reported in this study has been the most in the recent 5 years. Clinicians should pay attention to patients with heat stroke with sustained coma and the sudden quadriplegia. Early, exact and timely diagnosis and treatment of GBS need to be performed, to accelerate recovery and improve prognosis.

Keywords: heat stroke, nervous injury, Guillain-Barré syndrome, peripheral neuropathy, nervous system


INTRODUCTION

Heat stroke (HS) is a life-threatening disease and the most severe condition of heat-related illness, characterized by core body temperature >104°F (40°C) and neurological dysfunction such as confusion, seizures, or loss of consciousness (1). HS is divided into nonexertional HS and environmental heat stroke (EHS). The central nervous system is highly sensitive to hyperthermia, leading to neurological complications due to the involvement of the cerebellum, basal ganglia, and peripheral nerves. There are various manifestations of nervous system injuries after HS, including cerebellar injury, subarachnoid hemorrhage, peripheral nerve injury, and so on (2). However, what is the relationship of HS and Guillain–Barré syndrome (GBS)? Relevant reports are few and GBS after HS was sometimes thought to be unrelated to HS. The exact relationship between GBS and HS remains to be studied.

Guillain–Barré syndrome is considered to be the most common cause of acute flaccid paralysis that affects all age groups worldwide and can lead to disability and high risk of mortality (3). Most patients present with an antecedent illness, most commonly upper respiratory tract infection, before the onset of progressive motor weakness (4). Heat stroke as an inducement of GBS was observed in the recent years. GBS is a group of acute immune-mediated paralytic neuropathies characterized by rapidly progressive bilateral weakness of the extremities with hyporeflexia or areflexia (5). Subtypes are mainly categorized into demyelinating and axonal forms according to the clinical course, nerve conduction velocities, and immunologic findings. The typical form of GBS is acute inflammatory demyelinating polyradiculoneuropathy (AIDP), whereas the main axonal forms are subdivided into acute motor axonal neuropathy (AMAN) and acute motor and sensory axonal neuropathy (AMSAN) (3). The pathological changes are lymphocyte infiltration and macrophage infiltration around small and medium blood vessels of peripheral nerve tissue and nerve fiber demyelination. The development of GBS is associated with the phenomenon of molecular mimicry and with cross-reactivity. At present, it is believed that GBS is an autoimmune disease, in which the body's immune system produces immune responses against peripheral nerves, resulting in peripheral nerve demyelination (3). GBS after HS is very easily misidentified with peripheral nerve injury. How to distinguish GBS from peripheral nerve injury after HS is a clinical problem?

In the past 5 years, we have retrieved 3 cases of acute GBS induced by HS in our hospital. In general, GBS after heat stroke has only been reported in case reports, and there are few reports describing the findings on clinical features of GBS after HS. Therefore, this study aims to observe the clinical progress of GBS after HS, changes in immunological indicators and the efficacy of immunoregulatory therapy.



MATERIALS AND METHODS

This study was conducted in accordance with the Declaration of Helsinki. We reviewed the electronic medical records for patients who had HS from 1 January 2016 to 1 March 2022 in our hospital. For all cases from our hospital records, we recorded the patient's gender, age, blood pressure, core temperature (immediately after admission), Glasgow coma scale (GCS) on arrival, DIC score, liver and kidney function, blood coagulation function, blood routine, cardiac indicators, analysis of cerebrospinal fluid (CSF), results of neuroelectrophysiological examination, brain magnetic resonance imaging (MRI), and the clinical prognosis. The same variables were collected from the previously reported cases if available (clinical background, patient characteristics, results of neuroelectrophysiological and laboratory examination, MRI findings, and prognosis). The Barthel index was evaluated to assess daily living ability at 90 days after HS.

For literature research, we reviewed published scientific reports by searching the PubMed database and China National Knowledge Infrastructure (CNKI). Search strategies were developed to find publications containing subject headings and key words (text words) including heat stroke, heat or sun disorder, injury, illness, stress, related, shock, exhaustion; heat stroke; neurology; nervous system; Guillain–Barré syndrome; peripheral neuropathy; and case, cases. Papers included were limited to human subjects and publication types (case reports, case series). Publications of cases that had an exertional component or nonexertional HS (e.g., confined spaces, Bikram Yoga, and electric blankets) were both included in this study. Papers excluded from review were those unrelated to Guillain–Barré syndrome or peripheral neuropathy or where individual patient data were not available.



RESULTS

A total of 6,286 publications (3,379 from PubMed, 2,907 from CNKI) between 1990 and 2021 were identified using the structured online search strategy. A total of 48 articles were screened in full-text review and 6,238 publications were excluded. A total of three articles were unable to obtain and 37 articles were not clinically relevant. A total of four articles including 4 cases were included following review (6–9). We extracted 3 cases from our hospital (searching between January 2016 and March 2022). The detailed clinical data of these seven cases are shown in Table 1. The average age was 40.4 ± 4.73 years (range, 25–57 years), and most of the patients were men (85.7%). About 71.43% (5/7) of the patients had multiple organ damage (MOD). The average GCS score was 5.33 points (range, 3–10 points) and the duration of coma was 5.5 ± 0.71 days. The average duration from HS to extremity weakness was 13.2 ±1.31 days (range, 8–15 days). There was a period from the patient recovering from coma to developing quadriplegia, which was called “pseudo-recovery period” by us. The average duration of “pseudo-recovery period” was 7.6 ± 1.67 days (range, 1–12 days). Albuminocytologic dissociation (protein cell separation) was shown in the cerebrospinal fluid (CSF) collected by lumbar puncture of all these patients. Electromyography of these patients revealed impairment of sensorimotor fibers in bilateral median, ulnar, tibial, and common peroneal nerves. MRI of these patients revealed no abnormality or a small amount of ischemic focus (Figure 1). About 28.57% (2/7) of the patients had abnormal antibodies in CSF, and all of them responded to immunomodulatory therapy. Neurological sequelae continued up to 90 days after HS and the Barthel index of these patients was 38.75 ± 20.9 (range, 10–100). The conduction velocity of sensorimotor nerves of the three patients in our hospital is shown in Table 2. Figure 2 shows the timeline with relevant data from the episode of care of these three patients.


Table 1. Detailed clinical data of patients with Guillain–Barre syndrome induced by heat stroke.
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FIGURE 1. The brain magnetic resonance imaging (MRI) of the three patients with GBS induced by HS.



Table 2. The conduction velocity of nerves.

[image: Table 2]


[image: Figure 2]
FIGURE 2. The timeline of the disease and treatment of these three patients with GBS induced by HS.




CASE REPORTS


Case 1

A 57-year-old man was found unresponsive in a workshop on a hot summer day (ambient temperature 36°C). His core temperature was 42°C within 30 min of admission. He was in deep coma with wide unreactive pupils and without corneal and pharyngeal reflexes. Blood pressure was 95/43 mmHg and the heart rate was 146/min. He developed disseminated intravascular coagulation (DIC), thrombopenia below 1,800 MRD/ml, acute heart/liver/kidney damage, rhabdomyolysis, and metabolic acidosis. He was diagnosed with HS. After 7 days of treatment including hyperbaric oxygen (HBO), correction of electrolyte and acid-base disturbance, antishock, protection of cardiac and hepatorenal function, suppression of excessive gastric acid secretion, etc., his consciousness recovered from coma and his limb muscles had Medical Research Council (MRC) grades 4. But only 1 day later, he complained of fatigue, weakness of limbs, dyspnea, and difficulty in expectoration. He required intensive care and tracheotomy within hours. All limb muscles had MRC grade 0. Facioplegia increased 2 days later. He had no ophthalmoplegia, but having hyporeflexia and stocking glove hypoesthesia for vibratory and cold stimuli. Small ischemic focus in the basal ganglia and cortex was shown through MRI. Protein concentration in CSF was 0.47 g/l at 2 days after tetra paresis and 1.82 g/l 10 days later. White blood cell (WBC) count was 0.60 × 106/L cells/mm3 at 2 days after tetra paresis and 5.4 × 106/L cells/mm3 10 days later. Antibody concentration in the CSF and serum was all normal. Compound motor action potentials were <1 mV in all tested nerves at 10 days after HS. Conduction velocities were below 90% of the lower limit of normal in the bilateral tibial nerve and common peroneal nerves. F responses were missing in both median nerves, ulnar nerves, tibial nerves, and common peroneal nerves. A conduction block was present along the both median nerves (right wrist stimulation amplitude 0.67 mV and left 0.56 mV; right elbow stimulation amplitude 0.45 mV and left 0.58 mV) and ulnar nerves (right wrist stimulation amplitude 0.76 mV and left 0.88 mV; right elbow stimulation amplitude 0.69 mV and left 0.87 mV). The sensory potentials of bilateral tibial nerves and common peroneal nerves were not elicited. The amplitude of the sensory potentials of bilateral median nerves and ulnar nerves was reduced. The patient was diagnosed with AIDP and treated with a 2-day course plasma exchange, intravenous immunoglobulin (IVIG) for 5 days, and then immune-modulating therapy (methylprednisolone). The strength of both upper limbs recovered to MRC grade 1, and the patient was discharged from hospital 29 days after HS. Then, 3 months after HS, upper limb muscles had MRC grade 3 and lower limb muscles had MRC grade 2, which made the patient chair-bound.



Case 2

A 41-year-old man fainted suddenly with projectile vomiting while working on a hot summer day (ambient temperature 35°C). His core temperature was 42.3°C on admission. He was in light coma with corneal, pharyngeal, and pupillary light reflexes. Tachypnoea had induced hypocapnia. Blood pressure was 92/46 mm Hg and the heart rate was 165/min. He had hepatic and renal dysfunction, inflammatory reaction, myocardial ischemia, and coagulation disorders. No abnormalities were found in brain MRI and he was diagnosed with HS. After 2 days of coma, he was conscious and the MRC grades of his limbs were level 5 (normal). But after 8 more days, he complained of fatigue, myalgia, and arthralgia, and 3 days later, he developed fever (38.9°C), tetraplegia, and dysphagia. He required intensive care within hours. Proximal arm muscles had MRC grades between 2 and 3. All other limb muscles had grade 0 and he developed facioplegia. Protein concentration in CSF was 0.88 g/l and WBC count was 3 × 106/L at 1 day after the onset of tetra paresis. Protein concentration in CSF was 0.62 g/l and WBC count was 1.3 × 106/L at after 2 more days. The concentration of IgG antibody in the CSF was 59 mg/L, and concentration of IgA antibody was 2.55 mg/L at 2 days after the onset of tetra paresis. Compound motor action potentials were <1.5 mV in all tested nerves 14 days after HS. Conduction velocities were below 90% of the lower limit of normal in the bilateral tibial nerves and common peroneal nerves. F responses were missing in both tibial nerves and common peroneal nerves. F responses were decreased in both median nerves and were normal in both ulnar nerves. A conduction block was present along the both median nerves (right wrist stimulation amplitude 1.85 mV and left 1.86 mV; right elbow stimulation amplitude 1.42 mV and left 1.42 mV) and tibial nerves (right ankle stimulation amplitude 0.42 mV and left 0.46 μV; right knee stimulation amplitude 0.48 mV and left 0.62 mV). The sensory potentials of the bilateral tibial nerves and common peroneal nerves were not elicited. The patient was diagnosed with AIDP and treated with IVIG for 5 days and then immune-modulating therapy (methylprednisolone). The strength of the limbs recovered to MRC grade 3, and the patient was recovered from facioplegia 32 days after HS. The patient was relieved from tracheotomy and could stand up with walking aid 90 days after HS.



Case 3

A 56-year-old man felt dizziness and fatigue while working in a hot environment (ambient temperature 33°C). Immediately, the patient developed blurred consciousness, irritability, and progressed to coma and accompanied by great sweating. He was admitted to emergency room immediately. His core temperature was 42°C, with a blood pressure of 87/36 mm Hg and the pulse rate of 164/min. He was in a deep comatose state, hepatorenal dysfunction, hypokalemia, elevated inflammatory reaction, myocardial ischemia associated with increased myocardial enzymes, coagulation disorders, and rhabdomyolysis. No abnormalities were found in brain MRI. He was diagnosed with HS and was treated by cooling, antishock, and intubation. He was conscious after 10 days of coma. The strength of his upper limbs had MRC grade 1 and the lower limb muscles had grade 3. His hepatorenal dysfunction, inflammatory reaction, myocardial ischemia, and coagulation disorders were alleviated after 12 days. But after 6 more days, the patient developed drowsiness, tetraplegia with MRC grade 0 of the muscle strength, dys-expectoration, and required tracheotomy. Protein concentration in CSF was 1.09 g/l and WBC count was 3.4 × 106/L at 3 days after tetra paresis. Immunoglobulin in CSF and serum was normal. Compound motor action potentials were <1 mV in all tested nerves at day 18. Conduction velocities were below 90% of the low limit of the normal value in both median nerves and ulnar nerves. F responses were missing in tibial nerves, ulnar nerves, and common peroneal nerves. A conduction block was present along the both median nerves (right wrist stimulation amplitude 0.78 mV and left 0.56 μV; right elbow stimulation amplitude 0.43 mV and left 0.51 mV) and tibial nerves (right ankle stimulation amplitude 0.53 mV and left 0.55 mV; right knee stimulation amplitude 0.35 mV and left 0.39 mV). The sensory potentials of the bilateral tibial nerves, ulnar nerves, median nerves, and common peroneal nerves were not elicited. The patient was diagnosed with AIDP at 19 days after HS and treated with a 5-day course IVIG and then immune-modulating therapy (methylprednisolone). He was sober 21 days after HS and his upper limbs had MRC grade 1 at 42 days after HS. His upper limb strength had MRC grade 2 and lower limb strength had MRC grade 4 at 90 days after HS.




DISCUSSION

These patients in our hospital developed an acute neuropathy that met clinical and neurophysiological criteria for Guillain–Barré syndrome. Currently, similar reports are very rare, but we have treated three cases of such disease in the recent 5 years. Neurological dysfunction is an important clinical feature of heat stroke. Patients with cerebellar injury account for the majority of neurological sequelae induced by HS (10). GBS-like neuropathies have been reported from Saudi Arabia, where the temperature is high and HS is common (11). In this study, 85.7% (6/7) of the cases were from China. GBS symptoms developed almost 10 days after HS. The patients with GBS all had consciousness disorders at the early stage of HS and limb weakness often developed after patients regained consciousness. Moreover, patients with mild degree of disorder of consciousness had better prognosis. The mechanism may be related to cerebral hypoxia and secondary neuron death induced by HS.

Different from other peripheral nerve injuries induced by HS, there was a “pseudo-recovery period” after these patients recovered from coma after HS. In the “pseudo-recovery period,” the extremity sensorimotor function of these patients was improved. Tetraplegia and dysphagia usually developed after the “pseudo-recovery period.” Protein cell separation was shown in the CSF of all these patients, which is a typical characteristic of GBS. The results of electromyography and clinical presentation supported the diagnosis of GBS. GBS is an acute polyradiculoneuropathy that typically presents with progressive monophasic generalized and symmetric weakness classically involving bilateral upper and lower extremities and associated with hyporeflexia. A total of three patients in this study were diagnosed with AIDP. AIDP is the most common GBS variant, with electrophysiological studies primarily showing demyelination and variants showing primary dysfunction or loss of peripheral nervous system axons (12). The immunological cascade that may trigger and induce demyelination in peripheral nerves in AIDP patients is complex and incompletely understood (12). Heat stroke and its progression to nervous system injury are due to a complex interplay among the acute physiological alterations associated with hyperthermia (including circulatory failure and hypoxia), the direct cytotoxicity of heat, cell apoptosis, and the inflammatory and coagulation responses of the host. The mechanism of AIDP after HS may be related to demyelination induced by hyperthermia. Axonal excitability can be reduced, and conduction block of motor and sensory axons may occur during hyperthermia (13). However, the particular mechanism of demyelination induced by HS is still less studied.

Compared with classical presentation of GBS, the disease progressed rapidly and relieved within 14 to 26 days of onset. But the prognosis was poor and almost totally reliant on others. Sural sparing pattern is a typical symptom of GBS, which strongly supports the diagnosis of GBS in half to two-thirds of patients (14, 15). About 38% of patients with AIDP showed sensory nerve conduction abnormalities in the sural nerves (16). A total of three patients in our hospital had abnormal sensory nerve conduction of common peroneal and tibial nerves, and sural nerve conduction was moderately slowed in Case 4. It suggested that peripheral nerve injury induced by GBS after HS might be more serious than classical GBS. Although the sural-sparing pattern has not yet been included in the electrodiagnostic criteria, it plays a well-established role in GBS diagnosis (17). The lack of sural nerve examination was a limitation of this study. These patients were treated with methylprednisolone following plasma exchange or IVIG. Although corticosteroids given alone do not significantly hasten recovery from GBS (18), intravenous methylprednisolone combination with IVIG may hasten recovery but does not significantly affect the long-term outcome (19). In this study, the symptoms of these three patients improved significantly after treatment, suggesting the effect of combination therapy of GBS after HS.

Acute inflammatory demyelinating polyradiculoneuropathy has a relatively better prognosis than axonal forms of GBS. In this study, the MRC grades of extremities strength of these patients were increased 90 days after HS, and cranial nerve disturbances were relieved. But they were still chair-bound. Therefore, GBS should be identified, diagnosed, and treated early when the patient develops extremity sensorimotor disturbances after regaining consciousness from HS.



CONCLUSION

To our knowledge, the most cases of GBS induced by HS have been reported in this study in the recent 5 years. Clinicians should pay attention to heat stroke patients with sustained coma. When extremity weakness, tetraplegia, and dysphagia develop after the patient recover consciousness, early, exact, and timely diagnosis and treatment should be performed, to accelerate recovery and improve prognosis.
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Spinal and bulbar muscular atrophy (SBMA), also known as Kennedy's disease, is a rare, slowly progressive, incurable, and hereditary neurodegenerative disease caused by the testosterone-dependent accumulation of pathogenic polyglutamine-expanded androgen receptor protein. After extensive review, two treatments for SBMA have recently been approved in Japan; this decision was based on the results of randomized controlled trials: First, anti-androgen therapy using leuprorelin acetate (leuprorelin), a disease-modifying drug that can inhibit the progression of dysphagia but has not yet been proved to improve gait function; second, cybernic treatment with a wearable cyborg hybrid assistive limb (HAL®) (Cyberdyne Inc. Tsukuba, Japan). The HAL is an innovative walking exercise system that has been shown to significantly improve gait function in eight neuromuscular diseases without reduction in muscle function, including SBMA. It is possible that the combination of these two approaches might yield better outcomes. However, the long-term effects of such a combined approach have yet to be clinically evaluated. Here, we describe the case of a 39-year-old male with SBMA who commenced anti-androgen therapy with leuprorelin 1 year previously; this was followed by cybernic treatment with HAL. The duration of walking exercise with HAL was 20–30 min a day in one session. Over 2 weeks, the patient underwent nine sessions (one course). The efficacy of HAL was evaluated by gait function tests before and after one course of cybernic treatment. Then, leuprorelin treatment was combined with cybernic sessions every 2 months for 2 years (13 courses in total). Walking ability, as evaluated by the 2-min walk test, improved by 20.3% in the first course and peaked 10 months after the commencement of combined therapy (a 59.0% improvement). Walking function was maintained throughout the period. Generally, SBMA is characterized by moderately increased serum levels of creatine kinase (CK), reflecting neuromuscular damage; interestingly, the patient's CK levels decreased dramatically with combined therapy, indicating remarkable functional improvement. Long-term combined therapy improved the patient's gait function with a steady reduction in CK levels. The combination of leuprorelin with cybernic treatment can, therefore, improve and maintain gait function without damaging the motor unit and may also suppress disease progression.

Keywords: spinal and bulbar muscular atrophy, hybrid assistive limb, cybernic treatment, leuprorelin acetate, anti-androgen therapy, creatine kinase, case report


INTRODUCTION

Spinal and bulbar muscular atrophy (SBMA) was first described by Kennedy et al. in 11 patients from two families as a progressive proximal spinal and bulbar muscular atrophy of the late onset and described this as a sex-linked recessive trait; this condition is now known as Kennedy's disease (1). SBMA is a rare neuromuscular lower motor neuron disease with estimated prevalence of 1–2 per 100,000 males globally (2, 3). SBMA is associated with some of the features of primary myopathy and is characterized by high serum levels of creatine kinase (CK) prior to the onset of symptoms (4, 5).

Over time, SBMA gradually impairs gait function, thus leading to the need for patients to use a wheelchair ~20 years after the onset (6). Bulbar palsy symptoms occur in almost all patients, and the most common cause of death is aspiration pneumonia caused by dysphagia. Considering these symptoms, the treatment strategy for SBMA is to prevent aspiration and maintain ambulatory function. Furthermore, this disease is characterized by a slow progressive deterioration of various motor functions, thus resulting in a prolonged and gradually increasing burden on the patient. For this reason, there is a clear need to establish treatments that can alleviate each symptom and potentially cure the disease completely.

SBMA is caused by the abnormal expansion of CAG repeats in the androgen receptor (AR) gene on the X chromosome (7). In addition, previous neuropathological examination of 11 autopsied cases showed that the loss of lower motor neurons is associated with the nuclear accumulation of polyglutamine-expanded AR protein (8). These findings led to the development of a therapeutic strategy to prevent the nuclear accumulation of abnormal AR proteins. Further research, involving a mouse model of SBMA, showed that castration improved phenotypic expression by reducing the levels of testosterone to undetectable levels. These data indicated that the pathogenesis of this disease depends on the levels of testosterone, a known ligand for AR (9). Therefore, it was hoped that the anti-androgen therapy with leuprorelin acetate (leuprorelin), which has been used previously in the treatment of prostate and breast cancer, could be used as drug repositioning therapy without the need for castration in humans (10).

Randomized controlled clinical trials of leuprorelin for the treatment of SBMA ultimately demonstrated the benefit of this drug for the preservation of swallowing function in a patient treatment group (11, 12). In addition, some patients receiving leuprorelin exhibited a significant reduction in the accumulation of mutant ARs in scrotal skin biopsies (11).

These findings showed that leuprorelin was a potential disease-modifying drug, and, in 2017, leuprorelin was approved in Japan as an orphan drug to improve the swallowing dysfunction of patients with SBMA (13). However, the lack of improvement in limb muscle weakness and gait function in patients with SBMA remained problematic (14). Further research showed that, although leuprorelin improved dysphagia when compared to a control group, it did not improve gait function (12, 15). Consequently, leuprorelin was not considered to be a perfect disease-modifying drug (14). There was also concern that even if treatment led to an improvement in dysphagia, if muscle weakness and walking function did not improve, the patient would fall more frequently; this would lead to bone fractures and reduce the patient's quality of life and life expectancy.

There are cases of patients with SBMA being treated with various exercise therapies, ranging from high to low intensity. However, there have been no reports of improvement in terms of gait function in these cases (16–18). Furthermore, findings suggested that, when patients with SBMA are treated with conventional exercise therapy, the remaining motor neurons may activate more frequently, thus resulting in overexcitement in the motor unit and a likelihood of neuronal loss.

Sankai et al. considered the potential medical application of cybernics, an innovative technology that connects humans and devices electrically and mechanically to enhance their movements (19). Based on cybernic technology, Sankai and Nakajima developed a completely new exercise therapy that incorporated a wearable cyborg hybrid-assistive limb (HAL) for neurorehabilitation, featuring “interactive biofeedback” (iBF), which they named cybernic treatment (20) (Figure 1). The HAL and the wearer's movements are controlled by three hybrid mechanisms (20): cybernic voluntary control (CVC), cybernic autonomous control (CAC), and cybernic impedance control (CIC). The HAL controls the torque of the electric power unit based on the wearer's motor unit potentials (CVC). The wearer can walk without overloading the lower limbs. Simultaneously, the HAL and the wearer can move the lower limbs with HAL's built-in ideal gait pattern based on force plate signals and joint angle measurements (CAC). Via proprioception, the wearer senses that the gait patterns close to the ideal have been achieved using CIC. These mechanisms allow the wearer to repeat the successful gait in a safe manner without fatigue, thus promoting motor learning and the regeneration of walking function.


[image: Figure 1]
FIGURE 1. A photograph showing a hybrid-assisted limb (HAL) for medical use (lower limb type) (20). For safety reasons, we also used a mobile hoist (All-in-One®, Ropox A/S, Denmark) to prevent falls during cybernic treatment with HAL.


Prior to the invention of HAL, it had been thought that exercise therapy might cause the overexcitement of motor units and exacerbate diseases, such as SBMA, spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS), and Duchenne muscular dystrophy (DMD).

However, a randomized controlled clinical trial (NCY-3001) demonstrated that innovative HAL-based gait exercise, or cybernic treatment, was safe and efficacious when used to treat eight neuromuscular diseases, including SBMA (20). As a result, cybernic treatment was officially approved in Japan and the USA in 2015 and 2020, respectively.

As with the limitations of leuprorelin therapy when used alone (12, 15), we considered that, without the combined effect of a disease-modifying drug, such as leuprorelin, the effect of HAL alone would not last long enough to inhibit disease progression (20). Therefore, we hypothesized that the combination of leuprorelin and HAL might overcome the limitations of each of the two therapies alone, thus resulting in a synergistic effect.

Therefore, we focused on the lack of efficacy for leuprorelin when used alone to treat gait disturbance in SBMA. We hypothesized that the combination of leuprorelin and HAL would further enhance the efficacy of disease-modifying drugs, including leuprorelin. At present, Japan is the only country in which both therapies are officially approved. Clinicians are, therefore, in a unique position in that they can use leuprorelin and HAL simultaneously to treat patients with SBMA. Since conducting a randomized clinical trial of such a combined treatment is not easy, we believe that a well-designed observational study like ours is essential and have reported our data here as a case report.



CASE DESCRIPTION

A 39-year-old man with SBMA noticed an inability to run 12 years previously. A few years after this initial observation, the patient exhibited limb weakness with elevated levels of creatine kinase (CK), a nasal voice, tongue atrophy, hand tremor, and muscle fasciculation. None of the patient's blood relatives exhibited symptoms that were suggestive of SBMA. The patient received genetic counseling and psychological support. Genetic testing of the AR gene revealed 60 CAG repeats (the normal number of repeats is 9–34). Thus, the patient was diagnosed with SBMA at 29 years of age. At 38 years of age, the patient needed a railing to climb the stairs. Until then, he had never received any medical or motor exercise therapy. At this time, anti-androgen therapy was initiated; every 12 weeks, the patient was subcutaneously administered with leuprorelin acetate (11.25 mg) using a Leuplin SR Injection Kit (Takeda Pharmaceutical Company Ltd. Japan) (13). The patient's serum testosterone levels were quickly suppressed and maintained below the lower limit of the normal range. Half a year later, the patient noticed progressive limb weakness, indicating the anti-anabolic effect of the anti-androgen therapy. During this time, the patient received no form of physical therapy. One year after the patient's first injection of leuprorelin, the patient started intensive and innovative motor learning in the form of cybernic treatment with HAL; this treatment took place in a hospital with specialized rehabilitation facilities for neuromuscular diseases. At this time, the following neurological findings were noted. There was mild muscle weakness in the oris muscles and slight atrophy of the tongue. Dysarthria only involved a slight nasal voice; there was no dysphagia. The patient had a slight tremor in both upper limbs. There was mild weakness in the proximal muscles of the extremities, and the tendon reflexes of the extremities were slightly attenuated. There were no pathological reflexes, cerebellar symptoms, sensory disturbances, or autonomic symptoms. There was no joint deformity or limitations in the range of motion. At this time, his Barthel index was 100, indicating complete independence, although he used a cane to walk long distances.

Walking exercise therapy with the HAL (Medical Use Lower Limb Type; Cyberdyne Inc., Tsukuba, Japan) (21) commenced after fitting the device and adjusting the torque and signal sensitivity of the motor unit potentials (Figure 1). The duration of the walking exercise with HAL was 20–30 min per day in one session. The patient completed nine HAL sessions (one course) in ~2 weeks with regular physiotherapy. Gait function was assessed by two standardized gait function tests: the 2-min walk test (2MWT), which indicates walk endurance, and the 10-min walk test (10MWT), which indicates walk speed (20). As shown in Figure 2, the patient's walking ability improved with clinical significance after the first course of cybernic treatment; the 2MWT improved from 111.5 m at the baseline to 134.2 m (+20.3%) after the first course (Figure 2A). His walking speed also improved from 1.31 to 1.58 m/s (+21.2%) (Figure 2B). These improvements are comparable to those published previously in the NCY-3001 clinical trial (20). Initially, his walking pattern was characterized by unnatural swaying while lifting his waist and legs. After the treatment, he felt the driving force of walking from behind and the swaying of his body axis decreased; furthermore, his walking became more natural. This initial improvement was highly evident. However, despite self-training at home, both the 2MWT and the 10MWT worsened mildly after 1 month (Figure 2). Fortunately, even with this deterioration, these data were better than before the onset of HAL treatment.


[image: Figure 2]
FIGURE 2. The effect of cybernic treatment with a hybrid-assisted limb (HAL) on gait function. (A) The black dots indicate the measured walk distance (a 2-min walk test, 2MWT). (B) The black dots indicate the speed (a 10-min walk test, 10MWT). Vertical gray bars indicate one course of cybernic treatment with HAL.


For the first 10 months, the gait tests prior to cybernic treatment were moderately lower than immediately after the last course of cybernic treatment. Following each course of cybernic treatment, the gait tests improved steadily to a level that was higher than immediately after the previous treatment. Ten months after the initiation of HAL, the 2MWT reached a peak at 177.3 m (+59.0%) (Figure 2A; Supplementary Video 1). From 18 months to 2 years, the 2MWT was maintained between 165 m (+46.7%) and 178 m (+59.6%). Regular cybernic treatment with HAL, combined with leuprorelin, was continued every 2 months for 2 years (13 courses in total), with the patient's willingness and satisfaction. The peak 10MWT was observed slightly earlier than in the 2MWT. The rate of improvement in the 2MWT over 2 years was higher than that in the 10MWT (+59.6% vs. +38.2%) (Figures 2A,B). Therefore, this implied that the walking endurance continued to improve with long-term cybernic treatment. Consequently, regular cybernic treatment with HAL appears to improve and maintain walking function.

Serum levels of CK reflect muscle damage and are elevated in neuromuscular diseases, including SBMA (22). The patient's serum CK levels decreased from 1,230 to 622 U/L after his first course of cybernic treatment with HAL (Figure 3A). Then, the levels rose back to 878 U/L; this was still rather low at approximately two-thirds of the original baseline. Moreover, with continued cybernic treatments, the levels of CK gradually declined, corresponding to an improvement in the 2MWT. This trend was consistent in every course. Using a pedometer, the patient's total physical activity was also measured during his hospital stay; this recorded ~3,800 steps and was similar to the patient's ordinary level of daily activity. Our clinical team quickly rejected the idea that rest and immobility had reduced the patient's CK levels, which may be the case during hospitalization for acute illness. Instead, we concluded that the combination of leuprorelin therapy and HAL reduced the CK levels due to HAL's therapeutic effect and efficacy in improving gait. Conversely, the patient's serum creatinine level, a biomarker of muscle mass in SBMA (23), was maintained (Figure 3B). The improvement and maintenance of gait function, the repeated drastic reduction in serum CK levels, and the increase and maintenance of serum creatinine levels were observed only after the combined therapy of HAL and leuprorelin, and not during the period of leuprorelin monotherapy (from −13 to 0 months).


[image: Figure 3]
FIGURE 3. The effect of cybernic treatment with a hybrid-assisted limb (HAL) on the serum levels of creatine kinase and creatinine. (A) The black dots indicate the serum levels of creatine kinase. (B) The black dots indicate the serum levels of creatinine. Vertical gray bars indicate one course of cybernic treatment with HAL.




DISCUSSION

This report describes the first successful case in the history of SBMA treatment in which the improvement and maintenance of ambulatory motor function were observed over 2 years. Furthermore, we also observed a reduction in serum CK levels as a biomarker of muscle damage, and the maintenance of serum creatinine levels as a biomarker of muscle volume retention. Our interpretation is that these outcomes are the result of the combination of leuprorelin and HAL.

Thus far, none of the existing pharmaceutical agents, including leuprorelin, have achieved functionally efficacy with regard to muscle weakness or gait in patients with SBMA (12, 24). Consequently, it has remained unclear as to whether the levels of serum CK and creatinine, as key biomarkers, correspond to a response to treatment (5). Leuprorelin alone has been previously reported to reduce serum CK levels by ~20% after 48 weeks of treatment (24). In the present case, the reduction in CK levels after 1 year of leuprorelin administration alone was not comparable. However, we found that the levels of CK decreased from 1,230 to 622 IU/L (−51%) when combined with HAL treatment. After returning to daily life, the levels of CK only increased by a small extent. Serum creatinine data did not indicate a reduction in muscle mass; furthermore, pedometer data did not show a reduction in muscle damage due to rest. Moreover, a decreasing trend of CK was observed after each course of HAL. In other words, we can assume that the levels of CK were reduced by the combined therapeutic effects of leuprorelin and HAL. The NCY-3001 study has previously tested the effects and safety of cybernic treatment for progressive neuromuscular diseases, including SBMA but did not confirm muscle damage directly by measuring serum CK levels. In the present case report, the safety of HAL treatment combined with leuprorelin was further reinforced by the reduction in serum CK levels. However, in the patient described herein, we found that the combination of leuprorelin and HAL reduced serum CK levels and maintained the levels of creatinine; these effects correlated with an improvement in gait function. Therefore, the results of this case study suggest that these simultaneous changes in serum CK and creatinine are valid therapeutic indicators for SBMA (5).

Our results indicate a clear therapeutic effect on the pathological mechanism of SBMA, i.e., the suppression of motor neurons and muscle fiber injury were correlated with an improvement in function. We believe that this fact may be explained by the therapeutic mechanism, especially the iBF. The iBF selects the neural network that inhibits higher central controls to the pathological motor units and increases commands to the healthier motor units (20, 25, 26). Cybernic treatment might improve motor function and inhibit the degeneration of motor neurons.

Furthermore, this combined treatment led to an improvement of ambulatory function that was maintained for 2 years, with high levels of patient satisfaction. During a previous study of the natural history of SBMA, the 6-min walk test (6MWT) was found to decrease by 11.3% per year (27). The 2MWT is a simplified version of the 6MWT that correlates accurately with a lower patient burden (28); the rate of decrease is expected to be similar. We found that the 2MWT at the start of HAL was 111.5 m. If we apply a rate of decrease based on the natural history of this disease, we can estimate that the 2MWT would have decreased to ~88 m after 2 years. However, the actual value increased to 178.0 m; this was +102% of the estimated value and, therefore, represents a remarkable treatment effect.

Leuprorelin was approved in Japan for the treatment of SBMA (13) primarily because of its biological mechanism as a disease-modifying agent that acts on the primary etiology of SBMA and, secondly, because of its proven clinical efficacy for dysphagia in clinical trials (12, 24). Clinical trials of leuprorelin monotherapy did not demonstrate any improvement in ambulatory function.

In addition to SMBA, similar problems were observed in the lack of improvement in gait function, following the administration of exon-skipping therapy after the onset of DMD (29) and the lack of effect of SMN protein-enhancing treatment in patients with SMA several years after the onset (30). Therefore, to significantly amplify the efficacies of disease-modifying drugs acting on the primary etiologies of DMD and SMA, it is essential that we combine drug therapy and cybernic treatment with HAL.

This observational single case report clarifies the clinical efficacy of a combination of leuprorelin treatment for dysphagia and HAL treatment for gait disturbance. However, there is a limitation to be considered in that this combination of therapies was not compared statistically to monotherapies, HAL or leuprorelin. Therefore, it is still unclear whether the combined treatment of leuprorelin and HAL can constantly reduce serum CK levels and maintain ambulatory function over the long term. Consequently, it appears to be crucial that we conduct future RCTs to compare the combined treatment to HAL monotherapy with regard to changes in 2MWT, serum CK, and creatinine as outcome measures. However, this type of randomized trial may be challenging in a region where both treatments are officially approved. A comparative study may be possible in observational cohorts with more patients in Japan.



CONCLUSION

In this case report, the novel form of combined therapy overcame the apparent limitations of disease-modifying drugs acting on primary etiology and improved the gait function of patients with SBMA over the long term. Although this is only a single case report, the results are groundbreaking. If this phenomenon can be generalized, it may be possible to improve the treatment efficacy of DMD and SMA, as well as SBMA, by introducing combined therapy with HAL.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of National Hospital Organization Niigata National Hospital. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

HN drafted and revised the manuscript and was responsible for the acquisition of data, the analysis of data, the interpretation of data, research project execution, study design, and concept. TI and AH acquired the data. MK revised the manuscript and analyzed/interpreted the data. GS was responsible for analysis/interpretation of the data. TN revised the manuscript, acquired/analyzed/interpreted the data, executed the research project, and was also involved with the study design and concept. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by Grants-in Aid from the Research Committee of CNS Degenerative Diseases (Reference: 20FC1049), Research on Dissemination of Best Practicable Care for Muscle Dystrophy (Reference: 21FC1006), and Research on Policy Planning and Evaluation for Rare and Intractable Diseases, Health, Labour and Welfare Sciences Research Grants, the Ministry of Health, Labour and Welfare, Japan.



ACKNOWLEDGMENTS

The authors would like to thank Mr. Kazuyuki Kishimoto and Mr. Kazuhiko Hasegawa, both physiotherapists in National Hospital Organization Niigata National Hospital and Mr. Andrew Paul Wood and Charlesworth Author Services for reviewing the manuscript and providing editing support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.905613/full#supplementary-material

Supplementary Video 1. Changes in gait speed and endurance in the 2MWT after commencing combined therapy. This video clip compares the baseline (an upper row) with a time point 10 months after the commencement of treatment (a lower row). The first 20 s (a left column) and the last 20 s (a right column) of the test can be observed. The lower left video (10 months later and the first 20 s in the 2MWT) shows dramatic gait improvement in speed compared to the baseline (the upper left video). The lower right video shows a dramatic improvement in gait endurance compared to the baseline (the upper right video). The patient used a mobile hoist (All-in-One®, Ropox A/S, Denmark) to prevent falls during the 2MWT. In this video, the same person in the team of evaluators pulls the mobile hoist according to the patient's gait but is careful to never strain the patient's sling and never affect the patient's gait.
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A Remarkable Case of Acute Motor-Sensory Axonal Polyneuropathy (AMSAN) Variant of Guillain Barré Syndrome, in a Diabetic Patient Infected With COVID-19: A Case Report and Review of the Literature

Sajjad Ali1†, Alvina Karam2, Aarish Lalani1, Sadia Jawed1, Musfirah Moin3, Zain Douba4,5*† and Murtaza Ali6†


1Department of Medicine, Ziauddin Medical University, Karachi, Pakistan

2Department of Medicine, Khyber Medical College, Peshawar, Pakistan

3Department of Medicine, Liaquat National Hospital and Medical College, Karachi, Pakistan

4Faculty of Medicine, University of Aleppo, Aleppo, Syria

5CME Office, Faculty of Medicine, University of Aleppo, Aleppo, Syria

6Department of Medicine, Dr. Ruth K.M. Pfau, Civil Hospital Karachi, Karachi, Pakistan

Edited by:
Giovanni Meola, University of Milan, Italy

Reviewed by:
Luis Del Carpio-Orantes, Instituto Mexicano del Seguro Social, Mexico
 Mostafa Meshref, Al-Azhar University, Egypt

*Correspondence: Zain Douba, zaindouba97.zd@gmail.com
 orcid.org/0000-0001-9662-9492

†Supervisor

Specialty section: This article was submitted to Neuromuscular Disorders and Peripheral Neuropathies, a section of the journal Frontiers in Neurology

Received: 06 May 2022
 Accepted: 09 June 2022
 Published: 04 July 2022

Citation: Ali S, Karam A, Lalani A, Jawed S, Moin M, Douba Z and Ali M (2022) A Remarkable Case of Acute Motor-Sensory Axonal Polyneuropathy (AMSAN) Variant of Guillain Barré Syndrome, in a Diabetic Patient Infected With COVID-19: A Case Report and Review of the Literature. Front. Neurol. 13:937989. doi: 10.3389/fneur.2022.937989



Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease- 2019 (COVID-19), has been a global epidemic in our healthcare system. SARS-CoV-2 primarily affects the respiratory system, but neurological involvement has also been reported, including Guillain–Barré syndrome (GBS) development.

Case Presentation: A 58-year-old male with known co-morbid hypertension and type 2 diabetes mellitus presented to the emergency room with complaints of worsening shortness of breath, dry cough, and fever for the past 10 days. On day 20 of hospitalization, he developed neurological symptoms after being tested positive for COVID-19. A neuroelectrophysiology study was conducted to evaluate neurological symptoms and suggested that the patient suffers from acute motor-sensory axonal polyneuropathy (AMSAN). CSF analysis showed elevated protein levels that confirmed the diagnosis of GBS. He was subsequently treated with oral prednisolone and IVIG, which improved neurological symptoms.

Conclusion: Ever since the emergence of COVID-19, GBS has surfaced as to its potentially dangerous outcome. Healthcare professionals should be mindful of GBS and should rule it out in anyone having sensory symptoms or weakness during or after a COVID-19 infection. Its early detection and treatment can result in improved clinical outcomes.

Keywords: Guillain-Barré syndrome, coronavirus, COVID-19, neuroelectrophysiological characteristics, neuroinfection


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease- 2019 (COVID-19), has been a global epidemic in our healthcare system with 276,939,345 cases worldwide and 5,389,206 deaths, as of December 22, 2021 (1). The most common clinical presentations of COVID-19 are fever, headache, vomiting, malaise, and respiratory symptoms, ranging from a mild cough to severe pneumonia (2). If not promptly managed, life-threatening complications such as acute respiratory distress syndrome (ARDS), multi-organ failure, and even death can occur. Moreover, due to the complexity of COVID-19, multiple systemic manifestations have also been documented (3). SARS-CoV-2 primarily affects the respiratory system, but neurological involvement has also been reported, including Guillain–Barré syndrome (GBS) (4).

GBS is a life-threatening inflammatory/autoimmune condition in which the immune system targets healthy nerve cells in the peripheral nervous system (PNS). Usually, an infectious illness triggers the condition, such as gastroenteritis or a lung infection. Progressive ascending motor impairment with reduced reflexes and cranial nerve involvement is the hallmark clinical sign of GBS, which can persist from a few days to several weeks (5). Acute inflammatory demyelinating polyneuropathy (AIDP) is the most common type of GBS in the western part of the world; acute motor axonal neuropathy (AMAN) is the most common form in the Asian region, and Miller-Fisher syndrome (MFS) is the least common form in the western world. In addition, there are overlap syndromes (GBS-MFS overlap) (6).

In light of the clinical relevance of COVID-19 during pandemic times, the authors have presented a suspected case of GBS in a COVID-19 patient in a tertiary care hospital.



CASE PRESENTATION

A 58-year-old male with a known co-morbid of hypertension and type 2 diabetes mellitus (compliant with medications) presented to the emergency room on September 25, 2021, with complaints of worsening shortness of breath, dry cough, and intermittent fever for the past 10 days. On general physical examination, his respiratory rate was 50 breaths per minute, along with the use of accessory muscles. He had 90% oxygen saturation on high-low oxygen. With worsening respiratory symptoms, he was shifted to the Critical Care Unit (CCU).

On admission, baseline laboratory investigations were carried out (Table 1). He had low hemoglobin levels, low leucocyte count, and significantly high C-reactive protein (CRP) and Creatinine (Cr) levels. He was further tested positive for SARS-CoV-2 by polymerase chain reaction (PCR), despite being fully vaccinated for COVID-19.


Table 1. Baseline investigations of the patient on admission.
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On detailed investigation, a High-resolution Computer Tomography (HRCT) scan of the chest was done and revealed patchy bilateral areas of ground-glass opacity along with lobular septal thickening. In addition, there were bilateral extensive fibrotic patches in sub-pleural and central locations, together with pleural thickening. The above findings represent pulmonary fibrosis with interstitial lung disease due to sequelae of COVID-19 pneumonia.

The patient was intubated during the CCU hospitalization due to worsening hypoxemic respiratory failure that was refractory to noninvasive positive pressure ventilation. He was given an entire course of remdesivir and dexamethasone during the intubation period. On the 15th day of hospitalization, he was extubated and was shifted out of the CCU.

On the 20th day of hospitalization (30 days after onset of COVID-19 symptoms), the patient developed bilateral lower limb weakness. Given the concern for the neurological nature of the complaint was evaluated by an on-call neurologist. His physical exam revealed intact cranial nerves and sensations but a power of 3/5 in lower limbs bilaterally along with absent lower limb reflexes and mute plantar reflex. To rule out etiologies of polyneuropathy, a magnetic resonance imaging (MRI) scan of the cervical was done which showed to be insignificant.

On further investigation, neuroelectrophysiology (Table 2) was done whose report showed decreased compound muscle action potential (CMAP) amplitude and sensory nerve action potential (SNAP) amplitude in the left median and ulnar nerves. Moreover, electromyography (EMG) showed few motor unit action potential (MUAP) along with fibrillation in the left first dorsal interosseous and left tibialis anterior muscles. In conclusion, the reports suggested acute motor-sensory axonal polyneuropathy (AMSAN).


Table 2. Neuro-electrophysiology report of the patient.
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Moreover, a detailed cerebrospinal fluid (CSF) analysis was carried out which revealed to have isolated elevated protein levels (71 mg/dL), while the rest of the components were in the normal range such as pH, specific gravity, glucose. No white blood cells or red blood cells were noted. Culture and sensitivity, and gram staining were both negative. Increased protein levels is a hallmark of GBS.

Based on clinical findings, neurophysiological studies, CSF analysis, and MRI of the cervical, the patient was diagnosed with GBS associated with COVID-19.

Initially, the patient was given oral glucocorticoid (prednisolone) for 5 days and was tapered off when symptoms began to improve. He further received intravenous immunoglobulins (IVIG) for 6 days continuously. His vitals were stable throughout the rest of the hospital stay, and he had no signs of distress. After receiving this treatment, the patient's symptoms significantly improved, and he was discharged on October 21, 2021, to home with regular physiotherapy advised by the on-call doctor.

The present paper has been reported in accordance with the CARE guidelines (7).



DISCUSSION

GBS is an immune-mediated polyneuropathy that is most often preceded by infection. It has been linked with many infectious disease-causing organisms such as Campylobacter jejuni, cytomegalovirus, Epstein-Barr virus, Zika virus, as well as previous coronaviruses i.e., Middle East respiratory syndrome (MERS) and severe acute respiratory syndrome (SARS) (8, 9). In our case report, we have discussed a case of GBS in a 58-year-old male, which was caused by an aberrant immunological response following 20th days of hospitalization post-COVID-19 infection. GBS was confirmed after assessing clinical features and nerve conduction investigation revealing motor-sensory axonal polyneuropathy.

Despite being a rare GBS variant in the western world, AMSAN is more commonly associated with COVID-19 infection in Asia. We have reviewed and compiled all of the AMSAN type of GBS cases that have been associated with SARS-CoV-2, looking at their clinical presentations, the average latency period until GBS symptoms appear, the CSF findings, as well as their treatment plans and outcomes. In addition, we did a thorough literature search on the PubMed database for all studies with full text available in English and original data on GBS patients with recent COVID infection published between June 2020 and October 29, 2021. We searched using the following keywords: Guillain–Barré syndrome, GBS, COVID-19, SARS-CoV2, and AMSAN. As a result, we found a total of 11 published articles with 13 AMSAN-GBS cases associated with COVID-19 (Table 3).


Table 3. Review of the literature for AMSAN-GBS associated with COVID-19.
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A study by Toscano et al. (14) showcased five patients, three having an axonal type of GBS and two having demyelinating neuropathy. However, electrophysiological tests revealed demyelinating polyneuropathy in the majority of published cases, with axonal neuropathy in only four patients (12). Diabetes mellitus (DM) is prevalent comorbidity in some of these individuals, as it was in our case (12, 21). The clinical and electrophysiological aspects of concurrent peripheral neuropathies, including GBS, are worsened by underlying DM. The specific mechanism causing DM-induced aggravation is unknown; however, it could be linked to chronic inflammatory disorders associated with DM, as well as peripheral nerve neurovascular deterioration (22).

So far, three cases have been documented in the literature, two with sphincter dysfunction and one with hypertension (23). However, there were no symptoms suggestive of autonomic system disturbance in our patient or the five cases reported from Italy (9). In addition to the conventional post-infectious pattern, numerous instances of GBS post-COVID-19 had followed a para-infectious course (24).

Various case reports and series have been published, suggesting a possible association between SARS-CoV-2 infection and GBS (2), although the actual mechanism is still unknown. According to one explanation, nerve tissue injury is linked to the virus's direct neuronal invasion by directly binding to ACE2 receptors. Another theory explains immune-mediated indirect neuron injury by claiming that the immune system is overstimulated, leading to increased interleukin-6 (IL-6) production and the emergence of an autoimmune reaction (25). SARS-CoV-2 has been shown to promote an overactive immunological response, activate inflammatory cells, and enhance the production of cytokines such as IL6, resulting in neural tissue damage. As a result, it is possible that these immunological processes are to blame for COVID-19 individuals' neurological symptoms. COVID19 patients with severe symptoms and a rapidly deteriorating clinical status are also more likely to experience serious neurological events, according to the research. It is currently unclear if COVID-19 causes the production of autoantibodies against specific gangliosides, as found in other GBS types. In the future, more research into the pathophysiologic mechanism of GBS in COVID-19 patients will be needed.



CONCLUSION

Healthcare professionals should be conscious of GBS, an uncommon complication related to COVID-19. In asymptomatic patients or those who have had a mild respiratory ailment weeks earlier, diagnosis might be challenging and time-consuming. GBS should be ruled out in anyone with sensory symptoms or weakness during or after a COVID-19 infection. Clinical outcomes can be improved by early detection and treatment.
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Background: Diagnosis of Amyotrophic Lateral Sclerosis (ALS) is challenging as initial presentations are various and diagnostic biomarkers are lacking. The diagnosis relies on the presence of both upper and lower motor neuron signs and thorough exclusion of differential diagnoses, particularly as receiving an ALS diagnosis has major implications for the patient. Sjögren's syndrome may mimic peripheral ALS phenotypes and should be considered in the work-up.

Case: A 72-year-old female presented with a mono-neuropathy of the right leg and a complaint of dry eyes and mouth. Initial diagnostic work-up confirmed a regional sensorimotor neuropathy and a Sjögren's syndrome; a causal relationship was assumed. However, motor symptoms spread progressively despite immunosuppressive treatment, eventually including both legs, both arms and the diaphragm. Clinically, unequivocal central signs were lacking, but further along in the disease course, the atrophy pattern followed a split phenotype and deep tendon reflexes were preserved. Nerve biopsy did not show vasculitic infiltration; however, serum neurofilament light chain (sNfL) concentrations were and remained persistently highly elevated despite immunosuppressive treatment. Electrodiagnostic re-evaluation confirmed denervation in 3 regions. A diagnosis of familial ALS was finally confirmed by a C9orf 72 repeat expansion. Stationary sensory symptoms were best explained by a neuropathy associated with concomitant Sjögren's syndrome

Discussion: Our instructive case shows the difficulties of diagnosing ALS in the setting of a peripheral symptom onset and a concurrent but unrelated condition also causing neuropathy. Such cases require high clinical vigilance and readiness to reappraise diagnostic findings if the disease course deviates from expectation. Recently proposed simplified diagnostic criteria, genetic testing and body fluid biomarkers such as sNfL may facilitate the diagnostic process and lead to an earlier diagnosis of ALS.

Keywords: case report, neuromuscular disorders, peripheral neuropathies, C9orf 72, serum neurofilament light chain (sNfL), Amyotrophic Lateral Sclerosis, Sjögren's disease


INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease characterized by the degeneration of upper (UMN) and lower motor neurons (LMN), leading to the combination of muscle weakness, atrophy, and spasticity with exaggerated deep tendon reflexes (1), and may include frontal lobe dysfunction. Its prevalence is 2.6–3.0/100,000 in populations of European descent. Death occurs mainly from respiratory failure. The mean time of survival is 2–3 years, but in some cases, patients live for more than 10 years. There are considerable differences in symptom presentation and clinical course. While the majority of cases present with a limb-onset spinal type, others present with bulbar symptoms such as dysarthria and dysphagia, or primarily with signs of UMN dysfunction (1).

Diagnosis of ALS is still mostly clinically based on the El Escorial criteria and their revisions (2, 3), and, more recently, on the Gold Coast criteria (4) (see Table 1). The latter require progressive motor impairment, the clinical presence of UMN and LMN signs or LMN signs in two regions as well as the thorough exclusion of ALS mimics.


Table 1. Comparison of the El Escorial (2), Awaji (3), and Gold Coast criteria (4) for Amyotrophic Lateral Sclerosis.
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Diagnostic biomarkers other than electromyoneurography (ENMG) to objectify LMN (3) are currently not part of diagnostic criteria. However, UMN dysfunction may be shown by increased cortical excitability as determined by transcranial magnetic stimulation (5, 6), particularly in early stages of the disease, or on imaging, where atrophy of the precentral gyri and alterations of the cortico-spinal tract in various MRI measures has been reported (7, 8).

Furthermore, several studies have recently shown that neurofilament light (NfL) chain levels are highly increased in CSF and serum of patients with ALS and they have been repeatedly shown to harbor independent prognostic information besides potentially qualifying as a diagnostic biomarker (9–11). However, NfL is not disease specific but quantitatively captures neuro-axonal damage in inflammatory, neurodegenerative, vascular and traumatic brain diseases (12), as well as in peripheral disorders such as vasculitic and other polyneuropathies (13, 14).

Genetic analyses may assist diagnosis as about 5%−15% of ALS cases are familial (fALS) with autosomal dominant inheritance. The most prevalent mutations concern a repeat expansion of the C9orf 72 gene (Chromosome 9 open reading frame 72; 30−40%), the SOD1 gene (superoxide dismutase 1, 10−20%), the TDP-43 gene (transactive response DNA-binding protein 43; 5%), and the FUS gene (fused-in sarcoma, 5%) (15). A C9orf 72 repeat expansion is found in 7−19% of apparent sporadic ALS cases.

Differential diagnoses comprise, among others, multifocal motor neuropathy, Kennedy disease, lead intoxication and spinal stenosis. A recent study highlighted Sjögren's motor neuropathy as a further entity to consider (16). Mimics may cause up to 10% false ALS diagnosis (17), but likewise, ALS may not be diagnosed in first place due to the presence of other diseases.

We present the case of a patient with sicca symptoms and a progressive, predominantly flaccid, motor paralysis with mild sensory symptoms who was diagnosed with Sjögren's syndrome and associated neuropathy but eventually turned out to be a familial ALS with a C9orf 72 repeat expansion.

Our case highlights the challenges in diagnosing ALS in the presence of a treatable co-existing disease and we discuss the differential diagnostic considerations during progression and evolution of symptoms as well as the value of biomarkers.



CASE DESCRIPTION

A 70-year-old woman presented with persistent weakness of the right leg after a fall and fracture of the right ankle 10 months before. She had no pain but complained of dry eyes and a dry mouth. Personal history was remarkable for a colon carcinoma operated 30 years ago, a metabolic syndrome and endoprosthesis of both knees. Only in the later follow-up, the patient reported that her mother had died from bulbar ALS. There was no known history of autoimmune disease in the family. The time course of both, clinical evolution and results of ancillary examinations are depicted in Figure 1.


[image: Figure 1]
FIGURE 1. Time course of clinical symptoms and signs as well as results from ancillary examinations and therapeutic interventions from symptom onset to death. Inserted graph shows serial serum neurofilament light chain levels (sNFL) from Feb to Nov 2020, coloured lines give age- and BMI-adjusted percentiles of reference population (18). UL, upper limbs; LL, lower limbs; ENMG, electroneuromyography.


At first outpatient consultation, we saw an overweight woman (BMI 43 kg/m2) in otherwise good health. The cranial nerve examination was unremarkable. Upper limbs and the left leg were normal including preserved deep tendon reflexes and reported normal sensory function. The right leg showed a distally pronounced weakness (right/left, Medical Research Council (MRC) grades): hip flexion 2/5, hip extension 4/5, hip adduction 5/5, hip abduction 2/5, knee flexion 2/5, knee extension 4/5, foot dorsal extension 0/5, foot plantar flexion 3/5. Deep tendon reflexes were absent in the right leg and plantar responses were flexor bilaterally. We observed no fasciculations. The right lateral lower leg and dorsal foot showed a marked sensory deficit while vibration sense was only minimally impaired (7/8 at both halluces).

Neurographies in the right leg were abnormal: The peroneal compound muscle action potential (CMAP) was absent, the tibial CMAP and the sural sensory nerve action potential (SNAP) showed markedly reduced amplitudes without conduction block (CB). The left leg showed a slightly decreased peroneal CMAP and otherwise normal neurographies. Myography showed severe signs of acute denervation in the right anterior tibial, gastrocnemius, and rectus femoris muscle with fasciculations, positive sharp waves and fibrillation potentials. Plain MRI of the lumbar spine showed no abnormalities. An asymmetric sensorimotor axonal neuropathy was diagnosed.

Further work-up included laboratory screening for treatable causes of neuropathy, a spinal tap and measurement of sNfL levels. Anti-SSA/ro antibodies (55 U/ml; cut-off <10 U/ml), anti-GM1 (116%; cut-off 50%), anti-GD1a (130%; cut-off 50%) and anti-GD1b (98%; cut-off 50%) were elevated. Anti-SSB/la antibodies, cryoglobulines, blood sedimentation rate and the remainder of the laboratory screening including serum creatine kinase (CK) levels were normal. Cerebrospinal fluid (CSF) analysis showed a normal cell count, negative CSF-specific oligoclonal bands (OKBs) and only slightly elevated total protein (515 g/L, reference: 150–500 mg/L; quotient albumin CSF/serum: normal). Serum NfL levels were markedly elevated [141.5 pg/ml; >99.9th percentile (18)] indicating severe ongoing neuro-axonal injury. Nerve ultrasound had limited validity due to the patient's obesity but showed no detectable abnormalities.

The clinical suspicion of Sjögren's disease was supported by a positive Schirmer test and sialometry showing pathologic reductions of tear and saliva production. On lip biopsy, interstitial fibrosis and lymphatic invasion of small saliva glands was demonstrated and a diagnosis of Sjögren's disease was made according to the ACR criteria (19).

At this stage, the neuropathy was considered to be attributable to Sjögren's disease. Prednisone (80 mg/day, with tapering) as well as Rituximab treatment was established. Treatment was expected to improve or at a least stabilize motor (and sensory) function.

Contrarily, the weakness progressed further over the course of the next months, spreading to the left leg, rendering the patient wheelchair bound. Moreover, she began to complain of shortness of breath. Upon re-admission, the clinical examination was normal for cognition and cranial nerve function. In the upper limbs, we found focal atrophies of the right first dorsal interosseous (FDI), abductor pollicis brevis (APB) and intrinsic hand muscles with a relatively preserved abductor digiti mini muscle (ADM), a pattern classically known as a “split hand”, as well as slight weakness of the right arm (MRC, right/left): Deltoid 4/5, biceps 4/5, brachioradial 4/5, triceps 5-/5, wrist extension 5/5, finger extension 5/5, wrist flexion 5-/5, hand grip 5/5, APB 4/5. Deep tendon reflexes were now brisk in the upper limbs, and there were no signs of sensory impairment. Lower limbs were nearly completely paralyzed with an MRC grade of 0 in most proximal and distal muscles apart from left foot plantar and toe flexion (MRC grade 3). All deep tendon reflexes were absent; plantar response was flexor on both sides. Vibration sense was reduced (right/left 4/8 and 5/8), while the sensory deficit in the right lower extremity remained largely unchanged. Pulmonary work-up revealed a right diaphragmatic paresis. Sensory and motor neurographies were normal in the right ulnar nerve but unobtainable in the lower limbs. Motor evoked potentials to the upper extremities showed no abnormalities. Electromyography showed progressive signs of severe acute denervation in the upper limbs and the sternocleidomastoid muscle, with sparing of the tongue. A biopsy of the left superficial peroneal nerve revealed a reduction of myelinated fibers without signs of vasculitis. Serum NfL levels remained highly elevated and only slightly decreased at last follow-up [107.9 pg/ml; >99.9th percentile (see Figure 1)].

At this point, the clinical course was clearly deviating from expectance with deterioration under immunotherapy, brisk reflexes in wasted muscles, split hand, and split leg characteristics (20), bulbar involvement on myography and a nerve biopsy negative for vasculitis. This presentation allowed a diagnosis of laboratory supported probable ALS according to the El Escorial/Awaji criteria (2, 3) and a diagnosis of ALS according to the Gold Coast criteria (4) (see Table 1). The sensory involvement was most likely explained by coincidental, probably Sjögren's associated, sensory neuropathy.

Because of the patient's family history, genetic panel testing for motor neuron diseases was performed. It revealed a pathological repeat expansion in the C9orf 72 gene confirming a familial ALS. During the following months, the patient experienced a further decline in motor function and died from respiratory failure 26 months after symptom onset.



DISCUSSION

The pathological hallmark of ALS spectrum diseases is an abnormal nuclear clearance and development of cytoplasmatic inclusion of TDP-43 (21). Increased cortical excitability is thought to induce neurodegeneration through glutamate-mediated excitotoxicity. The predominant affection of monosynaptic projections may explain the differential involvement of muscle groups at the same joint resulting in the “split hand” or more generally, “split limb” phenotypes (20).

As there are no disease-specific biomarkers, the diagnosis of ALS is challenging and may be delayed due to comorbidities providing an alternative explanation of symptoms. However, a high level of diagnostic certainty should be attained, before confronting the patient with a diagnosis of a fatal disease without a curative treatment option, especially in cases in which the differential diagnosis is treatable.

The initial clinical picture presented by our patient was suggestive for a lesion in the proximal part of the peripheral nervous system involving motor and sensory fibers. Restriction to one side had suggested plexopathy, but asymmetric presentations of polyradiculopathy and mononeuritis multiplex were also considered. Extensive work-up revealed a Sjögren's syndrome. At that point in time, the monomelic presentation including sensory deficits was attributed to an assumed vasculitic neuropathy, where high levels of sNfL may also be found (13).

Neuropathies in Sjögren's syndrome can be axonal, demyelinating, and mixed, they predominantly involve sensory fibers with and without pain, but autonomous and motor fibers as well as cranial nerves may also be affected (23). Severe forms of motor neuropathy may even mimic ALS (17). Histopathologically, sensory neuropathies show an infiltration of dorsal root sensory ganglia, while motor neuropathies rather seem to be caused by vasculitis and micro-infarction of nerves (22).

Interestingly, an association of a variety of auto-inflammatory diseases with ALS has been described, among them rheumatologic diseases like Sjögren's syndrome (23). On the other hand, coincident sensory neuropathy may be found in ALS, in C9orf 72 ALS in up to 38% of subjects (24).

In our case, there are several hints, which retrospectively fit well with the final diagnosis. In particular, painless progressive spread of motor symptoms and a partly “split limb” phenotype are typical characteristics of ALS. The high concentrations of sNfL in the context of a nerve biopsy negative for vasculitis, absence of rapid progressive dementia and no other plausibleexplanation is a strong indicator for ALS as the likely cause of neuro-axonal damage. Furthermore, sNfL remained high despite immunosuppressive treatment while markers indicating activity of Sjögren's disease were low from the beginning. In the case of a vasculitic neuropathy, sNfL would have been expected to typically decrease when treated successfully (13), while in ALS levels usually remain stable over the disease course until the later stages (9, 25). These findings further substantiated doubts on a causative relationship between Sjögren's disease and the motor neuropathy. Nevertheless, UMN signs could only be found clinically several months later with brisk reflexes in wasted muscles. Studies of cortical excitability via transcranial magnetic stimulation as a candidate marker of UMN dysfunction early in the disease had not been performed. Imaging of brain and entire spinal cord showed only unspecific changes even late in the disease course.

Genetic testing at an earlier time point would have helped to shorten the diagnostic uncertainty, and the patient would not have been exposed to the risks and side effects of an immunosuppressive treatment. However, genetic testing is not yet done routinely. Furthermore, the C9orf 72 repeat expansion is intronic and only detectable by using repeat-primed PCR techniques, which are not included in common panel exome analysis and have to be ordered explicitly (26).

In conclusion, our case shows the difficulties of diagnosing ALS in the setting of a potentially relevant alternative diagnosis. Moreover, it highlights the need for diagnostic biomarkers as well as the role of genetic testing. These tools are important for development of disease-modifying therapies and for early diagnosis when future treatments may most efficaciously prevent disease progression.
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Filamin C is a large dimeric actin-binding protein, most prevalent in skeletal and cardiac muscle Z-discs, where it participates in sarcomere mechanical stabilization and intracellular signaling, interacting with numerous binding partners. Dominant heterozygous mutations of Filamin C gene cause several forms of myopathy and structural or arrhythmogenic cardiomyopathy. In this report we describe clinical and molecular findings of two Italian patients, in whom we identified two novel missense variants located within the Filamin C actin binding domain. Muscle imaging, histological and ultrastructural findings are also reported. Our results underline the extreme inter- and intrafamilial variability of clinical manifestations, hence the need to extend the investigation also to asymptomatic relatives, and the relevance of a broad diagnostic approach involving muscle electron microscopy, skeletal muscle magnetic resonance imaging and next generation sequencing techniques.

Keywords: Filamin C, actin binding domain, distal myopathy, muscle electron microscopy, muscle magnetic resonance imaging, next generation sequencing


INTRODUCTION

Heterozygous defects in the human Filamin C gene (FLNC) located on chromosome 7q32.1 result in clinical forms of myopathy and cardiomyopathy with marked phenotypic variability (1, 2). FLNC-related myopathies comprise three main presentations, according to type and location of the molecular defect: (i) missense or splice site changes affecting the rod domain result in late onset, progressive, proximal muscular weakness with large sarcoplasmic inclusions; (ii) frameshift mutations in the rod domain cause distal myopathy without sarcoplasmic inclusions; (iii) missense variants in the actin-binding domain (ABD) result in proximal or distal myopathy with non-specific myopathic changes (3–5). More recently, patients displaying restrictive, hypertrophic, dilated and arrhythmogenic cardiomyopathies have been found harboring truncating and missense FLNC mutations (6). Here we describe two novel FLNC variants located in the actin-binding domain associated with different phenotypes in two distinct Italian families.



CASE DESCRIPTIONS

Samples collection and studies were performed with informed consent from the patients according to approvals given by Ethic Committee of the Scientific Institute IRCCS Eugenio Medea, Bosisio Parini, Lecco, Italy and IRCCS Ca' Granda Foundation, Ospedale Maggiore Policlinico, Milan, Italy. The complete timeline of relevant clinical signs and symptoms and of diagnostic assessments performed during disease progression is reported in Supplementary Figure 1.


Patient 1

Patient 1 is a 53-year-old man, born to non-consanguineous parents, who had noticed mild hand and triceps brachii muscles wasting without corresponding weakness at the age of 28. Before then, he had practiced sport at a competitive level. At the age of 31 he started to complain fatigue and weakness in the legs and arms, impairing daily activities. Muscle cramps were present, mostly in the lower limbs.

Neurological examination at the age of 39 revealed forearm pronators, finger flexors and intrinsic hand muscles moderate weakness and wasting with mild asymmetry, a selective moderate weakness of the ankle plantar flexors and posterior leg muscles wasting, while all other lower limbs muscles showed only mild strength reduction. As the disease was progressing, weakness and wasting became more widespread and involved more proximal muscles. Last clinical examination at the age of 52 showed a severe muscle atrophy of lower and upper limbs (Figure 1) with moderate-severe muscle weakness more evident at distal upper than lower limbs. Mild facial muscular weakness was evident together with mild dysphonia. The patient is still able to stand with support but not to walk.


[image: Figure 1]
FIGURE 1. Histopathological findings. Patient 1 (biceps brachii muscle; magnification: 200x): Gomori trichrome stain showing a slightly increased variability in muscle fibers diameter; no rimmed vacuoles and no sarcoplasmic or intranuclear inclusions were present (A). NADH-TR stain showing “moth-eaten” or “core-like” areas of oxidative enzyme activity reduction in both fiber types and increased subsarcolemmal activity in some type I fibers (darker blue areas) (B). Patient 2 (vastus lateralis muscle; magnification: 200x): Gomori trichrome stain showing an almost normal fiber variability pattern; no rimmed vacuoles and no inclusions were present (C). NADH-TR stain shows slightly “core-like” reduction of central oxidative enzyme activity in both fiber types (D). Patient 1 pictures showing intrinsic hand, foot, leg and thigh muscles wasting (E–H). Scale bar: 25 μm.


No cardiac or respiratory involvement were present. Creatine kinase (CK) levels were only moderately increased (range along time from 300 to 850 UI/L, normal values: 24–195) and electromyography displayed chronic myopathic signs with distal neuropathic signs at upper and lower limbs muscles.

The patient performed three muscle biopsies along time: all of them revealed an increased variability in muscle fibers diameter, a small number of centralized nuclei, central areas with reduced oxidative enzyme activity in both fiber types and increased subsarcolemmal activity in some type I fibers (Figures 1A,B). Immunostaining of muscle membrane proteins (Dystrophin, Caveolin-3, sarcoglycans) was normal.

Electron microscopy showed the presence of unstructured fibers, as the normal sarcomeric organization is no longer distinguishable (in some fields only a residual Z-disk was present) and small vacuoles with loose material inside, without evidence of collections of filamentous material; several mitochondria with altered or elongated shape, sometimes collected in small groups, and cytoplasmic dilations within several fibers were also noted (Figures 2A–D).


[image: Figure 2]
FIGURE 2. Electron microscopy. Representative images of patients 1 (A–D) and 2 (E–H). Patient 1: altered ultrastructural sarcomere pattern in transverse section (A). Degeneration of sarcomere structure with extended area of myofibrillar disorganization in the sarcoplasm (B,C). Also, many cytoplasmic vacuoles (C). Collection and increase of intermyofibrillar mitochondria with normal morphology (D). Patient 2: normal appearance of sarcomere pattern (E). Degeneration of sarcomere structure with extended area of myofibrillar disorganization at the sub-sarcolemma level (F). Area of myofibrillar disorganization with cytoplasmic bodies (G). Abnormal mitochondrial accumulation, some mitochondria are swollen or with altered cristae (H). Scale bar: short dash 463 nm, long dash 926 nm.


Muscle imaging through magnetic resonance of the lower limbs (performed at the age of 47) showed diffuse and severe muscle atrophy more evident in the posterior portion of the legs and signs of fatty substitution of the paravertebral muscles.

Sanger sequencing of genes encoding Calpain 3, Lamin A/C, Selenoprotein, Valosin Containing Protein (VCP), Fukutin related protein (FKRP), Dysferlin, Anoctamin 5, GNE, dynactin subunit 1 (DCTN1) and testing for Survival Motor Neuron (SMN1) deletions were negative. Exome sequencing performed on the Trio revealed a novel de novo heterozygous missense variant c.665T>C in the FLNC gene (NM_001458, exon 3) leading to p.Met222Thr substitution in the actin binding region of the Filamin c protein (Figure 3). No other suspicious variants were detected in other distal myopathy-related genes (and included in the relative curated gene list of Panel App).


[image: Figure 3]
FIGURE 3. Molecular studies. (A) Pedigrees of the described families. Index patients are indicated with arrows. Black symbols indicate clinically affected subjects. Gray symbol indicates subclinical involvement. Available genotypes are reported under the corresponding subjects. [(B), top] Variants identified in the patients (sequence electropherograms) affecting conserved amino acidic residues within the actin binding domain. [(B), bottom] Diagram showing the structure of FLNC gene and the protein domains observed in the encoded protein (Filamin-c).


The Met222 residue is evolutionary conserved from human to Xenopus and different prediction tools support a likely pathogenic effect of the identified variant (Supplementary Table 1). The patient's asymptomatic siblings tested negative for the FLNC variant.



Patient 2

A 33-year-old man came to our attention with a clinical history of fatigue and progressive bilateral hypotrophy of the posterior thigh muscles and distal quadriceps, with associated foot plantar flexion weakness, lasting about 3 years. Currently, he is no longer able to lift himself on his toes and has suspended sports activity.

Electromyography showed predominantly myopathic changes in the proximal muscles of the four limbs (i.e., ileo-psoas, quadriceps femoris, deltoid) with additional aspects of active denervation in the triceps surae muscles (positive sharp waves, atypical repetitive discharges) and mixed neuropathic and myopathic features in the tibialis anterior.

Neurological examination revealed bilateral mild weakness of opponens pollicis and extensor digitorum and severe weakness of the gastrocnemius muscles, tibio-tarsal joint tension bilaterally, wasting of the posterior thigh and leg muscles. Creatine kinase levels were moderately elevated (652 UI/L). Echocardiography excluded structural cardiac alterations; there were no symptoms or signs of respiratory involvement.

The patient underwent open biopsy of the right vastus lateralis muscle. Histological examination showed mild muscular alterations, characterized by a diffuse reduction of oxidative enzyme activity with moth-eaten or core-like appearance (Figures 1C,D). Electron microscopy showed Z disk alterations (streaming or loss) in some fields, small subsarcolemmal or endomysial collections of mitochondria, in some cases of elongated shape (Figures 2E–H).

Lower limbs muscle MRI showed discrete muscle wasting of the posterior region of the lower legs and mild atrophy of the distal portion of quadriceps and hamstring muscles. Signs of adipose replacement are present in the same muscles, particularly in the leg (Figures 4A–D).


[image: Figure 4]
FIGURE 4. Muscle MRI. Patient 2 (A–D) and patient 2's father (E–H) Turbo Spin Echo (TSE) axial T1 MRI images from thigh (A–C, E–G) to leg (D,H). The patient's images show bilateral symmetric selective fatty degeneration of the distal insertion of the gluteus medius muscle [(A), red arrow], subfascial fatty degeneration of vastus lateralis and intermedius muscles [(B), red dotted arrow], with a relative sparing of rectus femoris, involved only at the distal insertion [(C), red arrow]; fatty degeneration and wasting of semimembranosus and long head of biceps femoris muscle [(C), black arrows] with relative preservation of gracilis, sartorious and semitendinosus muscles [(C), red dotted arrows]. In the lower leg, there is a predominant fibroadipose replacement of the posterior muscles, primarily affecting the soleus and the medial gastrocnemius muscles [(D), red dotted arrows]. The same involvement pattern of selected muscle groups can also be observed in the patient's father, although it is less pronounced except at the level of the distal leg.


Patient 2 underwent NGS-based panel sequencing targeting main genes involved in muscular dystrophies and distal myopathies (Supplementary Table 2). NGS analysis disclosed the novel heterozygous FLNC actin-binding domain missense variant c.733G>A (exon 4, p.Val245Met) (Figure 3), predicted as pathogenic (Supplementary Table 1). The same variant was identified in the clinically asymptomatic 65-year-old patient's father who displayed normal CK levels (51 UI/L), mixed neurogenic and myopathic motor unit potentials at the level of the medial gastrocnemius muscle bilaterally, chronic myogenic potentials in the four limbs' proximal muscles, with normal nerve conduction velocities. Muscle MRI displayed the same pattern of adipose replacement, albeit to a lower degree, previously observed in Patient 2 (Figures 4E–H). The dizygotic twin sister and the brother of the patient tested negative for the FLNC variant. Finally, the c.733G>A change was detected in two paternal uncles. One of them is a 60 years old man who is unable to lift on his toes. His CK levels are modestly increased (215 UI/L) and his neurophysiologic examination shows chronic sensory-motor mixed neuropathic signs and mixed neurogenic and, especially, myopathic motor unit potentials in the distal legs muscles. The second paternal uncle, aged 57 years, is affected by dilated cardiomyopathy without apparent skeletal muscle involvement. He was tested on a gene panel containing 42 genes currently known to be associated with monogenetic cardiomyopathy (http://www.umcutrecht.nl/NGS; panel car01 version 21.1) which disclosed the same c.733G>A (p.Val245Met) FLNC variant. No other clinical information is available.

In silico prediction tools including CADD scores supported the pathogenic role of the variants identified in the patients (Supplementary Table 2).




DISCUSSION

In the present report we identified two novel FLNC variants affecting conserved residues in the ABD. The clinical, radiological and histological findings contribute to expand the heterogenous phenotypic manifestations and skeletal muscle involvement observed in patients with filaminopathies.

A distal myopathy phenotype has to date been associated with missense variants in the calponin homology 2 (CH2) domain of the ABD (5, 7) or frameshift variants in the immunoglobulin-like domain 15 of ROD1 domain of FLNC gene (8, 9).

Distal ABD-filaminopathy usually presents with handgrip weakness followed by posterior leg muscles involvement with slow clinical progression (5, 10). Gemelli and co-authors previously described a variant (c.664>G; p.M222V, the same residue found mutated in Patient 1) in two siblings presenting progressive distal myopathy starting in their third decade (7). Although presenting a similar age at onset, our case is characterized by an initial involvement of the upper limbs, an earlier involvement of the lower limbs, and raised CK levels. The clinical features of Patient 2 overlaps those described in other patients with ABD Filamin-c mutations, except for the higher CK levels (5). However, differently from previous reports, heterogenous presentations ranging from subclinical involvement of the distal leg muscles to apparently isolated cardiac involvement were observed in his family members harboring the same defect. Reduced penetrance and variable expressivity had been also previously described for FLNC variants associated with cardiac involvement (11, 12).

The histopathology of distal ABD-filaminopathy shows unspecific myopathic changes (10). In accordance with these data, and unlike the case already described in the literature (7), muscle biopsy findings in Patient 1 did not include myofibrillar aggregates nor intracytoplasmic or subsarcolemmal vacuoles. Likewise, immunohistochemical analysis of the Patient 2's muscle biopsy with antibodies directed against Desmin, Myotilin and αB-crystallin and ultrastructural analysis did not detect the characteristic protein aggregates of myofibrillar myopathies (1, 3).

Mixed myogenic and neurogenic pattern and spontaneous activity (positive sharp waves) in the anterior tibial muscle, with normal motor nerve conduction velocities, have already been described in Filamin C distal myopathy (8). An initial axonal motor neuropathy, with no significant abnormalities at the muscle needle exam, was suspected in another patient carrying a substitution in the Filamin C ABD causing a distal myofibrillar myopathy (7). Although in both our patients nerve conduction studies did not show reduced velocities and muscle biopsies did not reveal signs of neurogenic damage, concomitant neuropathy cannot be completely ruled out, as previously discussed (1).

The available muscle MRI data in filaminopathy show the following features: in the pelvis, initial changes are relatively mild. In the thigh, semimembranosus, adductor magnus and longus, long head of biceps femoris, vastus intermedius and medialis are most affected, whereas semitendinosus, rectus femoris, sartorius, and gracilis are relatively spared. In the lower leg, the soleus muscle shows pronounced fatty changes; tibialis anterior and medial gastrocnemius muscles are involved later, while peroneal muscles and lateral gastrocnemius are relatively spared even in more advanced disease (2, 13, 14). Although in Patient 1 the degree of fibroadipose replacement at the time of MRI is too advanced to recognize a peculiar pattern, this is certainly identifiable in Patient 2 and, more importantly, allows the identification of subclinical muscle involvement in his clinically asymptomatic father.

Our study contributes to expand the number of ABD variants of Filamin C associated with distal myopathy. Even in the absence of obvious alterations at standard microscopy, ultrastructural analysis might show the subversion of the intermyofibrillar network and mitochondrial alterations associated with myofibrillar myopathies (15, 16) but without protein aggregates. Muscle MRI is advised to recognize specific patterns of muscle involvement in affected patients and asymptomatic carriers.
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Myotonia congenita is a rare neuromuscular disorder caused by CLCN1 mutations resulting in delayed muscle relaxation. Extramuscular manifestations are not considered to be present in chloride skeletal channelopathies, although recently some cardiac manifestations have been described. We report a family with autosomal dominant myotonia congenita and Brugada syndrome. Bearing in mind the previously reported cases of cardiac arrhythmias in myotonia congenita patients, we discuss the possible involvement of the CLCN1-gene mutations in primary cardiac arrhythmia.
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Introduction

Non-dystrophic myotonias (NDMs) are rare genetic neuromuscular disorders caused by dysfunctional ion channels expressed in the skeletal muscle cell membrane and, depending on the ion channel involved, referred to as chloride or sodium channelopathies.

Myotonia congenita is a chloride channelopathy with autosomal dominant or recessive inheritance, leading to Thomsen's or Becker's disease, respectively. Chloride channels (ClC-1), encoded by the CLCN1 gene, play an essential role in restoring and maintaining the electrical stability of skeletal muscle cells. Up till now, more than 150 different CLCN1 mutations, resulting in a reduced conductance of the ClC-1, have been described (1–3). Sodium channelopathies are caused by mutations in the SCN4A gene, resulting in an impaired inactivation of the alpha-subunit of the skeletal muscle NaV1.4 channel. Two autosomal dominant inherited phenotypes are recognized, paramyotonia congenita (PMC) and sodium channel myotonia (SCM) (1, 3). Both ion channelopathies lead to hyperexcitability of the sarcolemma membrane, causing myotonia, characterized by delayed skeletal muscle relaxation after voluntary or evoked muscle contraction. The first symptoms usually appear in the first or second decade but may also emerge later in life. MC is characterized by muscle stiffness (myotonia) upon initiating movement, and alleviated by repeated muscle contractions, known as the “warm-up” phenomenon. Transient muscle weakness after initiating movements as well as muscle hypertrophy can be part of the phenotype. Symptoms in Becker's disease are often more severe (4). In contrast to SCN4A-associated myotonia, face and hand muscles are less involved in MC, and no or minimal cold sensitivity is reported. However, distinguishing SCM from MC can be challenging since there is some clinical overlap (1). Diagnosis is made by medical history, physical examination, neurophysiological tests, and genetic analysis. Most NDM patients present myotonic discharges on needle electromyography (nEMG). In addition, Fournier's short exercise test (SET) can be performed to differentiate sodium and chloride channelopathies based on postexercise changes in compound muscle action potential (CMAP) amplitude obtained by supramaximal nerve stimulation. In most MC cases, the CMAP amplitude decreases instantaneously after a short effort and quickly returns to baseline, classified as pattern II (5). However, in a minority of autosomal dominant MC cases, the CMAP amplitude is not altered by exercise, resembling the pattern III characteristics of SCM (5).

NDMs are skeletal muscle disorders without extramuscular manifestations. However, in 2016 our study group reported four families with coexisting Brugada syndrome (BrS) and NDM. Three families were diagnosed with genetically confirmed SCM and one with autosomal dominant MC (Thomsen disease) (6). BrS is another rare inherited channelopathy, due to alterations of ion currents at the level of the cardiac sarcolemma, predisposing to life-threatening ventricular arrhythmias and sudden cardiac death (SCD). The estimated prevalence is 1 in 2000 people worldwide. The diagnosis is confirmed on spontaneous or Ajmaline-induced ST segment elevation on the electrocardiogram (ECG) with a type I morphology of > 2 mm in more than one lead among the right precordial leads (V1-V3) (7, 8). Approximately 20–30% of BrS cases are attributed to a mutation in the SCN5A gene. Other genes are assumed to be causative in an additional 10% of cases. However, most cases remain genetically unsolved. We hereby present a second family with MC and coexisting BrS.



Case presentation

The index patient, a 52-year-old man (A1, Table 1), was referred to our neurology department. He complained of chronic painful muscle stiffness, mainly involving the shoulder and pelvic girdle and, to a lesser degree, the hands. He reported a warm-up phenomenon. Stress and preceding rest periods were exacerbating factors. Cold exposure, on the other hand, was not. He never experienced muscle weakness. These muscle complaints had been until now, attributed to fibromyalgia. Most importantly, there was a history of symptomatic BrS for which an ICD was implanted (Table 1). Upon physical examination diffuse hypertrophy was noted. When the patient tried to get up from a chair, initially we observed marked muscle stiffness of the lower limbs, which progressively improved upon repetition of the task. No other clinical myotonia was detected, including during the evaluation of hand grip, and eye closure. No percussion myotonia or lid lag could be elicited. Muscle strength was normal, and Gower's sign was negative. nEMG showed myotonic discharges mostly exceeding 1 second of duration in all muscles tested, without any myopathic features. The short exercise test was normal at room temperature and after cooling (pattern III). Genetic testing revealed that the patient was heterozygous carrier for a c.2287C>A, p.(Gln763Lys) variant in exon 19 of the CLCN1 gene, which is classified as a variant of unknown significance (VUS). Other genetic causes of myotonia, including myotonic dystrophy type 1 (DMPK) and 2 (ZNF9) and sodium channelopathies (SCN4A), were excluded. Subsequently we screened three relatives of our index patient, 2 of whom had BrS, for the presence of myotonia.


TABLE 1 Clinical and paraclinical features of the 4 relatives.

[image: Table 1]

The eldest sister (A2) complained of muscle stiffness in the 4 limbs, especially after a period of rest, or after heavy exercise. There was no aggravation with exposure to cold. She had normal muscle strength and no signs of muscle hypertrophy. Although no clinical myotonia was detected, nEMG did reveal brief (100–200 msec duration) myotonic discharges in several muscles. The short exercise test was normal at room temperature and after cooling (pattern III). Sequencing the CLCN1 gene, the same heterozygous c.2287C>A, p.(Gln763Lys) variant in exon 19 was detected. No Brugada syndrome was diagnosed since she had a negative Ajmaline challenge test. The second sister (A3) had been diagnosed with Brugada Syndrome following a malignant cardiac event requiring an ICD implantation. She did not complain of muscle stiffness, myalgia, or delayed muscle relaxation. She mentioned sporadic muscle cramps, not preventing her from exercising. The neurological exam was normal, and no muscle hypertrophy nor clinical myotonia was present. During nEMG no myotonic discharges were observed. However, a slightly prolonged random insertional activity, was found in the intrinsic hand muscles and not in the other tested muscles, including the tibial anterior and biceps brachii. These findings were interpreted as a cramp and not as myotonic discharges. This was supported by the fact that at the same time, the patient experienced a slight painful cramping sensation at the site of the needle insertion. A short exercise test was also normal at room temperature and after cooling of the investigated muscle. Based on these clinical and electrophysiological features, no myotonic phenotype was retained. In the context of genetic screening of this family, the analysis of CLCN1, SCN4A, and DMPK genes was normal in this patient (A3). The son of our index patient A1 (A4) had a first negative Ajmaline challenge test at the age of 11 which turned positive when he was 19 years old, confirming the diagnosis of BrS. He never had any cardiac or neurological symptoms. No clinical or electrical abnormalities were detected during physical examination and nEMG. His genetic screening showed no variants in the CLCN1 gene. No SCN5A variant was found in this family. A primary cardiac arrhythmia gene panel was performed of the index patient (A1) and his son (A4). They both returned normal. The following genes were tested in this panel: ANK3, CACNA1c, CACNA2D1, CACNB2b, GPD1L, HCN4, KCNA3, KCNA4, KCNA7, KCNC4, KCND2, KCND3, KCNE1L (KCNE5), KCNE3, KCNH2, KCNJ8, RANGRF (MOG1), SCN1B, SCN2B, SCN3B, SCN5A, SCN7A (Nav.2.1), SGK1, SGK3, SLMAP, SNTG2, TRPM4. The clinical and paraclinical features of the 4 relatives are summarized in Table 1. The nEMG findings are shown in Figure 1.


[image: Figure 1]
FIGURE 1
 nEMG findings.




Discussion

We report a family with a clinical and electrophysiological phenotype of NDM and the presence of a heterozygous c.2287C>A (p.Gln763Lys) CLCN1 gene variant. Although this variant was previously reported as likely benign by Brugnoni et al. we believe that in our family this variant is probably pathogenic (13). Indeed, Thomsen's disease is the most probable diagnosis based on the presence of cold-insensitive predominant lower limb muscle stiffness and associated warm-up phenomenon, muscle hypertrophy, myotonic discharges without myopathic features on nEMG, further supported by segregation analysis of this pedigree, and the absence of other gene mutations related to familial myotonic syndromes, including SCN4A, DMPK, and ZNF9 (14–16). Some family members of this pedigree were previously diagnosed with BrS. SCN5A sequencing and the primary cardiac arrhythmia panel analysis were normal. However, a causative role of the detected CLCN1 variant in relation to the arrythmia can be ruled out since two relatives (A3, A4) were diagnosed with BrS and did not carry this CLCN1 variant.

In 2016, our study group reported the first large family with Thomsen's disease due to a novel described CLCN1 mutation and coexisting BrS. Thirteen relatives with BrS were reported, of whom 11 carried the NM_198056.3(SCN5A): c.2632C>T, p.(Arg878Cys) variant of unknown significance (VUS), and five had a genetically confirmed MC due to the NM_000083.3(CLCN1): c.744+1G>A;[=] pathogenic variant. Remarkably, two relatives who showed a positive Ajmaline challenge test without a history of malignant cardiac events, carried the CLCN1 variant and not the SCN5A VUS (6).

Despite the absence of similar cases in the literature reporting the coexistence of BrS and MC, other cardiac arrhythmias and conduction disturbances have recently been described in patients with MC. Vereb et al. reported six MC patients who exhibited arrhythmias or conduction disorders, some of whom requiring a pacemaker (9). Wang et al. described nine autosomal dominant and recessive MC patients with cardiac arrhythmia resulting in minor cardiac symptoms. However, genetic analyses exploring primary cardiac arrhythmias were not specified in this article (10). Two additional case reports described the coexistence of MC and cardiac arrhythmia, including Wolff-Parkinson-White syndrome (11, 12). An overview of reported cases of cardiac arrhythmias in myotonia congenita patients is given in Table 2.


TABLE 2 Reported cases of cardiac arrhythmias in myotonia congenita patients.

[image: Table 2]

It is unclear whether CLCN1 mutations may contribute to primary arrhythmias or conduction disorders. The ClC-1 channels are mainly expressed in the skeletal muscle, but low levels are also found in the kidney, heart, liver, smooth muscle, and the central nervous system (16–18). Other chloride channel isoforms, including ClC-2 and ClC-3 voltage-gated chloride channels, have been implicated in cardiac arrhythmias (19). By contrast, no clear link has been reported between cardiac ClC-1 channels and cardiac arrhythmias, including BrS. However, for several reasons our clinical data may support a potential role of CLCN1 in the pathogenesis of cardiac arrhythmia, especially BrS. First, since the likelihood of cardiac and muscular channelopathies occurring together in patients is extremely low, given their rare prevalence in the general population, a pathophysiological link between CLCN1 mutations and cardiac arrhythmias can be suspected. Second, we can assume that the prevalence of CLCN1-associated myotonia is underestimated in the BrS population, due to the rather unspecific symptoms, especially in mild cases. Patients may complain of chronic muscle stiffness and myalgia without muscle weakness. Because those symptoms are unspecific and common, NDM is rarely suspected, and diagnosis is often delayed. This is clearly illustrated by the history of our family cases A1 and A2, where in the former symptoms were attributed to an earlier fibromyalgia diagnosis, and, in the latter, mild muscular symptoms were not even reported. Thanks to increasing awareness of the presence of subtle muscular symptoms in myotonia, the rhythmology team referred the BrS patient (A1) to our neurology department. The NDM diagnosis would probably not yet have been made in other circumstances. Finally, the Mendelian model for BrS, characterized by single gene disease, has been recently challenged by an oligogenic model referring to a possible cumulative role of common and rare genetic variants (20). A possible explanation could be that CLCN1 variants contribute to the BrS phenotype. On the other hand, it cannot be excluded that it is a simple coexistence of two separate pathologies and that the gene responsible for Brugada syndrome in these patients is not yet known.

A parallel can be drawn with the SCN4A gene recently added to the list of minor genes associated with BrS (7, 8). In 2016, our study group reported 3 families with SCN4A-associated NDM and coexisting BrS, with this gene presumably acting as a modifier gene. Some of these patients had few muscle complaints, despite the presence of a deleterious variant in the SCN4A gene (6). The expression of the skeletal SCN4A isoform in cardiac muscle was also described (21, 22).

Even though current data are not sufficient to advocate a systematic cardiac work-up in patients with NDM, there is increasing evidence of an overlap between skeletal muscle and cardiac ion channelopathies. Therefore, we propose to perform at least a thorough cardiac history assessment and a 12-lead ECG in NDM patients. A history of palpitations, syncopes, conduction disorders, or a family history of sudden cardiac death should prompt an immediate referral to a cardiologist. Conversely, patients with primary cardiac arrhythmias, especially those with BrS, should be systematically asked about presence of muscle stiffness, myalgia, muscle weakness, and if indicated, be referred to the neurology department.

Sodium channel blockers are used in the symptomatic treatment of myotonia. Mexiletine, a class 1B antiarrhythmic drug, seems to be a safe anti-myotonic therapy in the presence of Brugada syndrome (23, 24). However, the use of Flecainide, a class 1C antiarrhythmic drug, should be started with caution, based on a case report in which BrS was unmasked after initiating this treatment in an SCM patient who had never experienced cardiac symptoms before (25). Considering this and the previously reported family with concomitant MC and BrS, the use of class 1C antiarrhythmic drug to alleviate myotonia seems less appropriate for MC patients as well (6).

Of course, our data need to be confirmed by new designed clinical and genome wide association studies in larger patient cohorts, as well as functional studies in order to further clarify the involvement of CLCN1 gene in cardiac arrhythmias.
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Mutations in DNM1L (DRP1), which encode a key player of mitochondrial and peroxisomal fission, have been reported in patients with the variable phenotypic spectrum, ranging from non-syndromic optic atrophy to lethal infantile encephalopathy. Here, we report a case of an adult female patient presenting with a complex neurological phenotype that associates axonal sensory neuropathy, spasticity, optic atrophy, dysarthria, dysphasia, dystonia, and ataxia, worsening with aging. Whole-exome sequencing revealed a heterozygous de novo variant in the GTPase domain of DNM1L [NM_001278464.1: c.176C>A p.(Thr59Asn)] making her the oldest patient suffering from encephalopathy due to defective mitochondrial and peroxisomal fission-1. In silico analysis suggested a protein destabilization effect of the variant Thr59Asn. Unexpectedly, Western blotting disclosed profound decrease of DNM1L expression, probably related to the degradation of DNM1L complexes. A detailed description of mitochondrial and peroxisomal anomalies in transmission electron and 3D fluorescence microscopy studies confirmed the exceptional phenotype of this patient.
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  mitochondrial fission, DRP1, DNM1L, encephalopathy, EMPF1


Introduction

DNM1L is located on chromosome 12p11.21 and encodes the 81.8 kDa human dynamin-1-like protein (DNM1L), formerly called dynamin-related protein 1 (DRP1). DNM1L protein belongs to the conserved family of dynamins and plays a key role in the regulation of mitochondrial and peroxisomal fission (1–5). As for other dynamins, DNM1L comprises a large GTPase domain, including the GTP-binding motifs that are needed for guanine nucleotide binding and hydrolysis, and two additional domains, the middle domain and the GTPase effector domain (GED), which are involved in oligomerization and regulation of the GTPase activity. DNM1L forms homodimers which are recruited to the outer membrane of the mitochondria and to the surface of peroxisomes, where they induce mitochondrial or peroxisomal fission, by wrapping around the scission site to constrict and sever the membrane through a GTP-hydrolysis-dependent mechanism (6). Excessive activation and upregulation of DNM1L has been found to be associated with aberrant mitochondrial fragmentation, causing neuronal damage in various neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis (7). Furthermore, a neural cell specific Drp1-/- mice model emphasized the role of Drp1 in embryonic forebrain development and synapse formation (8).

In humans, heterozygous DNM1L variants were reported in isolated autosomal dominant optic atrophy type 5 (OPA5, MIM#610708), and monoallelic or biallelic variants were associated with encephalopathy due to defective mitochondrial and peroxisomal fission (EMPF1, MIM#614388). Thirty-eight EMPF1 patients have been reported to date, showing a wide phenotypic spectrum and a variable degree of severity, ranging from early death to slowly progressive encephalopathy with hypotonia and developmental delay (9–11), while seizures were inconstantly reported. Dystonia, dysarthria, spasticity, microcephaly, insensitivity to pain, peripheral neuropathy, ataxia, optic atrophy, and brain anomalies (dysmyelination, corpus callosum anomalies, and T2 hyperintensities mainly in the cortex and the basal ganglia) are common clinical features associated with DNM1L variants.

Here, we report the oldest EMPF1 patient, whose clinical presentation recapitulates the entire phenotypic spectrum of DNM1L-related encephalopathy, except for the microcephaly and brain MRI anomalies, emphasizing the pejorative evolution of the clinical presentation. Heterozygous mutations in the GTPase domain usually affect DNM1L enzymatic activity without affecting its abundance, but here the p.(Thr59Asn) variant induced the full loss of DNM1L normal forms probably following the degradation of the DNM1L complexes. We confirmed, with a detailed description of mitochondrial and peroxisomal anomalies in transmission electron and 3D fluorescence microscopy studies, the abnormal cellular features of this patient.



Case report

The 32-year-old female patient is the only child of healthy non-consanguineous Caucasian parents (Supplementary Figure 1). Pregnancy was uncomplicated. She was born at 38-week gestation by cesarean section due to narrow maternal pelvis, with a weight of 2,950 g (P45), height of 47.5 cm (P35), and normal head circumference (precise measure not known). Neonatal adaptation was correct (APGAR score 9 at 1 min). During the first month, sucking difficulties and poor weight gain were noticed. The patient showed hypotonia and global developmental delay. She walked autonomously at 24 months, with a tendency to tiptoe and with ataxic gait, despite intensive physiotherapy. She progressively developed a tetrapyramidal syndrome. A diagnostic hypothesis of cerebral palsy was suggested, but CT scan revealed no brain anomalies. She spoke the first intelligible words at 3.5 years and built sentences at 4 years. During childhood, she had behavioral problems, such as tantrums, which decreased with aging. She had high pain tolerance. She had learning difficulties and required a school for special educational needs. At the age of 7, global IQ was estimated around 66 at the Wechsler scale. She can read and write, but mathematics remains a challenge. Since age 10, her neurological status deteriorated with increasing gait disturbances, dysarthria, and dysphagia. At the age of 12 years, clinical examination revealed a scoliosis, which was treated with a brace. She also had an ophthalmological follow-up for nystagmus and bilateral optic atrophy (Table 1). Her puberty was delayed, with the first menstrual cycle beginning at 16 years. At the age of 18 years, she developed tonic–clonic epileptic generalized seizures. Epilepsy was well controlled with lamotrigine treatment. At age 27, sleep study revealed severe dyssomnia, with fragmented sleep and a periodic limb movement disorder, treated with clonazepam.


TABLE 1 Summary of the clinical and genetic features of the patient in this study compared with EMPF1 patients described with a de novo heterozygous mutation in the GTPase domain of DNM1L.
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At clinical examination at 29 years, the patient's height was 155 cm (P3) and weight was 42 kg (−3SD). Her head circumference was 54.5 cm (P55). She had a long and asymmetric face with deep-set eyes, divergent strabismus, high nasal bridge, and high arched palate (Supplementary Figure 1). Standard X-ray showed scoliosis that was 35 degrees with a Risser index of 4. Neurological examination revealed spastic quadriparesis with brisk tendon reflexes, a pseudobulbar syndrome with dysarthria and dysphagia, dystonia, ataxia, and lower limbs proprioception deficit.

Currently, at 32 years, the patient daily presents with drop attack of the lower limbs, without loss of consciousness. Spasticity, contractures, ataxia, peripheral neuropathy, dysarthria, and dysphagia are worsening with aging. She uses a wheelchair and requires assistance with activities of daily life, but can still feed herself. Her treatment consists in lamotrigine, coenzyme Q10, clonazepam, sotalol, alprazolam, and levetiracetam. She is receiving speech therapy, physiotherapy, occupational therapy, and psychological support.

Brain MRI, performed in childhood, was controlled at adulthood and remained unremarkable. A fluorodeoxyglucose (FDG)-positron emission tomography (PET) revealed basal ganglia hypermetabolism compared to cerebral cortex. At adult age, lumbar puncture showed normal intracranial pressure and normal glucose and cells in cerebrospinal fluid. Metabolic screening (plasma and urinary amino acids, very-long-chain fatty acid) was unremarkable, except for increased lactate:pyruvate and 3-hydroxybutyrate:acetoacetate ratios, which were more pronounced post-prandially (lactate 2.41 mmol/L, nl 0.4–1.8; L:P 18.5, nl <15; 3OHB:AA 3.5, nl <1). At 23 years, a severe axonal sensory neuropathy was detected in the four limbs by nerve conduction studies (NCS).



Genetic investigations

The patient underwent serial genetic investigations (molecular karyotyping, POLG sequencing, spino-cerebellar-ataxia/Friedreich/dentatorubral-pallidoluysian triplet expansions analyses) that were unremarkable. Clinical exome sequencing was performed on DNA extracted from the whole blood of the patient and her parents, with Illumina NextSeq technology, according to the manufacturer's protocol (Supplementary material and method). In the proband, a heterozygous DNM1L c.176C>A p.(Thr59Asn) (Chr12(GRCh38): g.32701488 C>A) variant was detected (NM_001278464.1). The ClinVar accession number is SCV001780462. The variant was confirmed by PCR and direct Sanger sequencing. The primer sequences and reaction conditions are available upon request. This variant is not listed in genomic variant database (GnomAD). Paternity and maternity were molecularly confirmed, and the variant was not found in the parents suggesting that it arose de novo (paternal coverage 146X; maternal coverage 99X) (Supplementary Figure 2). The pathogenicity of the variant was assessed in silico using multiple prediction software, with results strongly supporting his deleterious and damaging effect, classified as class 5 variant by the American College of Medical Genetics ACMG prediction program (PS2, PS3, PP2, PP3, PP5). DNA next-generation sequencing did not detect any additional variant nor CNV on the second DNM1L allele (coverage 100% >20X). Moreover, no additional candidate causal variant was identified by clinical exome (in particular, no mutation was detected in the OPA1 gene with a coverage of 99.95% >20X). In the proband, cDNA short- and long-range amplification and sequencing revealed that the mutant and the wide-type DNML1 alleles are both expressed, in similar proportion (50%-50%), in blood extracted lymphocytes, in lymphoblastoid cells, and in fibroblasts (Supplementary Figure 2 and Supplementary material and method).

In addition, mitochondrial genome sequencing performed with Illumina MiSeq technology showed the m.10254G>A p.(Asp66Asn) variant in MT-ND3 (NC_012920) at 1.5% heteroplasmy in blood, at 9.9% heteroplasmy in urine, and at 1.3% heteroplasmy in skeletal muscle. This variant has no frequency in MitoMap and is classified as pathogenic in ClinVar (accession number VCV000155887). In the mother, this mitochondrial variant was found at 1.3% heteroplasmy in urine but was not significantly detected in blood (Supplementary Figure 2).



Biochemical and histological characterizations

The Thr59Asn substitution is located in the GTPase domain, within a stretch of highly conserved residues of the switch I essential for the ligand binding, the catalytic activity of the enzyme, and the interaction with other domains, such as the switch 2 (5). In silico structural modeling of DNM1L Thr59Asn and comparison with the wild-type, nucleotide-free structure (PDB:4H1U) indicated conformational changes in the switch s1, αE1G helix, and two disorders loop, the 80-loop and the loop connecting αE1G and the β2A sheet (Figure 1A). In addition, bioinformatics tests predicted that the Thr59Asn variant affects the stability of DNM1L (Supplementary Figure 3). While contradictory results were obtained according to the predictive tools used for the nucleotide-free structure, the Thr59Asn substitution is predicted to destabilize the protein in its nucleotide-bound state, particularly in the GDP-bound one (Supplementary Figure 3B). We characterized the skin fibroblasts from the patient carrying the DNM1L p.Thr59Asn mutation to explore its pathogenic nature. Unexpectedly, by Western blot, we showed a strong decrease of DNM1L protein expression (Figure 1B), with the very faint of signal corresponding to the two 81-83Kda bands generally revealed by DNM1L immunostaining. In a process that remains to be understood, the mutated DNML1 form would complex with the wide-type DNML1 form and be degraded. Interestingly, in the patient fibroblasts, the profile of OPA1 isoforms is also different, although no mutation or splicing alteration was detected by NGS and long-range OPA1 RNA studies (data not shown).
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FIGURE 1
 DNM1L/DRP1 immunostaining shows the loss of DNM1L normal forms in patient fibroblasts. (A1) Comparison of the GTPase domain structure of nucleotide-free, wild-type (orange, pdb code 4H1U) and mutated THR59ASN DNM1L (gray) in ribbon and Gaussian volume representation, using RCSB pairwise structure alignment tool. The mutation site is indicated by a red circle. Modeling indicates a disorganization of the switch 1 in which the mutation is located, but also in the unique 80-loop, αE1G helix and the loop connecting αE1G and the β2A sheet (indicated by black arrow). (A2) Close-up view of the switch1 in the nucleotide-free structure of the WT (orange) and mutated (gray) DNM1L. ASN59 is underlined in green. Water molecules are represented in yellow. The catalytic water molecule connecting switch I (THR59) with switch II (GLY149) by hydrogen bonds is circled in red. This interaction is lost with the amino acid switch THR59ASN. Amino acids interacting with THR59 or ASN59 are indicated. Detailed view of amino acid interactions in nucleotide-free wild-type (A3) and mutated (A4) protein structures. Hydrophobic interaction is in green, hydrogen bonds in red, and VDW in blue. Analysis was performed using Dynamut2. (B) OPA1 and DNM1L/DRP1 protein quantification and α-tubulin (TUB) as loading control in control (CTL) and patient (P.) fibroblasts. Control and DRP1 knock out MEFs: Mouse embryonic Fibroblasts models. On the right, overlay yellow staining of 2 DNM1L/DRP1 antibodies Ab1 and 2 indicates specific staining. ≪ [image: image] ≫ and ≪ [image: image] ≫: controls were charged at 1/2 and [image: image] to control the linearity range of DNM1L signal detection.


As loss of DNM1L function leads to a block in mitochondrial and peroxisomal fission, we conducted microscopic organelles' imaging by fluorescent MitoTracker Green probe and immunostaining against the peroxisomal membrane protein 70, respectively. Normal skin fibroblasts show a set of dynamic tubular networks with some isolated mitochondria that we could fragment by bioenergetic stress (Figure 2A). 3D analysis and morphometric measurements revealed a hyper-connected mitochondrial network (Figure 2A) without any isolated mitochondria. After antimycin/oligomycin treatment, which induces a mitochondrial stress by the inhibition of complexes III and V, the mitochondrial network remained tubular with some swollen elements. As hyper-fusion requires mitochondria to be brought together, the microtubule network was chemically disrupted using nocodazole to prevent mitochondrial movements. Following cytoskeletal depolymerization, the mitochondrial network remained abnormally connected in the patient's fibroblasts suggesting an absence of fission. We performed immunostaining of Mff, the mitochondrial outer membrane DRP1 receptor, by super-resolution microscopy and confirmed normal Mff distribution on mitochondrial hyper-connected network of the mutated fibroblasts (Figure 2B). Compared to control fibroblasts, disclosing small and abundant peroxisomes, mutated fibroblasts showed a decreased number of peroxisomes, which appeared significantly elongated (Figure 2C). These results strongly suggest a defect in DRP1 function, with downstream consequences on mitochondrial fission and peroxisomal shape in the DNM1L p.Thr59Asn fibroblasts.


[image: Figure 2]
FIGURE 2
 Patient fibroblasts show highly connected mitochondrial network and elongation of peroxisome compare to control. (A) Representative fluorescent images of mitochondrial network structure (in purple) in control (CTL) and patient (P.) fibroblasts. Mitochondrial volume was assessed using the MitoTracker Green fluorescent signal which was analyzed using Imaris software. The color code highlights the different lengths of the mitochondrial tubules with short isolated mitochondria in violet and connected network in red. To present the changes in mitochondrial morphology in patient's cells, types of mitochondria were classified into six groups according to mitochondrial volume, for example, red color represents mitochondria > 20 μm3. Oligomycin 4 μg/ml coupled to antimycin 2 μg/ml (O/A) treatment leads to mitochondrial fission within 4 h in CTL cells. 6 h nocodazole (Noc), 10 μM disrupts microtubules. (B) Immunostaining against mitochondrial Mff DRP1 receptor. Representative TIRF image of mitochondria (left, in purple) shows the hyper-connectivity of the network. Single-molecule localization microscopy dSTORM was used to analyze mitochondrial MFF distribution. The white dots are the fiducial signals used to control drift during acquisition. Scale bar: 2 μm. (C) Immunostaining against peroxisomal PMP70 protein. Peroxisome (PO) volume was assessed using fluorescent signal by Imaris software and color-coded. To present the changes in peroxisome morphology in patient's cells, types of Peroxisomes were classified into five groups according to peroxisome volume, for example, red color represents peroxisomes > 20 μm3. Scale bar = 10 μm; Scale bar in details 1 μm.


Transmission electron microscopy (TEM) pictures of patient fibroblasts confirmed the presence of enlarged peroxisomes (17) with many peroxisomes in autophagic vacuoles and longer mitochondria than in control cells (Figure 3A). Immunohistological studies of a muscle biopsy revealed no specific anomaly, and only one ragged red fiber was detected. However, muscle TEM disclosed elongated mitochondria, with long slender protrusions from some mitochondria, likely corresponding to mitochondrial nano-tunnels. No ultrastructure defect was evidenced, with normal cristae distribution, apart from a couple of mitochondrial profiles with some degenerated cristae. Subsarcolemmal concentric laminated bodies and several multiple degenerative myelinoid intramitochondrial foci were identified (Figure 3B). No respiratory chain complex enzymatic deficiency was shown in muscle and skin biopsy.
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FIGURE 3
 Electron microscopy imaging of the patient fibroblasts and muscle. (A) Skin fibroblasts: M, mitochondria; PO, peroxisomes; N, nucleus; AV, autophagic vacuole. (B) Muscle biopsy: a: concentric laminated bodies; b: mitochondrial nano-tunnel; c multiple degenerative myelinoid intramitochondrial foci.




Discussion

Here, we report the oldest EMPF1 patient, whose clinical presentation recapitulates the entire phenotypic spectrum of DNM1L-related encephalopathy, except for the microcephaly and brain MRI anomalies (Table 1). This patient shows a complex neurological phenotype associating developmental delay, progressive spastic quadriplegia, dystonia, dysarthria, dysphagia, axonal neuropathy, ataxia, nystagmus, optic atrophy, epilepsy, low sensitivity to pain, scoliosis, delayed menarche, and learning difficulties. Peripheral neuropathy, usually described as axonal with predominant sensory loss, is constantly reported in EMPF1 patients harboring a heterozygous DNM1L variant in the GTPase domain. This peripheral neuropathy is progressive, as confirmed by electroneuromyography examinations of the patient, which showed a drastic decrease of the sensory nerve action potentials and worsening of muscle denervation signs between ages 7 and 23. Interestingly, delayed menarche described in our patient may also be part of the DNM1L-related phenotypic spectrum as it was already reported in another 27-year-old female harboring a de novo heterozygous DNM1L variant in the GED domain (18).

The first case of lethal EMPF1 encephalopathy due to defective mitochondrial and peroxisomal fission was described in 2007, in a new-born girl harboring a de novo heterozygous mutation in DRP1 middle domain, and presenting with microcephaly, abnormal brain development, optic atrophy, persistent lactic acidemia, and mildly elevated plasma concentration of very-long-chain fatty acids (19). Additional descriptions of severe lethal forms of EMPF1 associated with de novo heterozygous variants located in DRP1 middle domain were reported (9, 11, 20–22). Outside the DRP1 middle domain, DNM1L variants were also reported in the GTPase domain, initially at a heterozygous state associated with isolated autosomal dominant optic atrophy and at compound heterozygous state associated with autosomal recessive EMPF1 (23). More recently, several patients suffering from encephalopathy due to defective mitochondrial and peroxisomal fission-1 were described with de novo heterozygous variants located in the GTPase domain, as observed in our patient (9, 10, 12–16) (Table 1). Interestingly, most of the mutated amino acids in this latter cohort (Ser39, Asp146, Gly149) were reported as the most relevant residues of the five GTP-binding stretches, as the Thr59 residue mutated in our patient (5).

A dominant-negative mechanism is classically hypothesized for heterozygous mutations located in the GTPase domain, as they affect the enzymatic domain of the protein without altering the capacity of the protein to homopolymerize, leading to a loss of function of the wild-type protein within the homopolymers (24). This dominant-negative effect was also suggested by the functional experiments on DNM1L/DRP1 (Thr59Asn) mutant cells and model organism studies (2, 5, 25, 26). However, the present study revealed an almost complete loss of DNM1L protein in the mutated fibroblasts, which suggests the degradation of the mutated and non-mutated DNM1L proteins. As the complete loss of DNM1L/DRP1 in mice is embryonic lethal, our results raise questions concerning DNM1L/DRP1 complex instability within different tissues and its downstream consequences on this patient's clinical presentation.

In addition, the phenotype of our proband might be influenced by the heteroplasmic presence of the m.10254G>A p.(Asp66Asn) variant in MT-ND3. This variant was reported at 90% heteroplasmy in the muscle sample of a patient presenting with a severe Leigh syndrome associated with early developmental regression and ophthalmoplegia (27). However, the 1.3% heteroplasmy level measured in muscle sample of our patient is very low, and no necrotic lesion in the brainstem, basal ganglia, or thalamus, and characteristic of the Leigh syndrome was observed by brain MRI. Consequently, the contribution of this mitochondrial variant to the DNM1L patient clinical presentation is most likely not preponderant.

EMPF1 phenotype overlaps with the clinical spectrum of other diseases linked to proteins involved in mitochondrial dynamics fusion (MFN2, OPA1) and fission (MFF, MID49/MIEF2, DNM2). EMPF1 is clinically very similar to Behr's syndrome (OMIM #210000) due to biallelic OPA1 mutations (28) and to EMPF2 (OMIM #614785) due to biallelic MFF mutations (29). Mitochondrial morphology is maintained through the opposing forces of fission and fusion, and this balance is crucial in muscles and neurons. Interestingly, functional studies have already demonstrated the essential role of threonine-59 in Drp1. In C. elegans DNM1L/DRP1 ortholog gene, the analogous Thr61Asn mutation has a strong dominant-negative effect on mitochondrial morphology, by inhibiting the mitochondrial outer membrane fission (25). Moreover, in COS-7 cells transfected with the DNM1L/DRP1 (Thr59Asn) allele, the mitochondrial network invariably collapsed into large perinuclear aggregates, composed of clustered mitochondrial tubules, reflecting a defective distribution of the fused mitochondrial network throughout the cell (26).

In this respect, reconstruction of 3D fluorescence microscopy images showed a hyper-connected mitochondrial network in the patient fibroblasts, compared to control, and a defect of fragmentation in mitochondrial stress context. This was well described in DNM1L-related optic atrophy or encephalopathy, contrasting with hyper-fragmentation observed in OPA1-related optic atrophy (14, 15, 19, 30). In muscle, the long slender double-membrane protrusions from mitochondria likely correspond to nano-tunnels that connect the matrices of non-adjacent mitochondria, which might emphasize immobilized mitochondria “in distress” (31). These protrusions are observed in normal tissue but are more abundant in presence of mtDNA mutations (32). Similarly, TEM analyses of the patient muscle revealed the presence of concentric laminated bodies that are common to other mitochondrial myopathies (33). Altogether, these peculiar observations reflect mitochondrial stress in our patient and should be confirmed in future by additional muscle sample analyses of EMPF1 patients.

DNM1L protein also mediates peroxisomal fission. Peroxisomes are dynamic and multifunctional organelles involved in the beta-oxidation of the very-long-chain fatty acids and in the formation of plasmalogen, which is an important component of the myelin. Very-long-chain fatty acid dosages performed in our DNM1L/DRP1 (Thr59Asn) patient showed normal results (data not shown), while our data revealed a decreased number of significantly elongated peroxisomes, as already reported for other DNM1L patients (15). Additional studies demonstrated that DNM1L/DRP1 is recruited by PEX11 to the peroxisome membranes to induce their division and that the dominant-negative DNM1L/DRP1 (Thr59Asn) mutant reduces peroxisome abundance (2). More recently, X-ray structure analyses of DNM1L confirmed that threonine-59 is located in the switch I motif and is essential for the GTPase reaction involved in mitochondrial and peroxisome segregations (5). The great impact of the p.(Thr59Asn) mutation on peroxisomal network and shape is thus a central contribution to the severity of the clinical phenotype reported here (15, 19, 24).

This work evidences a novel de novo heterozygous DNM1L mutation causing an original adult presentation of encephalopathy due to defective mitochondrial and peroxisomal fission-1 EMPF1. Structural anomalies of mitochondria and peroxisomes observed in the primary cell culture from skin biopsy attest the main impact of DNM1L/DRP1 (Thr59Asn) mutation on mitochondrial and peroxisomal dynamics, which has to be correlated with the original post-translational modifications of DNM1L and OPA1, emphasizing the complexity of DRP1 regulation and its role in causing EMPF1 pathogenicity.
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Peripheral nerve injury is one of the rare complications of adult-onset Still's disease (AOSD). We report a 20-year-old woman diagnosed with AOSD combined with severe sensory neuropathy. She presented with a sore throat, joint pain, rash, and lymphadenopathy. After receiving glucocorticoid therapy, her fever, rash, and inflammatory markers improved. Unexpectedly, 3 weeks after the onset, she experienced sudden paresthesia in her extremities, decreased muscle strength, and diminished tendon reflexes. The electrophysiological examination and peripheral nerve biopsy confirmed immune-mediated severe sensory neuropathy. For the first time, we report typical Wallerian degeneration in AOSD patients with sensory neuropathy by nerve biopsy. Compared with other common symptoms, the delayed aggravation of neurological symptoms may be an important characteristic of sensory neuropathy secondary to AOSD. We emphasize that intensive attention to neurological symptoms after general symptoms control, administration of adequate and appropriate prolonged immunosuppressive therapy, and long-term follow-up are essential for these patients.

KEYWORDS
 adult-onset Still's disease, sensory neuropathy, sensory ganglionopathy, Wallerian degeneration, delayed aggravation, innate-immune response


Introduction

Peripheral nerve injury is a rare complication of adult-Onset Still's Disease (AOSD). Wallerian degeneration was observed in distal myelinated fibers, which may cause the delayed aggravation of neurological symptoms during glucocorticoid treatment in an AOSD patient.

The rapidly progressive clinical deterioration of the AOSD patient presented here posed a diagnostic challenge requiring an extensive diagnostic workup. In the literature, only a few case reports describe the main manifestations of AOSD with sensory neuropathy, while most were short of pathological evidence. For the first time, we report typical Wallerian degeneration in AOSD patients with severe sensory neuropathy by nerve biopsy. Careful distinction and prompt diagnosis are critical for adherence to immunosuppressive therapy.



Case description

A 20-year-old woman was presented to the emergency clinic with fever and sore throat for one week and joint pain, weakness in limbs, and slight numbness of fingertips and tongue. She denied any tobacco or alcohol (illicit drugs) use, and her family history was not notable. After admission, she continued to experience a high fever (Tmax 40°C). One week after her admission, scattered congestive pinpoint itching rashes appeared on her chest, abdomen, back, and limbs, without ulceration or scaling, accompanied by liver function abnormalities (alanine aminotransferase, ALTmax 227 IU/L, reference range of 7–40 IU/L; aspartate transaminase, ASTmax 193 IU/L, reference range of 13–35 IU/L). The rash was noticeable when the body temperature rose and faded when the body temperature dropped. Inflammatory markers such as serum ferritin (max to >7,500 ng/ml, reference range 11–306.8 ng/ml), erythrocyte sedimentation rate (ESR, max to 50 mm/h, reference range 0–20 mm/h), C-reactive protein (CRP, max to 104 mg/L, normal <5 mg/L), and lactate dehydrogenase (LDH, max to 900 IU/L, reference range 100–240 IU/L) were all significantly elevated. The lymph node ultrasound revealed extensive enlarged superficial lymph nodes (Figure 1).


[image: Figure 1]
FIGURE 1
 A timeline showing symptoms and exams/interventions performed on the patient. AOSD, Adult-onset Still's disease; CRP, C-reactive protein; LDH, lactate dehydrogenase, ESR, erythrocyte sedimentation rate.


The clinical diagnosis of AOSD is generally reached by exclusion while investigating a patient with a fever of unknown origin. We carried out detailed screenings for infectious diseases, autoimmune diseases, and tumors. Laboratory examinations for common pathogens (respiratory pathogens, such as influenza virus, mycoplasma, chlamydia, legionella, adenovirus, etc.) and specific disease-related pathogens (cytomegalovirus/Epstein-Barr virus, mycobacterium tuberculosis, rickettsia of typhus, Coxiella burnetii of Q fever, Salmonella typhi, Brucella, etc.) were all negative. The blood culture was repeatedly negative, and screening tests for AIDS, hepatitis B, hepatitis C, and syphilis were negative. Antibodies that indicate some autoimmune diseases, such as the anti-double-stranded DNA antibody, antineutrophil cytoplasmic antibodies (ANCA), anti-extractable nuclear antigen (ENA) antibodies, immunoglobulins, protein electrophoresis, immunofixation electrophoresis, complements, rheumatoid factor were all no meaningful found. No significant findings were found in tumor markers, bone marrow biopsy, and imaging examinations of underlying malignant tumors. According to the Yamaguchi criteria (1), the patient was diagnosed with AOSD.

Methylprednisolone (60 mg Q.D.) was administrated as starting dose with subsequent tapering. After glucocorticoid treatment, her main symptoms were relieved, and inflammatory markers rapidly decreased, but the paresthesia and decreased sensation in her extremities decreased muscle strength with MRC (Medical Research Council) grades 2–3, tendon reflexes diminished to the disappearance, and imbalance progressed remarkably so that she was not able to walk or write; even words started slurring in the third week. We ordered an MRI of the spine with no positive findings, excluding the possibility of the patient's lumbosacral ganglion compression. Heavy metal and toxicants blood tests were negative. Head MRI and cerebrospinal fluid (CSF) examination were normal. The anti-ganglioside GQ1b antibody was negative in both serum and cerebrospinal fluid. Polymyositis antibodies, and paraneoplastic syndrome-related antibodies (Hu, Yo, and Ri antibodies) showed no meaningful findings. We performed the electrophysiological examination, and nerve and muscle biopsy revealed immune-mediated extensive peripheral nerve injury (Supplementary Figures 1–3). Intriguingly, electron microscopy images of nerve biopsy demonstrate the typical manifestation of distal axonal degeneration due to nerve injury—Wallerian degeneration (Figure 2). Paresthesia, muscle weakness, and tendon reflexes were fully recovered with MRC grades five after 9 months of glucocorticoid therapy in the patient, and slight numbness of the fingers and toes remained. She got fully recovered after more than 3 years of regular follow-up.


[image: Figure 2]
FIGURE 2
 Patient's photograph of the sural nerve biopsy specimen. Electron microscopic findings: Myelinated nerve fibers were extensively destroyed. Wallerian degeneration could be observed (white star), and Schwann cells and macrophages were not observed. Scale bars: 2μm.




Discussion

Neurological complications of AOSD are rare (2), usually seizures, cranial nerve palsy, aseptic meningoencephalitis, and Miller-Fisher syndrome, of which immune-mediated peripheral nerve injury has been reported minimally. We summarized previous case reports of AOSD combined with peripheral nerve injuries in Table 1. The delayed onset of peripheral nerve injury involving medium and large myelinated sensory fibers occurred 2 weeks to 3 years after the onset of the early symptoms, which was a great challenge for early identification and accurate diagnosis.


TABLE 1 Summary of literature on adult-onset Still's disease* with peripheral nerve injury.

[image: Table 1]

We confirmed the patient's severe immune-mediated sensory neuropathy by electrophysiological examination and pathological findings from nerve and muscle biopsies. For etiologies of sensory nerve injury, sensory ganglionopathy should be ruled out. After detailed examinations and long-term follow-up observation, we excluded the common causes of sensory ganglionopathies, such as lumbosacral ganglion compression, paraneoplastic sensory ganglionopathy, and sensory ganglionopathy secondary to Sjögren disease.

Guillain-Barré syndrome was the disease we focused on differential diagnosis in the diagnosis of sensory neuropathy in this patient. Although we found that this patient had a number of inconsistencies with the common Guillain-Barré syndrome and its common variants, for example, we found no obvious antecedent events such as infection, vaccination, and other predisposing factors such as drugs, surgery, radiation, chemotherapy, etc. that contributed to the Guillain-Barré syndrome. The patient had normal CSF cell count and protein levels, negative for anti-ganglioside GQ1b antibody, and the patient's response to glucocorticoid therapy was good. However, based on the results of the nerve conduction study and nerve and muscle pathology, theoretically, we cannot in an absolute sense rule out the possibility of the Guillain-Barre syndrome, since both Guillain-Barre syndrome and sensory neuropathy secondary to AOSD are peripheral nervous system damage due to autoimmune abnormalities. From the perspective of disease “monism,” combined with the patient's symptoms, auxiliary examination and treatment response, and long-term regular follow-up monitoring, we currently tend to believe that the patient's severe sensory neuropathy is secondary to AOSD.

Although the pathogenesis of sensory neuropathy and AOSD is unclear, the possible mechanism of its peripheral nerve damage may be related to both inflammatory response and autoimmune response. The enhanced inflammatory factors may directly attack the dorsal root ganglion, anterior horn motor neurons, interstitial structure, myelin, and axons, or infringement of nerve nourishing blood vessels cause peripheral nerve lesions (7). The autoimmune response can directly cause disease or facilitate potential pathogenic conditions, resulting in peripheral nerve lesions similar to the Guillain-Barré syndrome. Although AOSD diagnosis requires exclusion of infection, it has also been suggested that one of the possible pathogenesis of peripheral nerve injury is triggered by multiple infectious factors in an autoimmune background. They may become potentially invasive antigens to trigger peripheral neuroimmune damage, which causes the immune recognition system to misjudge and trigger autoimmune attacks. The delayed aggravation of peripheral nerve injury symptoms is consistent with this kind of autoimmune injury characterized by a prodromal period (8).

Most previous case reports lack pathological evidence; only one of the case reports showed axonal damage with mild demyelination changes by nerve biopsy. For the first time, we report typical Wallerian degeneration in AOSD patients with sensory neuropathy by neuromuscular biopsy. Wallerian degeneration is a common pathological feature of neurological disorders. It has been said that Wallerian degeneration is an active and dynamic cellular process that provides a chance for axons to reconnect, rather than rebuilding the entire nerve projection by axon regeneration, which was regulated at molecular and cellular levels (9). In response to immune-mediated injury, Wallerian degeneration showed as an orchestrated interplay between innate-immune cells and molecules produced by immune and non-immune cells.

Previous studies reported that activation of innate immunity plays a major role in the pathogenesis of AOSD, and innate immunity is also proven to contribute to the mechanism of Wallerian degeneration. All the symptoms, including that of peripheral nerve injury, were recovered by long-term glucocorticoid therapy. Delayed aggravation of the patient's peripheral nervous system symptoms may be due to Wallerian degeneration and dynamic self-destruction progress, which is a response to active systemic immunity in AOSD. Effective innate immune response to Wallerian degeneration after the injury is key to neurological recovery.

Since reports of sensory neuropathy secondary to AOSD are rare, there is currently no unified treatment recommendation. The patient started immunosuppressive therapy for AOSD. After a diagnosis of severe sensory neuropathy, we recommended glucocorticoids in combination with cyclophosphamide (CTX), but the patient refused because of concerns about the side effects of CTX. Due to economic reasons, the patient refused to use intravenous immunoglobulin (IVIG) and plasma exchange therapy and maintained glucocorticoids alone, followed by long-term tapering and eventually got remission. Combined with the above immunopathological mechanisms of AOSD and Wallerian degeneration, we believe that immunotherapy, in addition to glucocorticoids, such as glucocorticoids combined with other immunosuppressive agents, IVIG, or plasma exchange, may improve patient outcomes. Therefore, attention to neurological symptoms, early diagnosis, and initiation of adequate immunosuppressive therapy is critical to improving prognosis in patients with such severe sensory neuropathy.



Conclusion

In conclusion, we present the rare case of a 20-year-old woman who was diagnosed with AOSD with severe sensory neuropathy. For the first time, we report typical Wallerian degeneration found in the patient by neuromuscular biopsy. By elucidating possible autoimmune mechanisms and reviewing previous reports, we conclude that Wallerian degeneration is the innate immune response to AOSD peripheral nerve injury, which may cause the delayed aggravation of neurological symptoms during glucocorticoid treatment in an AOSD patient. We emphasize that intensive attention to neurological symptoms, administration of adequate and appropriate prolonged immunosuppressive therapy, and long-term follow-up are particularly important for these patients.
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Charcot Marie Tooth (CMT) is a heterogeneous group of genetic disorders characterized by progressive motor and sensory neuropathy. CMT is a multi-gene disorder with several possible mutations responsible for a wide range of clinical presentations. A specific mutation of the ganglioside-induced-differentiation-associated protein 1 (GDAP1) gene is associated with the axonal subtype of CMT (CMT2K) which is inherited in an autosomal dominant fashion, as well as the demyelinating subtype (CMT4A) which is inherited in an autosomal recessive pattern. Phenotypic disease expression is largely dependent on these inheritance patterns. While the autosomal recessive form (CMT4A) exhibits severe disease with an early onset, the autosomal dominant variant (CMT2K) tends to have milder phenotypes and a later onset. We describe an atypical presentation of a patient with severe CMT2K with rapidly progressive polyneuropathy, respiratory failure, and dysphonia. We suggest that this case will inspire further evaluation of disease heterogeneity and variants.

KEYWORDS
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Introduction

Charcot Marie Tooth (CMT) is characterized by a clinically and genetically miscellaneous group of neuropathies, spanning a variety of Mendelian inheritance patterns. Greater than 1,000 different mutations in 80 disease-associated genes have been identified (1). Mutations in the ganglioside-induced-differentiation-associated protein 1 gene (GDAP1) are responsible for a subgroup of the hereditary motor and sensory neuropathies seen in Charcot Marie Tooth (2).

GDAP1-related mutations may be inherited in an autosomal recessive pattern (more common) or in an autosomal dominant pattern. GDAP1 autosomal recessive inherited mutations, termed CMT4A, are characterized by demyelinating, axonal, or intermediate disease forms. CMT4A causes an early-onset, severe neuropathy that affects all extremities and frequently leads to wheelchair dependence in young adult life (second-third decade). In the advanced stages of the disease, most of these patients acquire vocal cord paresis (unilateral or bilateral) and diaphragmatic weakness. On the other hand, autosomal dominant inherited mutations, termed CMT2K, are characterized by axonal disease and tend to have a more benign presentation characterized by slow progression, adult-onset, and more distal involvement. Most of these patients remain ambulant throughout their lives (3, 4). In isolated patients, CMT2K has been associated with characteristics more commonly associated with CMT4A, such as dysphonia or dysautonomia (5).

This case report describes an atypical course of CMT2K with rapidly progressive polyneuropathy, dysphonia, and respiratory failure in a patient with adult-onset, autosomal dominant disease.



Case presentation

A previously healthy and physically active 63-year-old male presented to the hospital due to a sensation of chest “heaviness” and dysphonia. Further history revealed that for the past 2 years, the patient had progressive paresthesias, cramping, and weakness beginning in the right lower extremity and then spreading to the left lower extremity and distal upper extremities bilaterally. He was now mostly confined to a wheelchair after being diagnosed with CMT 1 year ago.

The patient underwent a comprehensive screen of 81 genes associated with peripheral neuropathies. Genomic deoxyribonucleic acid (gDNA) was isolated from the patient's whole blood. Sequence enrichment of the targeted coding exons and adjacent intronic nucleotides was carried out by a bait capture methodology using long biotinylated oligonucleotide probes followed by polymerase chain reaction (PCR) and Next-Generation sequencing. A compound heterozygous p. R120W mutation (also known as c.358C > T) was found at exon 3 of the GDAP1 gene (NM_018972.4); resulting from a C to T substitution at nucleotide position 358. This mutation is described as “Pathogenic” (class 5) according to the ACMG guideline. A survey of the patient's family history also revealed an extensive incidence of CMT consistent with an autosomal dominant inheritance pattern. Disease was absent in both parents, with the patient's brother diagnosed at age five and the brother's daughter at age four. However, these family members presented with milder symptoms such as difficulty walking, arched feet, and wasting of the muscles in the lower extremities (Figure 1).


[image: Figure 1]
FIGURE 1
 The three-generation pedigree of the family.


The patient's neurological examination revealed weakness of the bilateral upper extremities, bilateral intrinsic hand muscles, and right wrist extensors with compromised handwriting. Additionally, the patient had bilateral proximal leg weakness, including impaired foot flexion and dorsiflexion. There was generalized areflexia with reduced pinprick, vibration, and thermic sensation in all extremities (up to the knees and wrists). Based on these findings, the patient was assigned a CMT neuropathy scale of 24/36, which indicates severe neuropathy. In regard to the patient's initial concern of “chest heaviness”, chest X-ray was without abnormalities, although the patient was mildly tachypneic with the use of accessory muscles of respiration. The cardiac examination was unremarkable.

Laboratory tests did not reveal any acute abnormalities. Infections and acute coronary syndrome were excluded. Notably, there was an absence of paraprotein and a normal creatinine kinase. Anti-Ach binding, anti-Ach blocking, antineuronal, antiganglioside, and anti-myelin-associated glycoprotein precursor antibodies were all negative. The patient refused lumbar puncture for cerebrospinal fluid (CSF) studies (he verbally explained normal CSF results from 1 year ago, although we were unable to obtain this report). MRI of the brain and cervical spine, as well CT of the chest, were without abnormalities.

On further workup, nerve conduction studies (NCS) demonstrated evidence of right median axonopathy, left median and right ulnar mixed type neuropathy, and demyelinating left ulnar neuropathy. There was also evidence of a severe generalized sensory and motor neuropathy of the lower extremities with an absence of F and H waves (Table 1). Due to the patient's decreased phonation and weak cough, intrahospital speech therapy suggested outpatient follow up for formal evaluation of probable vocal cord impairment.


TABLE 1 Motor and sensory nerve conduction studies of the bilateral upper and lower extremities.

[image: Table 1]

With imminent threat to life ruled out, the patient was ultimately discharged. Unfortunately, he was lost to follow up and returned to the hospital 3 weeks later with worsening respiratory failure and dysphonia. At this time, arterial blood gas revealed persistent hypercapnia with hypoxemia, requiring Bilevel Positive Airway Pressure (BIPAP). Chest X-ray showed mild elevation of the left hemidiaphragm. An extensive workup for respiratory insufficiency excluded electrolyte abnormalities, myasthenia, autoimmune disease, substance abuse, infection, pulmonary embolism, spinal cord injury, and structural brain abnormalities. The patient developed worsening mental status in the setting of refractory hypercapnia and respiratory muscle fatigue. Per his wishes, the patient was not intubated and ultimately was transitioned to hospice care within 6 weeks of his initial presentation to this hospital (Table 2).


TABLE 2 Chronological clinical course of the patient.

[image: Table 2]



Discussion

Charcot-Marie Tooth presents heterogeneously with progressive motor and sensory polyneuropathy leading to weakness, muscle atrophy, loss of sensation, loss of deep tendon reflexes, and foot deformities. Mutations in the GDAP1 gene are responsible for both an autosomal recessive early-onset severe demyelinating form of CMT (CMT4A) and a late-onset dominant form (CMT2K)—such as was seen in our patient. Specifically, our patient possessed a p.R120w mutation located in coding exon 3 in the GDAP1 gene. This pathogenic mutation is the most common variant seen within CMT2K (3, 8). However, the severity of our patient's clinical presentation was inconsistent with current knowledge of this CMT2K subtype (Table 3).


TABLE 3 Clinical characteristics of patients with various autosomal dominant mutations in the ganglioside induced differentiation associated protein 1 (GDAP1) gene.

[image: Table 3]

Although the clinical phenotype within CMT genotypes may differ between individuals in one family, this patient's rapidly progressive disease in his 6th decade of life is a unique presentation of CMT2K. As described by Silveira et al. (8), the CMT2K usually does not present with respiratory failure, stridor, or vocal cord dysfunction. Rather, these are common characteristics of recessive forms (CMT4A). Therefore, extensive workup to rule out neuromuscular, infectious, toxic, cardiac, and metabolic etiologies of respiratory failure is essential in such atypical presentations. Although Abbousonan et al. (12) described multiple disorders of pulmonary function, sleep, and upper airway in patients with other CMT variants, these have not been documented in the CMT2K form. We believe our patient had a rapidly progressive restrictive pulmonary impairment secondary to diaphragmatic nerve dysfunction, as well as vocal cord impairment secondary to peripheral neuropathy affecting the vagus nerve and its laryngeal branches.

CMT2K is responsible for axonal neuropathy that is associated with (relatively) normal nerve conduction velocities (NCV), loss of myelinated axons, and regenerative sprouting. On the other hand, CMT4A causes demyelinating, axonal, or mixed type CMT that is characterized by segmental demyelination with a diffuse reduction in NCV (13). In additional to an unusually rapid onset and severe disease course, our patient also had an atypical neuropathy consisting of a mainly mixed pattern with a probable right concomitant carpal tunnel syndrome.

To our knowledge, we present the only documented case of CMT2K with adult-onset rapidly progressive respiratory failure and acute vocal cord dysfunction with evidence of mixed demyelinating and axonal neuropathy. This suggests that the phenotypic presentations of various types of CMT may extend beyond our current genotypic cognizance. This case will hopefully serve to motivate further research, disease understanding, and treatment optimization for those diagnosed with Charcot Marie Tooth.
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Nitrous oxide (N2O), commonly known as laughing gas, is widely used in clinical practice and food industry. However, an increasing number of young people have been abusing N2O for recreational purpose, resulting in many functional disorders and sometimes irreversible nerve damage. We present the case of a 20-year-old N2O abuser who gradually developed peripheral neuropathy after continuously inhaling N2O for 2 months. The neurological symptoms of the patient had kept exacerbation for the next 2 months until she came for medical care sitting in a wheelchair. We suggested the patient halting N2O intake and supplementing methylcobalamine according to the standardized protocol. Her symptoms had partly recovered during the following 2 weeks but remained unchanged in another 2 weeks. Antibodies against ganglioside complexes were detected and anti-GM1 IgM antibodies were positive in both cerebrospinal fluid and serum. Intravenous immunoglobulin was given as an additional treatment and the patient's symptoms had significantly recovered further. The patient discharged walking by herself. Then she has been continuously followed up in outpatient department for the next 4 months and taking steroid hormone as well as methylcobalamine. Her symptoms gradually disappeared and all the electrophysiological parameters significantly improved. With this case we were able to show that N2O-related peripheral neuropathy is not only a metabolic disorder but also an immune-mediated disease. N2O intake can trigger a mimic Guillain-Barré syndrome.

KEYWORDS
 nitrous oxide, peripheral neuropathy, ganglioside complexes, Guillain-Barré syndrome, immunoglobin, steroid hormone


Introduction

Nitrous oxide (N2O), commonly known as laughing gas, is a colorless, non-irritating gas with a sweetish smell. It is widely used as an anesthetic in clinical practice and can also be easily obtained in the catering industry for whipping cream preparation and in the motor industry as a fuel booster (1). In the recent years, an increasing number of young people have been abusing N2O for recreational purpose. In the UK, N2O was the eighth most commonly used substance and its lifetime prevalence was about 38.6% (2). The N2O abuse can cause hypotension, lung injury, apnea, and any other accidental injuries with a large dose in a short time. The chronic toxicities of N2O are megaloblastic anemia, psychiatric syndromes and neurological injuries, including subacute combined degeneration, myeloneuropathy, myelopathy and peripheral neuropathy (3). To date, the mechanism of N2O toxicity has not been clearly elucidated and vitamin B12 deficiency is the most extensively studied mechanism. Vitamin B12 is an important cofactor for methionine synthetase and methylmalonyl coenzyme A mutase and its deficiency can lead to a decrease of methionine, tetrahydrofolate, and S-adenosylmethionine, and an increase of homocysteine, 5-methyltetrahydrofolate, and methylmalonic acid, resulting in nerve demyelination and injury (4). In addition, N2O can lead to NMDA antagonism, alteration of cerebral blood flow, and inhibition of the synthesis and release of xanthine and monoamines (5). Here we present the case of a 20-year-old N2O abuser mimicking Guillain-Barré syndrome (GBS) with significant immune disturbances.



Case description

The patient was a 20-year-old camgirl without any other medical history and occasionally inhaled N2O for fun in the last 2 years (Figure 1A). She had kept inhaling N2O (about 10 whippets daily) after a failed investment 4 months ago. Two months later she gradually felt numbness and weakness in her lower limbs. She didn't pay attention to it and kept inhaling N2O without any treatments. The numbness and weakness kept being heavier and her upper limbs also suffered. The superficial sensation had significantly decreased of both hands and legs below knees. She couldn't feed herself with hands (muscular strength: 3/5) nor stand up (proximal muscular strength: 3/5; distal muscular strength: 0/5), and came for medical care sitting in a wheelchair. Her limbs' muscular tone had decreased and all the tendon reflexes were disappeared while the overall muscle bulks were normal. The deep sensations of vibration, position, and movement stayed normal. Romberg sign and Babinski sign were negative. She had no defecation problems, psychiatric disorders, headache, epilepsy, cognition impairment, or any other neurological symptoms. She also had no history of vaccine injection, enteritis, or influenza in the last year.


[image: Figure 1]
FIGURE 1
 Timeline of the case and ELISA results of antibodies against ganglioside complexes. (A) The patient started inhaling N2O occasionally 2 years ago, felt numbness and weakness 2 months ago, significantly improved after receiving the treatment of IVIG, and almost recovered 6 months after the admission. (B) ELISA tests indicated the anti-GM1 IgM antibodies were positive in both CSF and serum while anti-GM1 IgG antibodies were negative. IVIG, intravenous immunoglobulin; CSF, cerebrospinal fluid.


Blood tests indicated slightly decreased hemoglobin (129 g/L) and increased mean corpuscular volume (97.8 fL). Plasma homocysteine level was significantly elevated (24.67 μmol/L) while the serum levels of folic acid, vitamin B12, and any other vitamins were normal. Magnetic resonance imaging hadn't found demyelination or any other abnormal focuses in both brain and spinal cord. Electromyography examination showed extensive peripheral nerve damage, involving motor nerve, sensory nerve, and nerve root. Axonal injuries were especially obvious and nerve damages of the lower limbs were significant heavier than that of upper limbs (Table 1).


TABLE 1 Electrophysiological parameters of the case before the treatment with intravenous immunoglobulin.

[image: Table 1]

N2O-related peripheral neuropathy was diagnosed according to the medical history of N2O abuse, typical clinical manifestations, and the above auxiliary examinations. Guillain-Barré syndrome (especially acute motor axonal neuropathy, AMAN) should also be considered as differential diagnosis. After all, the patient was suggested to halt N2O intake and use methylcobalamine for supplementation according to the standardized protocol. The patient's symptoms had partly recovered during the following 2 weeks. The muscular strength of upper limbs increased to 4/5 while superficial sensation and muscular strength of lower limbs recovered slightly. These syndromes remained unchanged after another 2 weeks.

To obtain optimal treatments further, lumbar puncture was performed and cerebrospinal fluid (CSF) was obtained for tests. The leukocyte count of CSF was 3 cells per μl while the protein level was 0.23 g/L. Antibodies against ganglioside complexes were also detected using a commercial ELISA kit and anti-GM1 IgM antibodies were positive in both serum and CSF while anti-GM1 IgG antibodies were negative (Figure 1B). Intravenous immunoglobulin (0.4g/kg × 5 days) was then given as an additional treatment. The patient's symptoms had significantly improved a week later. Her muscular strength of upper limbs and proximal lower limbs increased to 5/5 when the distal lower limbs increased to 1/5. Her superficial sensation had also partly recovered. The patient discharged from the hospital and could walk independently with a steppage gait and take good care of herself.

Then she has been continuously followed up in outpatient department. Considering the amazing treatment outcome of immunoglobin, she accepted the injection of methylprednisolone (1,000 mg qd × 5 days) and orally took prednisone (60 mg qd × 5 days, 30 mg × 5 days, 15 mg qd × 5 days, 10 mg × 5 days) as follows. After that, she has been continuously taking prednisone 5 mg daily. Four months after the discharge from hospital, her numbness gradually disappeared and the muscular strength of distal lower limbs increased to 4/5. Her gait was almost normal and all the electrophysiological parameters significantly improved. The latencies of motor nerves, sensory nerves, and F waves had extensively decreased while the amplitudes had increased. The incidences of F waves also had significantly increased (Table 2). The patient and her parents were aware of the whole process and pleased with the treatment outcome in spite of the injury induced by lumbar puncture, high price of immunoglobulin, and potential side effects of prednisone.


TABLE 2 Electrophysiological parameters of the case 4 months after the discharge from hospital.
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Discussion

Commonly, recreational N2O abuse is recognized to cause metabolic disorders with vitamin B12 deficiency. However, vitamin B12 deficiency is not sufficient to account for N2O-induced peripheral neuropathy as these patients showed prominent motor superexcitability changes and less prominent sensory superexcitability changes in nerve excitability test when compared to patients with vitamin B12 deficiency (6). Here, we present the case of a 20-year-old N2O abuser suffering peripheral neuropathy mimicking GBS with immune disturbances.

Peripheral neuropathy is the most common N2O-related neurological disorder with a morbidity up to 97% (7). These patients primarily exhibited limb numbness or weakness, especially the lower limbs. Decreased muscle strength, superficial sensory disturbances, and decreased tendon reflex were the most common neurological signs according to the published report (7). Increased plasma homocysteine level is more sensitive than plasma vitamin B12 level for clinical diagnosis, as N2O mainly consumes vitamin B12 in tissue but not blood (3). Electromyography of these patients indicated mixed axonal and demyelination injury, including motor and sensory nerves simultaneously. Abnormal F wave and H reflex were also found in the majority of N2O abuser (8). All in all, the case we presented was a typical N2O-related peripheral neuropathy according to these characteristics.

However, without the medical history of N2O abuse, these patients were usually misdiagnosed as GBS (9). The absent medical history of vaccine injection, enteritis, or influenza before the onset didn't support the diagnosis of GBS. The course of disease progression of the patient was also significantly longer than the natural history of GBS (2–4 weeks). To our knowledge, GBS is more likely to occur in the middle-aged or aged population but not the youth. The electrophysiological features of N2O abuser were dramatically different from those in acute inflammatory demyelinating polyradiculoneuropathy (a GBS variant), but exactly similar to another GBS variant (AMAN). It's difficult to differentiate N2O abuse and AMAN according to those electrophysiological findings (10). Meanwhile, the injury severity of lower limbs is usually heavier than the upper limbs in N2O abuser while it is similar in patient with GBS (11). The difference in the distal and proximal compound muscle action potential amplitudes of the upper limbs can be a parameter for differential diagnosis between the N2O abuser and AMAN patients, as the axonal injury was more severe in AMAN patients than N2O abuser, especially upper limbs (10). GBS is an immune-mediated disease while N2O-related neurological syndromes are deemed as metabolic disorders. Albuminocytologic dissociation and antibodies against ganglioside complexes in CSF were the specific characteristics of GBS. However, the potential pathogenesis seemed to be more complicated as the motor neuropathy of young N2O abuser remained disabled with methylcobalamine supplementation in follow-up research (12).

Here, although the patient was suggested to halt N2O intake and supplement methylcobalamine according to the current standardized protocol, her syndromes had only partly recovered without further progress. Lumbar puncture was performed and CSF was tested. Albuminocytologic dissociation was not found in CSF while we were the first to report positive anti-GM1 IgM antibodies in both CSF and serum. Gangliosides are specifically enriched in nervous system plasma membranes while GM1 is mainly expressed at nodes of Ranvier and motor nerve terminals (13). When GM1 or its mimicry, Campylobacter jejuni strains, are exposed to the autoimmune system, anti-GM1 antibodies are produced and activate the complement cascade, leading to either reversible conduction failure or axonal degeneration in AMAN patients (14). Anti-GM1 IgM antibodies have also been found in multifocal motor neuropathy, autoimmune limbic encephalitis, Bickerstaff brainstem encephalitis, and any other patients with neuronal or glial damage, resulting in the exposure of GM1 to autoimmune system (15). The disturbed immunological system of the patient with positive anti-GM1 IgM antibodies were probably primarily caused by N2O or secondary to the peripheral neuropathy by N2O. After all, the favorable prognosis with intravenous immunoglobin and steroid hormone further validated our supposes that immunological system was involved in the N2O-related peripheral neuropathy (12). The effect of N2O on the neuroimmune system is possibly through vitamin B12 deficiency or any other unclear pathways to be clarified in future (16).



Conclusion

With this case we were able to show that recreational N2O abuse can cause immune-mediated disorder besides metabolic disorder. N2O-related peripheral neuropathy is a mimic of GBS with many similar characteristics. We therefore encouraged all clinicians to perform CSF tests of antibodies against ganglioside complexes when encountering N2O abusers. The potential immunological pathogenesis should be clarified to find novel treatments for these patients.
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Background: Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) is one of the most common maternally inherited mitochondrial diseases which rarely affects elderly people.

Case presentation: We reported the case of a 61-year-old male patient with MELAS. He was experiencing acute migraine-like headaches as the first symptoms. Laboratory data showed elevated lactate and creatine kinase levels. Brain magnetic resonance imaging (MRI) found a high signal intensity lesion in the left occipital-temporal-parietal lobe on diffusion-weighted imaging (DWI). Magnetic resonance angiography (MRA) revealed reversible vasoconstriction of the middle cerebral arteries and superficial temporal arteries. A muscle biopsy suggested minor muscle damage. A genetic study revealed a mitochondrial DNA A3243G mutation.

Conclusion: Elderly onset of MELAS is rare and easily misdiagnosed as an ischemic stroke. MELAS with the onset of stroke-like episodes should be considered in adult or elderly patients with imaging findings that are atypical for cerebral infarction. The use of multimodal MRI in the clinical diagnosis of MELAS could be extremely beneficial.

KEYWORDS
 MELAS, stroke-like episodes, magnetic resonance angiography (MRA), migraine, magnetic resonance imaging (MRI)


Background

Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) is one of the most common maternally inherited mitochondrial diseases (1). MELAS is typically characterized by stroke-like episodes and hyperlactic acidemia. Nevertheless, only approximately half of patients show typical clinical manifestations, with significant heterogeneity in genetics and clinical manifestations (2, 3), which leads to difficulty in diagnosis and even misdiagnosis.

Only 1–6% of patients develop the disease after 40 years of age (4). It is even rare in patients after 60 years of age, and there have been only a few cases reported in female patients (5–7). In this report, we described the case of a 61-year-old male patient with MELAS. The clinical and imaging features of the patient helped us in understanding the clinical manifestations of MELAS in the elderly and making a precise diagnosis.



Case presentation


First attack

A previously healthy 61-year-old male patient presented with sudden onset of a left-sided migraine-like headache (December 26, 2019) and developed a right-sided migraine-like headache after 2 days. He was immediately admitted to a local hospital for treatment. The results of the brain CT scan (data not shown) showed acute cerebral infarction of the left occipital-parietal lobe, and he was diagnosed with acute ischemic cerebral infarction. The patient was then treated with aspirin (100 mg/day), atorvastatin (20 mg/day), and citicoline (0.6 g/day). However, he had weakness in his right limb and could not walk for 7 days after onset. He subsequently showed emotional irritability and hallucinations 8 days after onset. There was no history of blurred vision, hearing impairment, migraine headaches, or gastroenteritis. In addition, there was no history of diabetes, hypertension, or a family history of stroke, and no history of smoking or drinking. No one in his family had a similar medical history.

The patient was admitted to our hospital 11 days after onset (6 January 2020). On physical examination, his blood pressure was 112/69 mmHg, and he had lethargy and a lag in response with slow speech. He also had right homonymous hemianopia, which was shown by a slight wrinkle on the right frontal, a slight nasolabial groove on the right, and his mouth was skewed to the left with a tongue extended into the middle. The patient was given grade 1 for right upper extremity strength, grade 3 for right lower extremity strength, and grade 5 for left extremity strength, with reduced tendon reflex of the limbs. The pathological sign was negative. His score was 10 according to the United States National Institutes of Health Stroke Scale (NIHSS).

After 12 days of onset, clinical chemistry analysis revealed fasting blood glucose levels of 6.6 mmol/L, glycated hemoglobin levels of 6.1%, creatine kinase levels of 448 U/L, high sensitivity C-reactive protein levels of 42.1 mg/L, and arterial blood lactic acid levels of 3.3 mmol/L. The results of routine hematological tests, homocysteine, blood lipids, four coagulation tests, erythrocyte sedimentation rate, antinuclear antibodies, anti-cardiolipin antibodies, anti-neutrophil antibodies, protein C, and protein S were all within the normal range. The results of the cerebrospinal fluid (CSF) assay showed a value of 4.13 mmol/L for lactic acid, and routine biochemistry did not reveal any abnormalities.

The first magnetic resonance imaging (MRI) examination was performed 12 days after onset (7 January 2020) (Figure 1A), and diffusion-weighted imaging (DWI) showed a high signal intensity (Figures 1A, 3). Magnetic resonance angiography (MRA) showed dilation of the left middle cerebral artery, posterior cerebral artery, and bilateral superficial temporal arteries (Figure 2A). Arterial spin labeling (ASL) indicated hyperperfusion in the left occipital-temporal-parietal focal areas (Figure 2D). There was a double inverted lactate peak at 1.33 ppm detected by magnetic resonance spectroscopy (MRS) (Figure 2F).


[image: Figure 1]
FIGURE 1
 MR images of the patient. (A) MR images performed on the first attack (12 days after onset) showed high signal intensity in occipital-temporal-parietal lobe hyperextension on T2-weighted, fluid attenuation inversion recovery (FLAIR), and diffusion-weighted imaging (DWI). (B) MR images performed on the remission (27 days after the first onset) showed a high signal intensity of DWI, FLAIR, and T2WI of the left occipital-temporal-parietal lobe was reduced. The focus of the temporal lobe is enlarged (arrow). (C) MR images performed on the recurrence (68 days from the first onset) showed new high signal intensity in the right occipital-temporal-parietal lobe hyperextension on T2-weighted, FLAIR, and DWI.



[image: Figure 2]
FIGURE 2
 MR images of the patient. (A) MRA image of first onset period, 12 days after onset. MRA showed dilation of the left middle cerebral artery (long-tail arrow), with apparent dilation of superficial temporal arteries (long dotted arrow). (B) MRA image of remission period, 27 days after onset. MRA showed that the superficial temporal arteries were retracted. (C) MRA images of recurrence period, 68 days after onset. MRA showed that the left middle cerebral artery appeared normal, and the right middle cerebral artery was dilated. (D) ASL image of first onset period, 12 days after onset. ASL showed hyperperfusion in the left occipital-temporal-parietal focal areas. (E) ASL images of recurrence period, 68 days after onset. ASL showed hyperperfusion in the right occipital-temporal-parietal focal regions. (F) MRS image of first onset period, 12 days after onset. MRS showed a double inverted lactate peak at 1.33 ppm (short dotted arrow). (G) Genotypic detection analysis showed mitochondrial mutation (m.3243A >G).


Electroencephalogram (EEG) monitoring revealed several high amplitudes and sharp slow-wave activities in the left and right hemispheres, varying during waking and sleeping. A muscle biopsy was performed on the patient. The modified gomori trichrome (MGT) staining was negative (Figure 3). The succinate dehydrogenase (SDH)/c oxidase (COX) double staining showed a blue fiber, no positive result of blood vessel wall strength, and no obvious abnormality of muscle fiber under the electron microscope (Figure 3) (8). Next, 3 ml of peripheral venous blood from the patient was drawn for genotypic detection analysis, and the results indicated mitochondrial 3243A>G mutation (Figure 2G), which is a pathogenic mutation (2). The proportion of the m.3243A>G mutation in blood was 15%.


[image: Figure 3]
FIGURE 3
 Muscle biopsy. (A) MGT staining showed no ragged red fibers. Scale bars: 100 μm. (B) COX staining showed no significant decrease in myofibrillase activity. Scale bars: 100 μm. (C) SDH/COX double staining found one blue fiber. Scale bars: 100 μm. (D) Under the electron microscope, the basic arrangement of myofibrils was regular, the sarcolemma was shrunken, and no special ultrastructural and pathological changes were found. Scale bars: 5 μm.




Remission

The patient was diagnosed with MELAS by gene testing. After initial treatment (adenosine triphosphate disodium 60 mg/day, coenzyme Q10 30 mg/day, and L-arginine 20 g/day), the patient's condition showed significant improvement, and he was able to live independently. The second MRI examination was performed 27 days after the first onset (22 January 2020). DWI showed that the high signal intensity of the left occipital-temporal-parietal lobe was reduced (Figure 1B). In addition, MRA showed that the bilateral superficial temporal arteries were retracted (Figure 2B).



Recurrence

Unfortunately, the patient relapsed 68 days after the first onset (3 March 2020). There was a twitch on the left limb of the patient; his limbs were weak, and he was unable to walk. The third MRI examination was performed on 3 March 2020. DWI revealed a high signal intensity (Figure 1C), and ASL showed hyperperfusion in the right occipital-temporal-parietal focus areas (Figure 2E). In addition, according to MRA, the left middle cerebral artery was normal, whereas the right middle cerebral artery was dilated (Figure 2C). His limb convulsions did not recur after treatment with lamotrigine (50 mg/day), coenzyme Q10 (30 mg/day), and L-arginine (20 g/day), and his limb muscle strength weakness was improved, but he developed dementia and currently requires family care.




Discussion

Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes is the most common clinical form of mitochondrial encephalomyopathy, with stroke-like episodes and hyperlactic acidemia as the primary clinical features, which was first reported by Pavlakis et al. (9). The clinical manifestations of MELAS are usually sudden stroke-like symptoms such as limb weakness, cortical blindness, mental disturbance, mental retardation, epilepsy, headache, and neural deafness (10). MELAS is common in adolescents and rarely seen in the elderly. Some scholars believe that MELAS with onset in over 50-year-old patients is seldom seen and has atypical clinical manifestations (11), making it difficult to diagnose. Only a few cases of this disease have been reported in older women, and there is less knowledge about this disease in the elderly (5–7). There are no case reports of MELAS in elderly men, and one of the factors that make diagnosing MELAS in geriatric-onset patients difficult is the lack of adequate knowledge about MELAS in men aged above 60 years. We herein presented the case of a 61-year-old male patient with MELAS.

As the first symptom, the older man experienced acute migraine-like headaches. The CT scan of the left occipital-parietal lobe at the local hospital revealed low-density lesions. At our hospital, a hyperintense lesion was seen in the left occipital-temporal-parietal lobe on a brain MRI.

This patient was easily misdiagnosed with ischemic cerebrovascular disease. However, MRA did not indicate stenosis or occlusion of the corresponding cerebral responsible vessels. As a result, we suspected the diagnosis of ischemic cerebral infarction and other diseases, such as MELAS. Then, laboratory data showed elevated lactate and creatine kinase levels, and genetic analysis revealed a mitochondrial DNA A3243G mutation. MELAS was confirmed after the patient met the clinical diagnostic criteria (12).

This case has some essential and specific MRA imaging features. MRA revealed reversible vasoconstriction of the middle cerebral arteries and superficial temporal arteries bilaterally. In patients presenting with the acute stage of MELAS, the accumulation of lactate in the lesion results in local arterial dilatation (12). Some blood vessels suffer from chronic damage to the vessel wall, episodic spasm, and intimal hyperplasia as the disease progresses. The angiogram showed normalization progression and reduction in blood vasculature (13). The cerebral blood vessels in the focal area dilated during the initial attack and recurrence stages and retracted during remission. However, there was no such vascular change during acute ischemic stroke. MELAS can be diagnosed and evaluated using MRA, which can detect the cerebrovascular imaging characteristics of MELAS.

Acute migraine-like headaches were the first symptoms that the patient experienced. MRA indicated apparent dilation of the bilateral superficial temporal arteries in the acute phase. The headache gradually disappeared after the treatment. Subsequent MRA showed that the bilateral superficial temporal arteries were slowly retracted and appeared normal. Migraine attacks are thought to be caused by an increase in blood flow through the superficial temporal artery during the acute phase of migraine (14, 15). In recent years, mitochondrial dysfunction has been proven to play an essential role in the pathogenesis of migraine (16). The patient was found to have a mitochondrial DNA A3243G point mutation. The findings of this case suggest that mitochondrial dysfunction may contribute to migraine pathogenesis.

Myopathic symptoms are also manifestations of MELAS, mainly including myasthenia, myalgia, and exercise intolerance (8). The patient underwent a muscle biopsy, and MGT staining was found negative. SDH/COX double staining showed a blue fiber. There was no positive result of blood vessel wall strength and no obvious abnormality of muscle fiber under the electron microscope. A muscle biopsy suggested minor muscle damage. The possibility of missed diagnoses and delayed treatment exists. However, there is a limited correlation between muscle biopsies and the diagnosis of MELAS (17). The presence of mitochondrial disease cannot be ruled out by a normal muscle biopsy (18). In contrast, gene detection plays a vital role in diagnosing MELAS when muscle biopsy fails to diagnose it, and it is the diagnostic gold standard for MELAS (19).

This patient was detected to carry the m.3243A>G mutation, a pathogenic variant of MELAS. The proportion of the m.3243A>G mutation in the blood test was low (15%). More than 80% of the patients have the mitochondrial DNA (mtDNA) 3243A>G mutation (4). Patients with MELAS have obvious heterogeneity and various clinical manifestations, and even monozygotic twins with the m.3243A>G mutation can also be found. The age of onset and clinical phenotype are different (20). Studies have shown that the mtDNA mutation rate of patients with MELAS having ragged red fibers is significantly higher than that of patients without ragged red fibers (18). The mtDNA mutation rate has been confirmed to be related to the age of onset of MELAS, and the later the onset, the lower the mutation rate of mtDNA (21). The low mutation rate of m.3243A>G in this patient may explain the patient's late onset and absence of obvious lesions in muscle biopsy.



Conclusion

We reported a rare case of elderly onset male MELAS. Stroke-like episodes in elderly patients with MELAS are easily misdiagnosed as ischemic stroke and should be considered in the differential diagnoses when imaging findings are inconsistent with ischemic infarction. In this case, superficial temporal artery dilatation with MRA during a stroke-like migraine-like attack enriched our understanding of the clinical and imaging features of MELAS. Multimodal MRI during stroke-like episodes in MELAS can provide significant clues to a final diagnosis.
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SLC25A46 is a mitochondrial protein involved in mitochondrial dynamics. Recently, bi-allelic variants have been identified as a pathogenic cause in a spectrum of neurological syndromes. We report a novel homozygous SLC25A46 variant in two siblings, originating from Iraq. Both presented with optic atrophy and varying neurological symptoms. The neurological examination and nerve conduction studies were consistent with sensorimotor polyneuropathy, one having mild polyneuropathy and the other pronounced polyneuropathy. The cases illustrate the disease spectrum and provide substantial information to the knowledge of polyneuropathy caused by SLC25A46 variants. It further highlights the diagnostic potentials of whole exome sequencing which can improve future understanding of disease mechanisms.

KEYWORDS
 hereditary neuropathy, whole exome sequencing, polyneuropathy, optic atrophy, case report


Introduction

SLC25A46 is a part of the Solute Carrier 25 (SLC25) family of transporters (1), a large family of more than 50 transporters varying in both size and transported substrates. The specific function is unknown, but it is thought to function as a transport protein in the outer mitochondrial membrane interacting with the inner membrane thereby contributing to mitochondrial dynamics involved in fusion and fission (2). Only a few patients with biallelic pathogenic variants in SLC25A46 have been described in the literature. Patients can present with either Leigh syndrome (3), progressive myoclonic ataxia (4), or optic atrophy (OA), and limb spasticity (5). Only a few patients have been described with OA and axonal peripheral neuropathy (PN) due to variants in SLC25A46 (6), and only one patient with OA, PN, and ataxia has been reported (7).

In this case report, we present the medical history and clinical and molecular genetic findings of two sisters, both presenting with decreased vision in varying degrees since childhood and varying PN symptoms due to homozygosity for a novel SLC25A46 variant.



Case description

Two sisters aged 26 (Patient A) and 34 (Patient B) were referred for genetic evaluation and diagnostic clarification due to childhood-onset optic atrophy.


Family history and molecular genetics

The patients were originally from Iraq and of consanguineous parents. Patients A and B had seven siblings of which a brother also had optic atrophy since childhood and one sister experienced problems with balance.

Molecular genetic analysis of OPA1 using gene-panel sequencing (NGS) and multiplex ligation-dependent probe amplification (MLPA) as well as PCR and Sanger sequencing of three mitochondrial variants [ND1 (m.3460G>A), ND4 (m.11778G>A), and ND6 (m.14484T>C)] was normal. Therefore, whole-exome sequencing (trio analysis with patient A as the proband) was performed revealing homozygosity for a novel SLC25A46 variant [GRCh37, chr5:110,097,073, NM_138773.3:c.848A>C, p.(Gln283Pro)] in the proband, which was confirmed by Sanger Sequencing (Figure 1). Subsequently, patient B, as well as the affected brother were found to be homozygous for the variant. The variant has been reported in ClinVar in an affected individual (Accession number VCV001679272.1) and has not been reported in healthy controls [Genome Aggregation Database (version 2.1.1) or the UK biobank]. In silico models categorize the variant as pathogenic (CADD = 26, REVEL:0.758). A different missense variant at the same position (p.Gln283His) has been reported but has been classified as a variant of unknown significance in ClinVar. The variant was therefore classified as likely pathogenic according to ACMG guidelines for variant classification (PS4_sup; PM2_sup, PM3_sup, PP1_mod, PP3_sup) (8). The genetic testing of relatives was challenged and timely as some relatives lived abroad and contact was scarce. Both parents were tested and found to be heterozygous carriers and a symptomatic sibling was found to be homozygous (Figure 2).


[image: Figure 1]
FIGURE 1
 Sanger sequencing confirming the SLC25A46 variant (NM_138773.3:c.848A>C, p.Gln283Pro).



[image: Figure 2]
FIGURE 2
 Pedigree showing the presence of the SLC25A46 variant (NM_138773.3:c.848A>C, p.Gln283Pro) within the family.


Following genetic diagnosis, the two sisters were referred for neurological evaluation. The other sibling did not wish for further clinical workup.



Patient A

A 26-year-old woman was seen in the Neuromuscular Clinic after referral. The patient was diagnosed with optic atrophy around the age of 13 years with symptoms since the age of 10 years but had not experienced progression in adult life. Patient A described herself as clumsier compared to her peers in childhood. The patient had since the age of 15 experienced sensibility disturbances lateral in the upper extremities and tingling and prickling sensation in the lower extremities and a general “weakness” when carrying heavy objects as well as impaired balance. She experienced a progression of sensibility disturbances and balance throughout the years (For timeline, see Supplementary material 2).

She had until recently worked as an ergo therapist and had now started a Master's degree. She experienced some cognitive symptoms with slightly impaired memory especially concerning numbers without worsening throughout the years. She was otherwise healthy and did not have diabetes or any use of medication except contraceptives. Patient A did not have any children yet but had thoughts about whether potential children would inherit the patient's symptoms. This had been the main concern for Patient A since adolescence and she had a wish for diagnostic clarification.

Neurological evaluation revealed diffuse slightly decreased muscle strength in the right hand (the patient was righthanded), impaired pinprick, and light touch sensations lateral on both arms. The Utah Early Neuropathy Scale (UENS) score was 0 out of a maximum of 42 points. A slightly unsteady gait when walking as on a tightrope was seen. Otherwise, the examination was normal.

Laboratory screening for treatable causes of neuropathy was normal including normal HbA1c. A nerve conduction study (NCS) showed reduced sensory nerve action potential in the median (up to the wrist) and sural nerves. No certain response was found in the peroneal nerves. Motor nerve studies were normal except for slowed conduction velocity in both ulnar nerves. The NCS was consistent with a predominantly sensory PN (Table 1). Cerebral MRI was normal.


TABLE 1 Nerve conduction studies.

[image: Table 1]

The patient was seen by a neuro-ophthalmologist where bilateral optic atrophy was confirmed and decreased vision was found (vision 6/12–6/18). The patient was recommended glasses and yearly follow-ups.

The patient was referred to the cardiology department, where an electrocardiogram (ECG), Holter monitoring, and heart ultrasound were performed. Holter monitoring and echocardiogram were normal with an ejection fraction (EF) of 60% and a global longitudinal strain (GLS) of 19. ECG was with abnormal unspecific changes and the patient is followed at a local cardiology clinic with annual controls including Holter.

No medical treatment exists for polyneuropathy due to an SLC25A46 variant. Patient A was offered a referral to physiotherapy but did not feel a need for it.

One year later, the patient's ophthalmological, cardiological, and neurological symptoms were stationary. The patient is still followed yearly at the Neuromuscular Clinic as well as the Department of Cardiology and the Department of Ophthalmology.



Patient B

A 34-year-old woman described herself as healthy except for a medical history of migraine with aura and decreased vision since early childhood. In school, she had problems reading what the teacher wrote on the blackboard and could not read books. She did not experience any problems with balance or gait and was a fast runner compared to her peers in school.

At the age of 25 years, she experienced increasing problems with balance and a tendency to have leg cramps (for timeline, see Supplementary material 2). Further, she experienced tinnitus with unknown debut without hearing loss. She had no complaints of sensibility disturbances or decreased muscle strength. The balance problems had increased slowly over the last 10 years, but her primary complaint was impaired vision. She was trained as a masseuse but is currently unemployed.

The cranial nerve examination was unremarkable except for a divergent eye axis and impaired vision with the ability to count fingers in half a meter's distance and the inability to read at a normal distance. The neurological examination of the upper extremities was normal with intact sensibility, motor function, and reflexes. No ataxia was found in the upper extremities. Hammertoes were observed and the neurological examination of the lower extremities revealed impaired vibration and position sense up to ankles, discrete sensory ataxia when performing the heel–knee–shin test, and decreased deep tendon reflexes in both ankles. The UENS score was 8. Romberg's sign was positive, and the gait was wide based on the ability to walk on a tightrope.

Blood screening showed a slightly increased kappa-free light chain test, 23.2 (reference interval 3.3–19.4), normal kappa/lambda ratio, and was interpreted without clinical significance. HbA1C was normal.

A nerve conduction study showed reduced amplitude in median nerves, loss of response in sural nerves, and severely reduced and no certain motor response in right and left tibial nerves. The NCS was consistent with a pronounced axonal sensory-motor PN (Table 1). Cerebral MRI showed slight vermis atrophy in the cerebellum (Figure 3). Otherwise, the cerebral MRI was normal.


[image: Figure 3]
FIGURE 3
 Cerebral MRI of patient B with cerebellar atrophy involving vermis.


Ophthalmological examination found optic atrophy consistent with the previous OA diagnosis and significantly impaired vision (vision 6/60). The patient uses an enlarging TV system (CCTV).

ECG and echocardiography were normal with EF at 60% and GLS at 21. Audiological testing was performed because of the unspecific tinnitus, and normal hearing was found with an audiometry discrimination score of 96/96. The patient was referred to physiotherapy due to impaired balance and ataxia.

One year later the neurological symptoms as well as the neurological examination were stationary. Patient B is still followed in the neuromuscular clinic with yearly controls as well as yearly controls at the Department of Cardiology and the Department of Ophthalmology.




Discussion

We report two patients with optic atrophy and polyneuropathy of varying degrees.

The patients had clinically been diagnosed with optic atrophy since childhood but did not have a genetic diagnosis for several years. The diagnosis was challenged as the patients were originally from Iraq and came to Denmark later in life which enhance cultural and language barriers. Furthermore, the family was spread across countries, and contact with some relatives was scarce. Patient A was initially tested for the gene OPA1, a more common gene related to hereditary optic atrophy. Due to a great wish for diagnostic clarification whole exome sequencing was performed and the patients were found to be homozygous for a novel, likely pathogenic SLC25A46 variant (NM_138773.3:c.848A>C, p.Gln283Pro). Both parents were heterozygous carriers, and a symptomatic sibling was found to be homozygous for the SLC25A46 variant.

Recently, the SLC25A46-associated PN has been classified as Charcot–Marie–Tooth Disease Type 6B, CMT6B, (9) and different variants in SLC25A46 have been identified in different neurological syndromic forms with optic atrophy and axonal PN in four unrelated families in the United Kingdom, Palestine, Pakistan, the United States, and Italy (4, 7). However, the different phenotypes and clinical presentations including prognosis are still uncertain.

Patient A presented with mild OA at the age of 10 and a mild predominately sensory PN was found on ENG consistent with the neurological examination and the history of mild symptoms. Patient B presented with OA in early childhood and progressive balance impairment from the age of 25. A pronounced sensory-motor PN was found at the neurological examination and confirmed by nerve conduction studies. A cerebral MRI scan showed cerebellar atrophy. The cases illustrate the spectrum of the disease and confirm the previously described phenotypes in other variants of SLC25A46.

Patient A had a great wish for genetic testing and diagnostic clarification. She expressed concern about the disease and the risk of potential future children inheriting the disease. After investigation and diagnostic clarification, the patient was informed about the expected recessive trait and that Patient A's potential children will be carriers, but that the likelihood of symptomatic disease is very small with an unrelated partner. Patient B's main concern was visual impairment, and the diagnostic genetic clarification did not bring any further information for the patient as there is currently no treatment for the disease.

Our findings and genetic evaluation make the novel SLC25A46 variant likely pathogenic and the varying phenotype with optic atrophy and polyneuropathy is supported by literature on other variants in SLC25A46 where different neurological syndromes have been described (3–7).

Whole-exome sequencing can give diagnostic clarification and answers to patients even though the phenotype and prognosis may still be uncertain. Furthermore, it can improve understanding of disease mechanisms associated with polyneuropathy and CMT, which is needed to address relevant therapeutic areas.



Conclusion

We present two sisters with varying polyneuropathy symptoms and symptomatic optic nerve atrophy due to a novel SLC25A46 variant. The relatively late polyneuropathy diagnosis despite a known history of OA and consanguineous family history highlights the importance of thorough investigation as well as the diagnostic challenges in young patients. It further highlights the possibilities of whole exome sequencing which can improve future understanding of disease mechanisms.
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Background: Lipid storage myopathy (LSM) is an autosomal recessive inherited lipid and amino metabolic disorder with great clinical heterogeneity. Variations in the electron transfer flavoprotein dehydrogenase (ETFDH) gene cause multiple acyl-CoA dehydrogenase deficiency (MADD), and have a manifestation of LSM. Muscle biopsy helps clarify the diagnosis of LSM, and next-generation sequencing (NGS) can be useful in identifying genomic mutation sites. The diagnosis of MADD contributes to targeted therapy.

Case presentation: We report on a teenager who appeared to have muscle weakness and exercise intolerance at the onset. Before the referral to our hospital, he was unsuccessfully treated with glucocorticoid for suspected polymyositis. The next-generation sequencing of the proband and his parents revealed heterozygous variations, c.365G>A (p.G122D) inherited from the father, c.176-194_176-193del, and c.832-316C>T inherited from the mother in the ETFDH gene. The tandem mass spectrometry identified the mutations to be pathogenic. However, his parents and his younger sister who were detected with a mutation of c.365G>A presented no clinical symptoms. This indicates that the combination of the three compound heterozygous mutations in ETFDH is significant. After MADD was diagnosed, a dramatic clinical recovery and biochemical improvement presented as riboflavin was given to the patient across a week, which further confirmed the diagnosis of MADD.

Conclusion: Our observations extend the spectrum of ETFDH variants in Chinese the population and reinforce the role of NGS in diagnosis of MADD. Early diagnosis and appropriate treatment of LSM lead to great clinical efficacy and avoid some lethal complications.

KEYWORDS
  lipid storage myopathy, multiple acyl-CoA dehydrogenase deficiency, ETFDH, riboflavin, whole genome sequencing


Introduction

Lipid storage myopathy (LSM) is an inherited autosomal recessive disease caused by disorders in lipid and amino acid metabolism (1). Multiple acyl-CoA dehydrogenase deficiency (MADD), also called glutaric aciduria type II, is the most common type and accounts for ~90% of LSM in China. Other types of LSM include primary carnitine deficiency (PCD), neutral lipid storage disease with ichthyosis (NLSDI), and neutral lipid storage disease with myopathy (NLSDM) (2). The pathologic manifestation is deposition of lipid droplets in muscle fibers (3). MADD is related to mutations in genes encoding the electron transfer flavoprotein alpha and beta (ETFA and ETFB) proteins or the electron transfer flavoprotein dehydrogenase (ETFDH) protein (4). MADD could be simply divided into neonatal-onset and late-onset MADD. Ninety percent of late-onset MADD is caused by mutations in ETFDH, while neonatal-onset MADD is related to ETFA or ETFB (5).

Herein, we discuss a young male patient who complained of muscle weakness and exercise intolerance. Three novel compound heterozygous mutations are located in one exon and two introns. He was misdiagnosed with polymyositis and treated with a glucocorticoid, resulting in worse parameters of muscle enzyme. After confirmation of the diagnosis of LSM (MADD), the patient received riboflavin replacement therapy accompanied by coenzyme Q10 and levocarnitine, and had a full recovery.



Case report

A 17-year-old boy was admitted to our hospital because of progressive muscle weakness and exercise intolerance for over 6 months. Initially, he had difficulty standing up from squatting and climbing stairs. He had to stop to rest when climbing three to four floors. On admission, he could only climb one floor or walk 20–30 m. Gradually, his upper extremities and jaw were also affected; he could not lift heavy weights and had trouble chewing. He was diagnosed with inflammatory myopathy and treated with corticosteroid in the first hospital. However, his symptoms were not alleviated. For all we know, his siblings and parents did not present similar symptoms.

The physical examination showed moderate muscle weakness (grade 3/5 for the proximal lower limbs, grade 4/5 for the distal lower limbs, grade 4/5 for the upper limbs) according to the Medical Research Council scale, he had a waddling gait, and there was no knee jerk reflex. Cranial nerves were examined and found to be normal including functions of chewing and swallowing. On admission, myocardial enzyme levels were elevated markedly, and creatine kinase (CK), lactate dehydrogenase (LDH), hydroxybutyrate-dehydrogenase (HBDH) were 2,387 (range 50–310 U/L), 1,185 (range 120–250 U/L), and 1,049 U/L (range 72–182 U/L), respectively. Alanine aminotransferase (ALT) was 85 U/L (range 9–50 U/L), and aspartate aminotransferase (AST) was 178 U/L (range 15–40 U/L). Uric acid was 640 umol/L (range 208–428). Rheumatic immune indexes were negative. Although one of the eight myositis antibodies related to idiopathic inflammatory myopathies, antialanyl tRNA synthetase (PL-12), was positive, we think it was not clinically significant for the following reasons. The patient did not have muscle pain and tenderness, and the muscle biopsy did not show inflammatory infiltrates; what is more, he had no response to the glucocorticoid treatment. Antialanyl tRNA synthetase (PL-12) was positive, while other immunity indexes were negative. The electromyography revealed myogenic damage, while the magnetic resonance imaging showed no abnormalities of the bilateral quadriceps femoris. The magnetic resonance imaging of the head was normal, and the electroencephalogram was approximately normal. An abdominal ultrasound scan demonstrated that he had a fatty liver.

Muscle biopsies of the biceps brachii and quadriceps femoris revealed increased deposition of lipid droplets in muscle fibers stained with Oil Red O (ORO) (Figure 1A), which indicated lipid storage myopathy (Figure 1). However, succinate dehydrogenase (SDH) (Figure 1B) and nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR) (Figure 1C) were negative for fat vacuole deposition. The hematoxylin and eosin (H and E) (Figure 1D) stain showed a little inflammatory cell infiltration, and abundant small vacuoles were observed in a large number of muscle fibers. Electron microscopy demonstrated that lipid droplets increased in subsarcomembrane and of myofibrils.


[image: Figure 1]
FIGURE 1
 Muscle biopsy of the quadriceps femoris. (A) Oil Red O (ORO) stain showing lipid droplets deposited in some muscle fibers. (B,C) Lipid droplet is almost invisible in succinate dehydrogenase (SDH) and nicotinamide adenine dinucleotide (NADH) stains. (D) Hematoxylin and eosin (H and E) stain demonstrating abundant vacuoles appearing in most fibers. (E,F) Considerable lipid droplets are observed by transmission electron microscopy.


The genetic testing (next-generation sequencing) of the boy and his parents confirmed novel compound heterozygous mutations of the ETFDH gene: (OMIM:231675, NM_004453), c.365G>A (p.G122D), c.176-194_176-193del, and c.832-316C>T, which were predicted to be deleterious in chromosome 4. The exome sequencing of his father showed a compound heterozygous mutation, c.365G>A (p.G122D), in exon 4, while his mother carried compound heterozygous mutations, c.176-194_176-193del and c.832-316C>T, in intron 4. The result of the gene test showed that the mutations of ETFDH in the proband came from his patients and were consistent with the pattern of autosomal recessive inheritance. His 6-year-old sister was asymptomatic, and her NGS test showed mutation of c.365G>A (p.G122D), which was inherited from the father. None of the mutations were reported in previous studies; that is, the mutations of the proband are not identified in the Human Gene Mutation Database (HGMD). Meanwhile, the significance of these mutations is not clear. To solve this problem, tandem mass spectrometry and gas chromatography-mass spectrometry of urinary organic acids was conducted in the 1-year follow-up, and we found that the mutations had pathogenicity. To the best of our knowledge, this is the first report on three compound heterozygous variants of ETFDH involved in a patient. In addition, this is the first study that reports gene mutation in a intron, which may benefit from the development of technology.

After confirming the diagnosis of MADD, a combination of riboflavin (60 mg/day), levocarnitine (30 ml/day), and CoQ10 (30 mg/day) was administered to the patient with great improvement in muscle weakness and exercise intolerance in 1 week. In addition, his CK and CK-MB levels were obviously decreased (CK: 5,023 to 864 U/L, CK-MB: 129 to 37 U/L) after having taken the medicines for 4 days. However, CK and CK-MB rose to 9,204 and 70.5 U/L, respectively, in 1 month because of the withdrawal of drugs aalone. The patient adhered to the medication for the next 2 months, the muscle weakness and exercise intolerance completely disappeared, and the creatine kinase values went back to normal (CK: 123 U/L, CK-MB: 11 U/L), as well as the other myocardial enzymes (LDH: 184 U/L, HBDH: 131 U/L, ALT: 34 U/L, AST: 22 U/L). Besides, his uric acid level was decreased to 500 umol/L, a near-normal value. Except for the medications, the patient adhered to a low-fat, high-protein, and low-purine diet. In addition, he did regular low-intensity exercises after discharge. The patient was re-examined by electromyography 1 year post incidence, which suggested myogenic damage but the manifestations of muscles were better than before.



Discussion

Late-onset MADD is mainly caused by homozygous or compound heterozygous mutations in the ETFDH gene. According to previously published articles, several mutation sites are the most common spots: c.250G > A (p.A84T), c.770A > G (p.Y257C), and c.1227A > C (p.L409F) (6, 7).

In this case, the patient was diagnosed with hyperuricemia in the first hospital, but his uric acid decreased gradually after taking riboflavin without using a uric acid-lowering drug. A study involving eight patients with LSM complicated by hyperuricemia found that men with LSM are more likely to develop hyperuricemia than women with LSM because of the benefit of estrogen (8). The cause of hyperuricemia is mainly related to decreased uric acid excretion, which could be explained by renal tubular disorder. The article points out that in young patients who experience muscle weakness and hyperuricemia, LSM should be considered as a differential diagnosis.

Previous literature found that the clinical manifestation of patients with later-onset MADD often involves hepatomegaly, encephalopathy, rhabdomyolysis, vomiting, hypoglycemia, and so on (7, 9–11). Symmetric proximal muscle weakness of the lower extremities was the main complaint of the patient. He was diagnosed with fatty liver by the abdominal ultrasound scan despite being a teenager and keeping a healthy lifestyle. We suspected that his fatty liver was related to MADD.

Before his diagnosis of LSM, low-dose dexamethasone had been used for a week, resulting in worse outcomes of muscle enzyme and no improvement in muscle strength. It may be because the disease continued to progress and the treatment was useless. However, a case reported that a young woman with proximal tetraparesis and myalgia was diagnosed with MADD and had a surprising response to treatment of plasmapheresis and intravenous immunoglobulin (IVIg) (12). It indicates that guidelines for treatment should be refined. Except for invasive muscle biopsy, muscle magnetic resonance imaging can also be conducted to distinguish between MADD and immune-mediated necrotizing myopathy (13). The MRI of the quadriceps femoris muscle of this patient revealed no abnormality, this result may be attributed to the short duration. The mechanism of how immunomodulatory treatment works is not clear. Therefore, further research on the pathophysiology of MADD is needed.

The diagnosis of MADD is based on combination of clinical presentations, acylcarnitines and urine organic acids, muscle biopsy, and genetic analysis. Muscle biopsy is the main criterion for diagnosis of LSM, and genetic diagnosis is conducive to a more accurate diagnosis and future gene-targeted therapy. Meanwhile, muscle MRI can be a complementary and differential examination technique, as it is non-invasive. In this case, because of his symptom of muscle weakness and the positive myositis-specific autoantibody, anti-alanyl tRNA synthetase (anti-PL-12), we gave him dexamethasone as a diagnosis of polymyositis was considered, but it had little clinical efficacy. The biopsy confirmed the diagnosis of LSM, and the gene screening confirmed MADD through mutations of ETFDH. Almost all cases of late-onset MADD is related to variants of the ETFDH gene and riboflavin response (6). MADD is potentially lethal but curable after timely treatment with full-dose riboflavin. Thus, it is essential to diagnose the disease as early as possible. The limitation of our study is that it is hard to define which drug mainly produced a curative effect while three drugs were being applied simultaneously, namely, riboflavin, coenzyme Q10, and levocarnitine. According to previous studies, a dosage of 100–400 mg/d of riboflavin is needed (1). However, the patient was relieved with only 60 mg of riboflavin and CoQ10, and L-carnitine. The use of CoQ10 and L-carnitine in MADD is controversial. MADD may cause secondary carnitine and CoQ 10 deficiency (14).



Conclusion

We have identified a novel compound heterozygous mutation in the ETFDH gene from a patient with late-onset riboflavin-responsive multiple acyl-CoA dehydrogenase deficiency, which expands the spectrum of mutations found in patients with MADD. Late-onset MADD is a curable hereditary disease. Besides, early diagnosis and treatment could reduce complications, so this article can help improve the knowledge of LSM.
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Brachial plexopathy (BP) is easily misdiagnosed due to its complexity and varying clinical presentation. Malignant peripheral nerve sheath tumors (MPNST) can accumulate in the brachial plexus and share symptoms with BP, which may hinder the differential diagnosis between BP induced by radiation or metastases, and MPNST-derived BP, in patients with a history of breast cancer and radiation exposure. A 34-year-old Chinese female presented with MPNST. The tumor involved the brachial plexus. She had a history of breast cancer and radiotherapy. The first consideration was radiation- or breast cancer metastasis-derived BP. Clinical examination was performed. Finally, a diagnosis of MPNST of the brachial plexus was made, which guided an accurate treatment plan. This report highlights the importance of correctly diagnosing BP etiology for guiding precise treatment. BP caused by MPNST needs to be considered in clinical practice, and biopsy plays a central role in the differential diagnosis. Complete local surgical resection can prolong survival of patients with MPNST and improve treatment prognosis.
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1. Introduction

The brachial plexus provides motor and sensory innervation to the upper extremities. Brachial plexopathy (BP) is a peripheral neuropathy that occurs in the brachial plexus. The prevalence of cancer-associated plexopathy is ~0.4% in patients with cancer and 2−5% in those treated with radiotherapy, indicating that BP is a rare condition (1). Malignant peripheral nerve sheath tumors (MPNST) are derived from Schwann cells or generated through pluripotent cell differentiation of the neural crest. MPNST are rare and highly aggressive soft-tissue tumors. Type I neurofibromatosis is a major risk factor for MPNST (2, 3). However, ~45% of MPNST cases are incidental and 10% are due to previous radiation exposure (4, 5). MPNST can involve the brachial plexus and present with clinical features similar to those of BP, which may hinder the differential diagnosis between BP induced by radiation or metastases, and MPNST-derived BP, in patients with a previous history of breast cancer and radiation exposure. Improper treatment due to misdiagnosis can lead to medicolegal disputes and delays in effective treatment of malignant tumors, markedly affecting patient clinical outcome. Therefore, it is recommended that in patients with BP, particularly those with a history of breast cancer and radiotherapy, the diagnosis of the cause should be achieved as it helps determine the accurate treatment decision. A representative case is discussed in the following section.



2. Case presentation

A 34-year-old female patient presented with weakness that progressed over 1 year and progressively involved her entire left upper limb. She had needle-like intermittent pain in left upper limb with visual analog scale (VAS) score of 4-5 points, and attack duration of 1–2 s occurring several times a day but mostly at night. Six months ago, the above symptoms worsened. VAS score was 6–7 points, and there was increased pain frequency. She was unable to lie on her back. Three weeks prior, she could not lift her left arm, and the pain radiating from the left shoulder blade to the fingers worsened. The patient had a history of breast cancer and had undergone standard radiotherapy and chemotherapy. No other pertinent history was noted.

Clinical examination revealed decreased muscle strength and muscle atrophy in the left upper limb. Left biceps and radial reflexes were not elicited; the rest of the neurological examination was normal. Electrophysiological studies were performed to evaluate the brachial plexus. Nerve conduction studies showed that the motor and sensory nerves of the right upper limb were normal, whereas the left brachial plexus was injured with predominant axonal injury. In addition, needle electromyography revealed damage to the left brachial plexus. Laboratory examinations revealed that the blood levels of the tumor marker Squamous Cell Carcinoma Antigen were 2.1 ng/ml (reference value < 1.5 ng/ml). Further neuroimaging was performed. Magnetic resonance imaging (MRI) of the brachial plexus revealed thickening and edema of the left brachial plexus (Figure 1). Ultrasound of the left brachial plexus showed significant edema and thickening of the left brachial plexus roots, trunk, and strands, mostly pronounced in the supraclavicular fossa segment, with local thickening showing neuroma-like changes, ultrasound of the left upper arm nerve showed edema of some nerve bundles (Figure 2). The patient was a young woman with an insidious and progressive onset of symptoms, with pain in the left upper limb as the first symptom and progressive weakness affecting the entire upper limb function. She had a history of previous tumor treatment, the possibility of either radiation-induced BP or metastatic BP resulting from breast cancer was considered. Radiation-induced BP, with predominant neurofibromas on the nuclear magnetic structure, was less consistent with this patient's symptomatology. Further, positron emission tomography-computed tomography (PET-CT) revealed increased radioactive uptake in the left brachial plexus (SUV 24.4), indicating a tumor (Figure 3). Finally, we performed a pathological examination of tissue of brachial plexus swelling in the left supraclavicular fossa. The pathological pictures showed a diffuse laminar arrangement of spindle or oval cells with mild-moderate heterogeneity of the nuclei, along with some vitreous changes and chondrogenic differentiation. Morphology and positive immunohistochemical presentations (Vimentin, Ki-67, SOX10, S-100, P120) of nerve biopsy confirmed an MPNST (Figure 4).


[image: Figure 1]
FIGURE 1
 MRI of the brachial plexus showed the C5/C6 roots, upper and middle trunks and all strands of the left brachial plexus were significantly swollen and thickened, with T2W high signal, the right brachial plexus had good continuity, with no clear thickening and no signal enhancement (A). MRI showed multiple nodules within the brachial plexus in the left subclavian region (B), the two that could be distinguished were ~16 mm (C) and 11 mm (D) in diameter respectively.



[image: Figure 2]
FIGURE 2
 Ultrasound of the brachial plexus showed a high degree of thickening of the C5 and C6 nerve roots, ~0.4 cm and 0.5 cm respectively (A, B); diffuse edema of the superior, middle, and inferior trunks were seen in the interosseous sulcus; Brachial plexus neuroma-like change of brachial plexus in the supraclavicular fossa, ~1.14 cm thick at most and 3.17 cm long (C, D).



[image: Figure 3]
FIGURE 3
 PET CT revealed increased radioactive uptake in the left brachial plexus (SUV max 24.4) (A, B), involving a length of 9.3 cm (C, D).
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FIGURE 4
 Pathology (tissue of brachial plexus swelling in the left supraclavicular fossa): diffuse lamellar arrangement of the spindle or oval cells, mild-moderate heterogeneity of the nuclei, nuclear schism 4/10HPF, some interstitial vitreous changes, chondrogenic differentiation visible in focal areas (A). Immunohistochemistry: Vimentin (+) (B), Ki-67 (25%+) (C), SOX10 (individual cells+) (D), S-100 (individual cells weakly+) (E), P120 (+) (F). In summary, a diagnosis of malignant peripheral schwannoma was considered.


Based on our follow-up with the patient, we noted that she had undergone complete local surgical resection at another hospital. After 2 months of post-operative rehabilitation, the patient's severe pain in the left upper limb was relieved and the muscle strength could resist partial resistance. The prognosis of the patient was good.



3. Discussion

The brachial plexus comprises the ventral nerves of the C5-T1 spinal nerves and innervates the upper limbs, shoulders, and upper chest. The brachial plexus can be localized based on neurological and neurophysiological examination (6, 7). BP is one of the most severe types of peripheral nerve injury because of its complicated anatomical structure (8). BP is divided into two main categories, traumatic and non-traumatic, depending on the clinical situation (9). Non-traumatic BP usually occurs because of idiopathic brachial neuritis, BP caused by direct tumor invasion or metastasis, radiation-related BP, thoracic outlet syndrome, and iatrogenic injury, all of which can cause partial or complete loss of upper limb function (10).

BP-associated with breast cancer can occur due to radiation injury or metastatic spread of the tumor (11, 12). In our case, the first consideration for diagnosis was the more commonly occurring radiation-induced brachial plexus neuropathy (RIBPN) (10, 13, 14). It should be noted that the differential diagnosis between neoplastic-derived BP and RIBPN is complex in clinical practice. In terms of clinical features, pain is usually more severe in neoplastic BP than that in RIBPN, affects the lower brachial plexus more often, and is more commonly associated with Horner's syndrome (14, 15). In addition, sensory abnormalities and muscle weakness are usually more severe in tumor-induced brachial plexopathies than in RIBPN (16). The presence of myofibrillation on neurophysiological examination supports the diagnosis of RIBPN, together with the presence of myofibrillatory discharges (17–21). An electromyogram (EMG) can detect ~30% of myofibrillatory discharges, which are usually undetectable in cases with tumor infiltration; however, myofibrillatory discharges are not a common feature of RIBPN. MRI is a non-invasive test commonly used to distinguish brachial plexus pathologies (22, 23) and has a higher resolution of anatomical structures compared to other imaging techniques such as ultrasound. Conventional MRI sequences used to evaluate the brachial plexus typically include T1-weighted (T1W) and fat-suppressed T2-weighted (T2W) images. Upon fibrosis within and around neurons due to radiotherapy, T2W images show an equal to low signal relative to that of the muscle. Conversely, T2W sequences show a massy high signal in the presence of brachial plexus tumor infiltration. In addition, nerves with radiological brachial plexus injury show mainly diffuse, homogeneous, and symmetrical swelling on MRI (24). Tumors usually appear on MRI as a heterogeneous, asymmetric enlargement of the lesion and as an enhancing mass (25, 26). Based on these parameters, it is possible to differentiate between radiological brachial plexus injury and a tumor to a certain extent, and diffusion-weighted imaging (DWI) sequences may be effective in differentiating benign or malignant peripheral nerve mass-like or infiltrative lesions (27). In our case, the nerve ultrasound and MRI findings were not consistent with brachial plexus injury after radiotherapy, particularly the nodular and tumor-like thickening of the brachial plexus on ultrasound, suggesting a tumor association (28, 29).

PET is important for identifying the tumor-associated brachial plexus as it can detect the hypermetabolic manifestations of tumors. RIBPN generally reflects a slight avidity. Increased radioactivity uptake in the left brachial plexus on PET suggests the presence of a tumor (26, 30). In conjunction with this case, elevated tumor markers suggest the possibility of tumor-induced BP. However, this patient was treated with a full course of radiotherapy and continued endocrine therapy after breast-conserving surgery, and no tumor recurrence was observed at regular follow-up. The diagnosis of MPNST as the etiology of BP was confirmed with biopsy. The pathological diagnosis of MPNST requires a combination of morphology, immunohistochemistry and clinical history. Under the microscope, MPNSTs are typically infiltrative lesions that show different cell morphologies (including spindle-shaped, epithelioid, pleomorphic, or oval-shaped). Spindle-shaped cells MPNST are often arranged in long fascicles. The nucleus is also diverse in morphology, displaying elongated, conical, curved or wavy shapes. Widespread heterogeneity of the nucleus and nuclear schism are common. Interstitial vitreous changes and chondrogenic differentiation can be found on pathological images (31). These diagnostic pathomorphological manifestations are consistent with our case. Immunohistochemically, as the Schwann differentiation of tumors is highly variable and incomplete, S-100 protein expression is usually more restricted, showing weak positivity (32). Nuclear expression of Sox10 is an essential neural crest transcription factor for specification and maturation of Schwann cells (33). The expression of Ki-67 protein is recognized to be closely related to the cell division cycle and can reflect the malignancy of the tumor (34). Vimentin protein is an important component of the cytoskeleton. Positive immunohistochemistry indicates that the tumor is likely to originate from mesenchymal tissue (35). P120 is involved in intercellular adhesion and signal transduction in several cell types and is associated with tumor formation (36). Immunohistochemistry is very valuable for the diagnosis of MPSNT.

Breast and lung cancer are the most common cancer types causing BP. Primary brachial plexus tumors (e.g., nerve sheath tumors and neurofibromas) are uncommon and mostly isolated. These tumors rarely cause symptomatic plexopathy (10, 37). However, multiple tumors occur in patients with type I neurofibromatosis, and these are more likely to present as pain with associated functional deficits. Both type I neurofibromatosis and malignant transformation of these tumors are rare. MPSNT accounts for 5–10% of all soft tissue sarcomas and is much less common when it involves the brachial plexus; 10% of MPSNT is due to previous radiation exposure (5, 38, 39). In the present case, a diagnosis of radiation-induced MPNST was considered in the context of the patient's past medical history as a relationship between radiotherapy and MPNST progression had been demonstrated. Radiotherapy causes chromosomal damage and induces abnormal and atypical cytological proliferation of Schwann cells. It accelerates the progression of malignant nerve sheath tumors, particularly in susceptible patients (40, 41). As peripheral nerves are very sensitive to radiotherapy, persistent inflammation after this treatment leads to changes in the peripheral nerve microenvironment and a higher proliferation rate. Radiotherapy can also cause lymphatic obstruction and fibrotic damage to the perineural vessels, allowing mutated Schwann cells to evade immune surveillance and continue to proliferate (42).

Complete local surgical resection can prolong the survival of patients with malignant peripheral schwannomas. For radiation-induced MPNST, the median survival time was 5 months for patients without surgery, 16 months for patients with complete surgical resection, 28.3% for 2-year survival, 12 months for patients with incomplete surgical resection, and 7.5% for 2-year survival. In general, radiation-induced MPNST is associated with poorer prognosis compared with that for sporadic MPNST (43). In these circumstances, EMG can detect abnormal changes in electrical activity that occur during surgery, which may reveal potential nerve damage. Thus, the use of intraoperative neurophysiological monitoring (IONM) for electrical activity ensures the best possible nerve integrity, avoids unnecessary damage, and improves treatment prognosis (44).

In conclusion, a complete diagnostic pathway for BP in a patient with a history of breast cancer and radiotherapy is presented here. This case report highlights the importance of correctly diagnosing the etiology of BP in order to guide precise treatment. MPNST-derived BP, together with RIBPN and BP derived from breast cancer metastases require attention in clinical practice in a patient population with a history of breast cancer and radiotherapy, with biopsy playing a key role in the differential diagnosis. Concerning treatments, complete local surgical resection can prolong the survival of patients with MPNST and improve treatment prognosis. Importantly, the risk of brachial plexus injury secondary to MPNST should be considered before patients are treated with radiotherapy for the primary tumor lesion, and long-term follow-up along with neurological examination of patients after radiotherapy is necessary. It is also pertinent to investigate the molecular mechanisms underlying radiation-induced MPNST.
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The DES gene encodes desmin, a key intermediate filament of skeletal, cardiac and smooth muscle. Pathogenic DES variants produce a range of skeletal and cardiac muscle disorders collectively known as the desminopathies. We report three desminopathy cases which highlight the phenotypic heterogeneity of this disorder and discuss various factors that may contribute to the clinical differences seen between patients with different desmin variants and also between family members with the same variant.

KEYWORDS
 desmin, desminopathy, cardiomyopathy, myofibrillar myopathy, splice-site mutation


1. Introduction

Desmin is an intermediate filament which forms links between myofibrils, desmosomes, the nuclear envelope and the sarcolemma within skeletal, cardiac and smooth muscle (1). Structurally it consists of a head domain, a central rod domain with 1A, 1B, 2A, and 2B subunits and a tail domain. Mutations in the desmin gene (DES) produce a wide range of phenotypes collectively termed the desminopathies which can present with any combination of skeletal myopathy (myofibrillar myopathy, limb-girdle muscular dystrophy, Kaeser's scapuloperoneal syndrome), cardiomyopathy (dilated cardiomyopathy, hypertrophic cardiomyopathy, restrictive cardiomyopathy, left ventricular non-compaction cardiomyopathy or arrhythmogenic right ventricular cardiomyopathy), ventricular arrhythmia and/or cardiac conduction disease including atrioventricular bock (1, 2). Inheritance is typically autosomal dominant but cases of autosomal recessive inheritance have also been described (3, 4). Many pathogenic DES variants, through a toxic gain of function, result in intracellular accumulation of desmin aggregates, which are thought to contribute to disease pathophysiology (5, 6). However, not all pathogenic DES variants produce aggregates and it has been hypothesized that both loss of function and toxic gain of function may be contributory disease mechanisms (7).

Here we present three desminopathy cases that illustrate the phenotypic heterogeneity of the disease.



2. Case series


2.1. Case 1

A 54-year-old woman (individual II-1, Figure 1) was referred to our neurology clinic with progressive proximal upper and lower limb weakness over the preceding year. She had a pacemaker inserted at age 30 for complete heart block, previous atrial flutter requiring ablation at age 50 and ongoing paroxysmal atrial fibrillation for which she took amiodarone. Her mother (individual I-1, Figure 1) also required a permanent pacemaker at age 35 for complete heart block.


[image: Figure 1]
FIGURE 1
 Pedigree of Case 1 (II-1) and Case 2 (III-1). Proband is indicated by the black arrow. Black and white shapes indicate clinically affected and unaffected individuals, respectively. Squares and circles indicate males and females, respectively.


On examination, there was mild (Medical Research Council grade 4/5), symmetric weakness of shoulder abduction and hip flexion bilaterally with intact reflexes and a normal sensory examination.

Creatine kinase (CK) was mildly elevated at 199 U/L (normal range 34–145 U/L). Electromyography (EMG) revealed early recruitment of myopathic units in proximal muscles. Electrocardiogram (ECG) revealed regular P waves and ventricular pacing. Transthoracic echocardiogram (TTE) showed normal left ventricular size and systolic function (ejection fraction 51% by Simpson's biplane method).

Biopsy of the right deltoid revealed marked variation in muscle fiber diameter (ranging from atrophic to hypertrophic), patchy increase in internal nuclei and scattered fibers with basophilic granularity and peripheral basophilic lobular change (Figure 2A). Desmin immunohistochemistry revealed subsarcolemmal and focal central desmin-positive aggregates (Figure 2B). Electron microscopy showed widespread, predominantly subsarcolemmal accumulation of osmiophilic granulofilamentous material (Figure 2C). These findings were consistent with a myofibrillar myopathy.


[image: Figure 2]
FIGURE 2
 Muscle biopsies from Case 1 (II-1; A–C) and Case 2 (III-1; D–F) showed features of myofibrillar myopathy. Hematoxylin & eosin staining (A, D) showed subtle subsarcolemmal (solid white arrows) and central basophilic hyaline inclusions (dotted white arrows). Variation in muscle fiber size is also noted in patient II-1 (A). Desmin immunohistochemistry (B, E) revealed subsarcolemmal (solid black arrows) and central (dotted black arrows) aggregates. Electron microscopy (C, F) showed subsarcolemmal osmiophilic granulofilamentous material (asterisk).


Genetic testing revealed a novel heterozygous deletion in DES (c.735+1delG) that alters the invariant dinucleotide GT splice donor site at the start of intron 3. This variant is absent from the gnomAD database [American College of Medical Genetics (ACMG) criteria PM2]. Different pathogenic variants affecting the same nucleotide (c.735+1G>A, c.735+1G>C, and c.735+1G>T) have been previously reported in desminopathy patients and have been shown to result in skipping of exon 3 leading to an in-frame deletion of 32 amino acids from the rod 1B domain (criteria PS1 and PM4) (8–10). Park et al. (11) showed that this truncated version of desmin forms abnormal aggregates within the cytoplasm in a cell culture model and Brodehl et al. (12) found desmin-positive aggregates within cardiomyocytes from explanted myocardial tissue in a patient with an exon 3 skipping variant. Together these studies support the c.735+1delG variant as being likely pathogenic.

During 9 years of follow up, there was mild progression in proximal muscle weakness but no development of structural cardiomyopathy or ventricular arrhythmias.



2.2. Case 2

During the workup of patient II-1, her then 18-year-old son (individual III-1, Figure 1) was incidentally found to have a systolic murmur and an abnormal ECG during a routine pre-operative assessment prior to elective nasal septoplasty. He was referred to our cardiology clinic and at that time had no dyspnea, palpitations, chest pain or syncope and there was no weakness on neurological examination.

ECG revealed large QRS amplitudes and T-wave inversions in anterolateral leads suggestive of left ventricular hypertrophy but there was no evidence of conduction system disease. TTE revealed concentrically increased left ventricular wall thickness (up to 20 mm) with preserved systolic function (ejection fraction 60–65% by Simpson's biplane method) and mild-moderate diastolic dysfunction (Figures 3A–C). Holter monitor revealed sinus rhythm with nine sinus pauses >2 s (the longest being 3.4 s), which were asymptomatic. Cardiac magnetic resonance imaging (MRI) demonstrated increased left ventricular wall thickness predominantly affecting the anteroseptal and anterolateral walls (Figure 4A). There was increased mid-wall T2 signal and delayed post-gadolinium enhancement within the thickened segments indicating myocardial oedema and fibrosis (Figures 4B, C). CK was normal at 139 U/L.


[image: Figure 3]
FIGURE 3
 Parasternal long axis (A, D), mid-diastolic apical four chamber (B, E) and end-systolic apical four chamber (C, F) transthoracic echocardiogram images from Case 2 at ages 18 (A–C) and 27 (D–F). At age 18, the ventricular (LV) wall was concentrically thickened (interventricular septum 20 mm, posterior LV wall 20 mm) with vigorous systolic function (LV ejection fraction was 60–65% by Simpson's biplane method). At age 27, the LV wall was thin (interventricular septum 10 mm, LV posterior wall 3 mm) and there was moderate-severe LV dysfunction (LV ejection fraction 35–40% by Simpson's biplane method).



[image: Figure 4]
FIGURE 4
 Cardiac magnetic resonance imaging of Case 2 (III-1) at age 18. (A) Axial T2 sequence showed increased left ventricular wall thickness (18.05 mm). (B) Short axis T2 fat saturation sequence showed increased signal in the mid ventricular wall (arrow). (C) Short axis T1 post-gadolinium sequence showed delayed gadolinium enhancement within the ventricular myocardium (arrow).


Given that the clinical phenotype differed from the predominant conduction disease seen in his mother and grandmother, a biopsy of the right quadriceps was performed. This showed findings consistent with a myofibrillar myopathy with frequent subsarcolemmal hyaline inclusions and occasional centrally-placed inclusions (Figure 2D) which stained positively on desmin immunohistochemistry (Figure 2E). Electron microscopy revealed the same osmiophilic granulofilamentous ultrastructure seen in his mother's biopsy (Figure 2F). Genetic testing showed he carried the familial c.735+1delG DES variant.

At age 21, he developed intermittent presyncope and a Holter monitor revealed several runs of non-sustained ventricular tachycardia (longest run 17 beats) prompting insertion of an implantable cardioverter-defibrillator (ICD). Concurrently, sequential TTEs documented progressive reduction in left ventricular wall thickness (Figures 3D–F) and decline in left ventricular systolic function such that ejection fraction was 35–40% with global hypokinesis by age 27. At age 27 he had multiple episodes of ventricular tachycardia, which were terminated by defibrillation from his ICD. Serial ECGs also showed progressive conduction system disease with prolongation of the PR interval to 280 ms and QRS duration to 170 ms at age 27. Despite the biopsy finding of myofibrillar myopathy at age 18, there has been no development of clinically appreciable skeletal muscle weakness during follow up.



2.3. Case 3

A 48-year-old male presented with a 5-year history of facial and proximal upper and lower limb weakness, mild scapular winging and bilateral, asymmetric foot drop. CK was elevated at 712 U/L. His mother had a similar phenotype and both were initially clinically diagnosed with facioscapulohumeral dystrophy, however testing of chromosome 4 DZ4Z repeat length was normal. There was no family history of cardiac disease.

While awaiting further genetic testing to return, he presented acutely to hospital with sudden onset of dizziness and dyspnea. He was found to be in ventricular tachycardia and was successfully cardioverted to sinus rhythm. TTE showed a dilated cardiomyopathy with left ventricular ejection fraction of 35–40% (by Simpson's biplane method) and severe inferolateral hypokinesia. An ICD was implanted.

Genetic testing revealed a heterozygous missense c.5G>T (p.Ser2Ile) variant in the desmin head domain that has been previously reported in multiple patients with myofibrillar myopathy (2, 10, 13). Missense variants are a common cause of disease in the desminopathies (ACMG criteria PP2) (14). The Ser2 residue is conserved in mammals and substitution of serine residues in the head domain for hydrophobic residues (such as isoleucine) appears to be a common pattern amongst pathogenic head domain variants (criteria PM1) (15). This c.5G>T variant is absent from gnomAD (criteria PM2) and is predicted to be pathogenic by several in silico meta-scores including BayesDel and MetaRNN (criteria PP3). The p.Ser2Ile protein has been shown to form irregular, entangled intermediate filaments in a cell culture model (PS3) (15). As such, this variant is considered to be likely pathogenic.

During 5 years of follow up, the patient has had recurrent episodes of ventricular tachycardia terminated by the ICD.




3. Discussion

In this report we present three cases that highlight the well-described clinical heterogeneity of the desminopathies. Despite Case 1 and 2 harboring the same familial variant, Case 1 presented with severe cardiac conduction system disease in early adulthood followed several decades later by a mild limb-girdle pattern of weakness in middle age, whereas Case 2 presented with asymptomatic hypertrophic cardiomyopathy identified in his teenage years which progressed over a few years to dilated cardiomyopathy with ventricular arrhythmias requiring ICD implantation and development of mild conduction system disease. In contrast to Cases 1 and 2 where cardiac symptoms were the initial manifestation of disease, Case 3 initially presented with a combination of facial, scapular and both proximal and distal limb weakness in middle age and then several years later manifested with symptomatic dilated cardiomyopathy and ventricular arrhythmia requiring ICD implantation.

Genotype-phenotype correlations explain some of the phenotypic variability seen in the desminopathies. A systematic review performed by van Spaendonck-Zwarts et al. (14) reviewed 159 patients with 40 different DES variants and found that isolated neurologic phenotypes occurred most commonly with variants in the rod 2B domain whereas isolated cardiac phenotypes occurred most commonly with variants in the head or tail domains (14, 16). However, for patients with both neurological and cardiological features, the location of the variant did not seem to predict whether cardiac or neurological features manifested first. More recently, variants in the rod 1B domain (such as the variant in Case 1 and 2) have been linked to a higher likelihood of early onset cardiomyopathy compared to variants in other domains (17). Some of the genotype-phenotype correlation may be explained by the propensity of different DES variants to cause loss of function and/or toxic gain of aggregation function (5–7, 17). For example, variants in the desmin tail domain have less propensity to form aggregates (7, 18). The molecular effect of specific variants is also modified by whether they are inherited in isolation (i.e., dominantly) or along with another abnormal allele (i.e., recessively), explaining why phenotype may correlate with mode of inheritance. For example, many dominant gain of function variants present in adulthood whereas some recessive loss of function variants present with severe disease in infancy (3).

Previous attempts at genotype-phenotype correlations may be confounded by several issues relating to the retrospective and cross-sectional nature of these analyses. Firstly, both skeletal myopathy and cardiomyopathy may be present but asymptomatic in an individual, as demonstrated by Case 2 who had biopsy-proven skeletal muscle involvement but no clinical muscle weakness and Case 3 who had dilated cardiomyopathy that had presumably been present for some time before finally manifesting as ventricular tachyarrhythmia. Secondly, the cardiac phenotype may change over time as demonstrated by Case 2 where the initially asymptomatic hypertrophic cardiomyopathy progressed to symptomatic dilated cardiomyopathy with ventricular tachycardia over several years. Interestingly Gudkova et al. (8) report an almost identical presentation of an initially asymptomatic teenage male with a c.735+1G>A variant who, like Case 2, was identified to have a hypertrophic cardiomyopathy on an incidental basis and then over time progressed to a restrictive and then, finally, a dilated cardiomyopathy with development of frequent ventricular tachycardia. Furthermore, although the study by van Spaendonck-Zwarts et al. (14) did not analyse change in cardiac phenotype over time in individual patients, they did find that, at a group level across all different DES variants, both restrictive and hypertrophic cardiomyopathies were diagnosed at significantly earlier ages than dilated cardiomyopathy (mean age 28 vs. 33 vs. 46 years, respectively). The same transformation of cardiac phenotype seen in Case 2 is also seen in a murine DES knockout model, which is initially characterized by cardiac hypertrophy with preserved left ventricular systolic function followed at a later stage by ventricular dilatation and impaired ventricular systolic function (5). Prospective registries with systematic and longitudinal assessment of cardiac and neurologic phenotypes at multiple time points would help to address the above-mentioned issues and may yield further insights into genotype-phenotype relationships.

Nevertheless, it remains difficult to explain all components of the observed phenotypic variability based on genotype alone. For example, regarding the distribution and severity of neurological involvement, even accounting for age-related penetrance, patients harboring the same variant may present with different degrees and patterns (e.g., proximal limb/limb-girdle, distal limb, proximal and distal limb, scapuloperoneal, facial, etc.) of muscle weakness (10, 14). Indeed, while Case 3 had facial, scapular and proximal and distal limb weakness by his 40s, a previously reported case with the same p.Ser2Ile variant was reported to have no clinically appreciable skeletal muscles weakness at age 48 (10).

Environmental factors may explain some of the otherwise unexplained phenotypic variability and may also contribute to changes in phenotype over time (19). Desmin expression in skeletal muscle is known to increase following sustained muscle activity in healthy volunteers (20). Furthermore, in a desminopathy skeletal muscle cell culture model generated by Segard et al. (19), thermal, oxidative and mechanical stressors precipitated intracytoplasmic desmin aggregation and this occurred more in cells transfected with desmin with a rod domain variant compared to head and tail domain variants. Separately, in a desminopathy rat model, chronic exercise produced increased desmin aggregation and myofibrillar damage resulting in progressive decline in exercise tolerance over time (21). Collating this data, it is possible then that there is a genotype-environment interaction where environmental stressors, including physical exercise, may upregulate desmin expression and precipitate or accelerate toxic aggregation of desmin and that this may be modulated by the propensity of different DES variants toward aggregate formation. However, the effect of different types and levels of intensity of exercise has not been explored thoroughly. Indeed, a low-intensity endurance and resistance regimen has been suggested to be safe and even beneficial in a single human desminopathy case report (22).

Gender is another potential contributor to phenotypic variability and may explain some of the differences seen between Cases 1 and 2. The meta-analysis by van Spaendonck-Zwarts et al. (14) found that, across all the pathogenic DES variants analyzed, cardiomyopathy was more common in males compared to females (54 vs. 36%) (14). Furthermore, within large desminopathy families with the same variant, cardiomyopathy has been shown to be more frequent, earlier in onset and more severe, often presenting with sudden cardiac death, in males compared to females (23, 24). Our report of early-onset structural cardiomyopathy with recurrent ventricular arrhythmia as the major presenting feature in a male (Case 2) compared to later onset skeletal myopathy (albeit with early onset cardiac conduction deficits) in his mother in her 50s (Case 1) is consistent with this pattern. Arias et al. (23) hypothesized that this gender effect could be mediated by hormonal factors and/or related to less intense physical activity in female patients (13). Regarding hormonal mechanisms, in a murine model of exercise-induced muscle damage, Komulainen et al. (25) found that female rats exhibited significantly less post-exercise loss of subsarcolemmal desmin expression compared to male rats and hypothesized that this may be due to a protective effect of estrogen on sarcolemmal integrity. Thus, gender-exercise interactions may also modify the desminopathy clinical phenotype.



4. Conclusion

Our three desminopathy cases emphasize that this condition can present with various combinations of limb and/or facial muscle weakness, different forms of structural cardiomyopathy, ventricular arrhythmias and/or cardiac conduction deficit and that the exact combination and temporal sequence of these clinical features can vary both between different DES variants and also within families with the same variant. It is likely that multiple factors including the location of the specific variant within the DES gene, mode of inheritance, environmental stressors and gender interact to produce this phenotypic heterogeneity. We also reconfirmed a previous finding that the cardiac phenotype may evolve over time from an initial hypertrophic cardiomyopathy to a dilated cardiomyopathy at later stages indicating that age at time of clinical assessment is another factor that may contribute to apparent variability in the clinical manifestation of this disorder.
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Hypokalemic periodic paralysis (HPP) is a heterogeneous group of diseases characterized by intermittent episodes of delayed paralysis of skeletal muscle with episodes of hypokalemia, caused by variants in CACNA1S or SCN4A genes, or secondary to thyrotoxicosis, Sjogren syndrome, primary aldosteronism, etc. HPP may be the only presentation in Andersen–Tawil syndrome in which the majority of cases are caused by pathogenic variants in the KCNJ2 gene. We present a case of a 29-year-old male with hypokalemic periodic paralysis. The patient began to experience recurrent weakness of the extremities at the age of 26, which was effectively treated with potassium supplementation. He had recently developed dry mouth, palpitations, weight loss, and even dyspnea, with a serum potassium level as low as 1.59 mmol/L. The results of auxiliary examinations showed Graves' disease, and genetic testing indicated a missense variant, NM_000334.4 (SCN4A):c.3404G>A (p.R1135H). He did not experience periodic paralysis during follow-up after lifestyle guidance and treatment of thyrotoxicosis with radioactive iodine. It is a rare case of SCN4A p.R1135H gene variant combined with hyperthyroidism resulting in HPP with respiratory muscle paralysis to raise awareness of the disease and avoid misdiagnosis and missed diagnosis.
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Introduction

Hypokalemic periodic paralysis (HPP) is a rare ion channel disorder and is one of the most common forms of periodic paralysis. The incidence of HPP is ~1 in 100,000 (1). Since Musgrave proposed HPP in 1,727 (2), there has been a growing understanding of the disease. HPP is caused primarily by variants in genes encoding skeletal muscle ion channels that reduce the excitability of the muscle membrane, leading to susceptibility to episodes of paralysis (3). The disease is genetically heterogeneous, and the known variants are mainly in the CACNA1S gene, which encodes a voltage-gated calcium channel in skeletal muscle, and the SCN4A gene, which encodes a sodium channel, among which the CACNA1S gene variant predominates, accounting for about 60% of all variants and the SCN4A gene variant for 20% (4). Approximately 20% of HPP remain unidentified genetically. The disease is generally autosomal dominant and is more common in non-Hispanic Caucasians, known as familial HPP (FPP) (5). Non-familial HPP includes thyrotoxic periodic paralysis (TPP) and sporadic periodic paralysis (SPP), which are more common in Asians and Hispanics (5). The incidence of SPP in Asian populations is lower than that of TPP which is about 2% in Asian populations with thyrotoxicosis (6). Graves' disease (GD) is the most common cause of TPP (7). The pathogenesis of sporadic periodic paralysis is unclear. Sung et al. conducted a study to clarify whether sporadic HPP and familial HPP have similar genotypes and showed that all FPPs contained variants in the CACNA1S or SCN4A genes, whereas only 4 of 60 participants with SPP were detected with variants in the CACNA1S or SCN4A genes, and there was no significant difference in phenotype between SPP and FPP with variants, except for the later age of onset of SPP (8). The mechanism of hyperthyroidism leading to HPP is also not clear. TPP is associated with elevated thyroid hormone-stimulated Na+-K+ ATPase activity. TPP was suggested to be an ion channelopathy, and variants in KCNJ18 encoding potassium channel Kir2.6 were reported in some TPP patients (9–11). Interestingly, variants in the KCNJ18 gene were also reported in patients with SPP (10). There are now substantial studies showing that variants in SCN4A or CACNA1S gene are not associated with TPP (12). The combination of coexisting HPP caused by SCN4A gene variants and thyrotoxic periodic paralysis is very rare. We present an exceptionally rare case of the coexistence of HPP caused by variants in SCN4A genes and TPP.



Case description

A 29-year-old Chinese male patient, who started to experience recurrent weakness in the morning or after staying up late at the age of 26, was diagnosed with HPP associated with a genetic variant after a complete examination at a local hospital, but the specific gene was not clear. We were unable to retrieve detailed data on relevant laboratory parameters at that time, but he remembered clearly the thyroid function was normal. Treatment with potassium supplementation was effective, but recurrent episodes persisted. He was admitted to the local hospital 12 days before he came to our hospital due to an increased frequency of attacks, muscle pain, dry mouth, palpitation, and profuse sweating. The serum potassium level was 1.59 mmol/L. Intravenous potassium supplementation was not effective, and he had chest tightness, inability to speak, and dyspnea. Blood gases suggested PH 7.18, PCO2 54.8 mmHg, and PO2 134 mmHg. After endotracheal intubation, mechanical ventilation, and potassium supplementation, the above symptoms improved, but they still recurred and his weight dropped by 2 kg. He denied any past medical history and taking other medications. His parents were healthy and he was an only child, and there were no similar symptoms in his family.

Physical examination showed that vital signs all remain stable and in a normal range. The heart was in rhythm, no significant murmurs were heard in all valve auscultation areas, and his muscle strength and tone were normal.

Laboratory examination revealed thyroid-stimulating hormone (TSH) of 0.01 mIU/L (reference interval, RI:0.27–4.20), free thyroxine (FT4) of 28.42 pmol/L (RI:12.00–22.00), free triiodothyronine (FT3) of 9.98 pmol/L (RI:3.10–6.80), thyrotropin receptor antibody (TRAb) of 20.82 IU/L (RI:0.00–1.75), serum potassium of 2.93 mmol/L (RI:3.5–5.3), sodium of 142.35 mmol/L (RI:137–147), chloride of 110.41 mmol/L (96–108), calcium of 2.09 mmol/L (RI:2.11–2.52), magnesium of 0.69 mmol/L (RI:0.75–1.02), inorganic phosphate of 1.19 mmol/L (RI:0.85–1.51), and carbon dioxide combining power of 20.32 mmol/L (RI:22–29). Hepatic and renal function, serum muscle enzymes, blood glucose, cortisol, renin, and aldosterone were within normal limits. Antinuclear antibody, SSA, SSB, anti-thyroglobulin antibody, and antithyroid peroxidase antibody were negative. Electrocardiogram showed sinus rhythm and marked T depression in leads I, aVL, II, III, aVF and V5–V6, and abnormal U-wave. Static thyroid imaging showed the fullness of the thyroid gland bilaterally with diffuse hyperintensity, consistent with “hyperthyroidism.” The thyroid ultrasound did not show any significant abnormalities. The iodine uptake rate of the thyroid gland was higher than normal. Genetic testing revealed a pathogenic heterozygous variant, NM_000334.4 (SCN4A):c.3404G>A (p.R1135H) after obtaining the patient's informed consent. Regretfully, due to distance, the patient's parents failed to undergo genetic testing.

Based on these results, we diagnosed the patient with hypokalemic periodic paralysis, caused by a variant in the SCN4A gene combined with Graves' disease. Lifestyle education was given, and treatment with radioactive iodine was administered. The patient was followed up at 3 and 9 months after discharge. He stated no recurrence of muscle pain and weakness after discharge and became hypothyroid (Table 1), and he is now being given 100 μg of levothyroxine replacement therapy.


TABLE 1 Thyroid function before treatment and during follow-up.
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Discussion

Hypokalemic periodic paralysis associated with variants in the CACNA1S or SCN4A genes, also known as primary HPP and thyrotoxic hypokalemic periodic paralysis, did not differ in terms of attack characteristics, with prodromal symptoms including muscle pain, fatigue, and paresthesia. Weakness usually begins in the proximal muscles of the lower extremities and may progress to flaccid tetraplegia. Episodes of HPP have certain triggers, including ingestion of carbohydrates or alcohol intake, and rest after strenuous exercise. The paralytic attack rate of primary HPP is highest between the ages of 15 and 35 years and decreases after the age of 35 years. The muscle weakness can be focal or generalized, with the ocular, bulbar, and respiratory muscles usually unaffected, lasting several hours (sometimes up to several days) and then gradually subsiding (1, 2). TPP usually occurs in people around 20–40 years of age, with gender differences, with a male-to-female ratio of about 20:1 (12). A case accompanied by ventricular tachycardia and acute respiratory failure has been reported (13), but life-threatening complications have rarely been seen in clinical practice.

In this case, the patient had typical clinical features of HPP. He was a young Asian man, with typical muscle aches and pains during attacks, triggered by staying up late, and potassium supplementation was effective. The patient was initially diagnosed with HPP associated with a gene variant at a local medical unit. As the patient grew older, the frequency of episodes did not decrease, and he developed symptoms of hyperthyroidism such as dry mouth, palpitation, and weight loss. In addition, potassium can even be as low as 1.59 mmol/L, and respiratory muscles were involved, leading to respiratory muscle paralysis.

The diagnosis of primary HPP is based on a history of flaccid paralysis episodes, a positive family history, characteristic changes in serum potassium, and the exclusion of secondary causes. Whereas, genetic testing is the gold standard for confirming the diagnosis, a significant number of patients have no identifiable variants (3). Diagnostic clues for TPP include adult male, no familial hypokalemic periodic paralysis, no familial history of hyperthyroidism, or hypophosphatemia at the time of the episode, blood acid–base balance is relatively normal (12), and thyrotoxicosis is a prerequisite for the diagnosis of TPP. For our patient, the possibility of HPP due to Sjogren syndrome, Cushing syndrome, and primary aldosteronism was excluded. There were no hyperthyroid symptoms, the thyroid function was normal at that time of onset, and he had no clues at the time to suggest secondary periodic paralysis.

The main sodium channel expressed in skeletal muscles is Nav1.4, which alpha subunit is encoded by SCN4A (4). The alpha subunit of the sodium channel consists of four homologous domains, designated DI to DIV. Each domain is composed of six transmembrane helical segments named S1 to S6, and segments S1–4 form the voltage-sensing domain (14). Since Bulman et al. found that the variant of R669H of SCN4A was associated with the pathogenesis of HPP in 1999 (15), 10 SCN4A variants have been linked to HPP, and HPP caused by variants in SCN4A genes is inherited with an autosomal dominant trait (4). Functional studies suggest that the most likely pathomechanism consists of the creation of an aberrant pore beside the normal ion conduction pathway. This gating pore permits small leakage of cationic currents at rest, favoring membrane depolarization in hypokalemia that, in turn, inactivates sodium channels and rends the fiber inexcitable (4). The variant (c.3404G>A: p.R1135H) is in the S4 segment of domain III and causes HPP by neutralizing arginine residues in S4 segments (16). The variant was classified as variants of pathogenic according to ClinVar. Functional studies with native R1135H muscle fibers showed that the variant increases the probability of depolarized resting membrane potentials under normal conditions and reduced extracellular potassium compatible with the diagnosis (17). R1135H has been reported in heterozygous patients with FPP and also can be de novo variants in SPP patients (8, 16, 17). The prevalence study of genetically defined skeletal muscle channelopathies in England showed that the frequency of R1135H in 95 HPP patients was 4% (18). The individuals with the variants had typical HPP phenotype, and the age at onset of attacks was in the second decade, with attacks usually occurring at night or in the early morning, and associated with low serum potassium levels or with provocative factors (16).

Although the results of gene testing at the time of onset were not known, we still considered that the cause of the periodic paralysis initial episode due to a genetic variant associated with primary HPP (c.3404G>A: p.R1135H in SCN4A), exacerbated by hyperthyroidism even leading to dyspnea.

This reminds us that although we identified the cause of HPP through gene testing, we still need to pay attention to whether the patient has other causes leading to changes in the condition, and we need to dynamically monitor other indicators to prevent life-threatening situations.

Treatment of primary HPP should be multifaceted, beginning with lifestyle and behavioral changes, such as identification and avoidance of triggers and avoidance of high carbohydrate intake (3). Pharmacologic treatment for HPP currently focuses on potassium supplementation, potassium-preserving diuretics, and carbonic anhydrase inhibitors (including acetazolamide and dichlorphenamide). Of these, oral or intravenous potassium supplementation is the only way to abort the paralysis. Acetazolamide and dichlorphenamide are commonly used for the prevention of periodic paralytic episodes, but the mechanism of action remains unclear. Acetazolamide has been the most commonly used drug for the treatment of HPP since 1968. A retrospective study in the UK showed that only about 50% of patients with primary HPP responded to acetazolamide, and patients with the CACNA1S variant had a greater chance of benefit than patients with the SCN4A variant (19), while exacerbations have been reported with acetazolamide in patients with the SCN4A variant (20). Dichlorphenamide was the first drug in the US to be approved for use in patients with primary hypokalemic periodic paralysis, and several clinical trials have shown that dichlorphenamide is effective in reducing the frequency of episodes of primary HPP (21), and in improving the quality of life of patients with HPP and maintaining its efficacy over time, despite the relationship between genetic background and the effectiveness of dichlorphenamide remains unknown (22). However, common side effects of using carbonic anhydrase inhibitors include abnormal sensation, fatigue, mild cognitive impairment, and kidney stones (3). Potassium-preserving diuretics have also been effective in primary HPP in patients who are intolerant to carbonic anhydrase inhibitors. Some studies have suggested bumetanide as a potential treatment for periodic paralysis, but the sample size of the relevant studies is small, so the potential use of this drug for the treatment of HPP requires further study (23). Treatment of TPP includes potassium chloride supplementation, non-selective β-blockers to prevent episodes of TPP by inhibiting sodium–potassium ATPase activity, antithyroid drugs, radioactive iodine, surgical control of hyperthyroidism, and avoidance of precipitating factors. In contrast, acetazolamide, a classic drug for primary hypokalemic periodic paralysis, can induce recurrent episodes of TPP (12). Because the treatment methods are different, it is very important to identify the cause. A study showed that to minimize future relapses, more definitive primary treatment such as radioactive iodine or surgery is preferred over ATD alone (24). For this patient, as a young male patient with SCN4A gene variant combined with Graves' disease, the symptoms were severe at the time of the attack; hence, we ultimately recommended that the patient's symptoms improve with lifestyle interventions, treatment with radioactive iodine for thyrotoxicosis, and he did not experience attacks of periodic paralysis.



Conclusion

We present an exceptionally rare case of hypokalemic paralysis caused by a variant, NM_000334.4 (SCN4A):c.3404G>A (p.R1135H), combined with hyperthyroidism. From this case, we conclude that even after the genetic diagnosis is clear that the variant causes hypokalemic periodic paralysis, it is still necessary to pay attention to dynamic monitoring of thyroid function and other causes of periodic paralysis in order to avoid life-threatening exacerbation of the patient's condition and to reduce misdiagnosis and underdiagnosis.
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Recessive pathogenic variants in the laminin subunit alpha 2 (LAMA2) gene cause a spectrum of disease ranging from severe congenital muscular dystrophy to later-onset limb girdle muscular dystrophy (LGMDR23). The phenotype of LGMDR23 is characterized by slowly progressive proximal limb weakness, contractures, raised creatine kinase, and sometimes distinctive cerebral white matter changes and/or epilepsy. We present two siblings, born to consanguineous parents, who developed adult-onset LGMDR23 associated with typical cerebral white matter changes and who both later developed dementia. The male proband also had epilepsy and upper motor neuron signs when he presented at age 72. Merosin immunohistochemistry and Western blot on muscle biopsies taken from both subjects was normal. Whole exome sequencing revealed a previously unreported homozygous missense variant in LAMA2 [Chr6(GRCh38):g.129297734G>A; NM_000426.3:c.2906G>A; p.(Cys969Tyr)] in the proband. The same homozygous LAMA2 variant was confirmed by Sanger sequencing in the proband's affected sister. These findings expand the genotypic and phenotypic spectrum of LGMDR23.
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 limb girdle muscular dystrophy, genotype, phenotype, LAMA2, whole exome sequencing


Introduction

Laminin subunit alpha 2 (LAMA2) encodes the α2 subunit of merosin (laminin-2), a glycoprotein critical for linking the sarcolemma to the extracellular matrix (1). Recessive pathogenic LAMA2 variants cause a wide spectrum of dystrophic muscle disease ranging from severe congenital muscular dystrophy to later-onset limb girdle muscular dystrophy (LGMDR23), which presents after 12 months of age (2). LGDMR23 is a rare form of LGMD, accounting for only about 2% of all patients in Western European LGMD cohorts (3, 4). Most cases of LGMDR23 are caused by missense variants that result in partial merosin deficiency (2).

LGMDR23 typically presents in childhood with slowly progressive proximal limb weakness, contractures and raised creatine kinase (CK) (2). Motor milestones can be delayed, though nearly all patients achieve independent ambulation, which is typically maintained throughout life (2). Central nervous system (CNS) complications feature prominently in LGMDR23, with distinctive cerebral white matter signal changes reported in almost all cases and epilepsy in some (2).

Here we describe a proband aged 72 years who presented in his early thirties with LGMD and progressed to develop severe dementia, which began manifesting in his mid-sixties, and diffuse upper motor neuron (UMN) signs without a clear alternative explanation for these features. His sister also had a history of LGMD followed by the development of dementia in her late fifties. Whole exome sequencing (WES) in the proband identified a previously unreported homozygous missense variant in LAMA2 [Chr6(GRCh38):g. 129297734G>A; NM_000426.3:c.2906G>A; p.(Cys969Tyr)]. The same homozygous LAMA2 variant was confirmed by Sanger sequencing in the proband's affected sister. Although cerebral white matter changes are common, UMN findings and severe cognitive impairment have not previously been reported in association with LGMDR23.



Methods


Ethics

Ethical approval for use of muscle tissue and DNA from probands and controls were obtained from the Human Research Ethics Committees of the Children's Hospital at Westmead, Australia (2019/ETH11736) and all study participants (or their guardians) provided informed, written consent.



Genetic testing

Whole exome sequencing was performed for the proband as part of a previous study, where the proband remained undiagnosed (5). The WES data was reanalysed in the present study. Variant filtering and analysis was performed in seqr (6) using a minor allele frequency cut-off of 0.001 from the gnomAD database (7) and genes associated with neuromuscular disorders in publicly available gene lists (8) (Supplementary Table 1). Sanger sequencing was performed to confirm the LAMA2 variant in the proband and his affected sister, using the primers; LAMA2ex21F: 5'-agttcctctgttcccacctg-3' and LAMA2ex21R: 5'-cgttgtatcaatctgtgcttcc-3.'The chromosomal microarray (CMA) was performed using the Illumina Whole-Genome Infinium CytoSNP 850K Array v1.1. Results were analyzed with BlueFuse Multiversion 4.4, using genome reference sequence GRCh37/hg19.



Muscle immunohistochemistry and western blot

Cryopreserved muscle tissue was sectioned at 8 μm thickness and collected in pre-cooled microcentrifuge tubes for western blot or on microscopic slides (SuperFrost®Plus, Menzel, Germany) for immunostaining.

Immunostaining was performed on non-fixed tissue as described previously (9) using α-merosin (laminin α2) antibodies (MAb1922, Chemicon, 1:20000; NCL-Merosin, Novocastra, 1:200) and α-spectrin antibody (NCL-SPEC1, Novocastra, 1:300). Slides were imaged on a Leica DMi8 microscope and figures prepared using Adobe Illustrator.

Protein sample preparation and western blot was performed as previously described (10). Protein samples were separated on a 4–12% 1 mm NuPAGE™ Bis-Tris gel (Life Technologies) using MOPS running buffer at 150 V and transferred onto a PVDF membrane (Merck Millipore Immobilon™-P, 0.45 μm) for 1 h at 400 mA in Tris-Glycine buffer containing 0.075% sodium dodecyl sulfate and 15% methanol. Total protein was detected using Revert™ 700 total protein stain (LI-COR Biosciences) according to manufacturer's instructions.

Membranes were cut at the 115kD marker band and probed with an α-merosin antibody (bottom half, MAB1922, Chemicon, 1:500) and α-dystrophin antibody (top half, NCL-DYS3, Novocastra, 1:100) overnight at 4°C. Antibody binding was detected using an α-mouse HRP secondary antibody (Merck, 1:1000 for DYS3 detection and 1:2000 for merosin detection) for 2 h at room-temperature. Blots were imaged using the Odyssey CLx imaging system (LI-COR Biosciences) and analyzed using ImageJ. Merosin protein levels were normalized to actin (from total protein stain) and dystrophin. Dystrophin protein levels were also normalized to total protein. The average of 2–3 experiments for each sample was plotted on the graph.




Case report

The male proband (IV-1) was the first child of consanguineous first cousin parents (III-1 and III-2) (Figure 1). He had three sisters (IV-2, IV-3 and IV-4). He had a history of normal childhood motor and language development and was University educated. He presented at age 36 years with a several year history of frequent falls, initially attributed to pelvic fractures sustained from a previous mining accident. He experienced slowly progressive limb weakness with elevated CK (400–600 U/L; normal range <171 U/L). Cognitive issues manifested in his mid-60 s, with family members reporting poor decision making, reduced insight and memory problems. There were no visual hallucinations. Progressive cognitive impairment and severe weakness necessitated high-level nursing home care. Tonic-clonic epileptic seizures, without clear focal onset, began in his late 60 s. Magnetic resonance imaging (MRI) of the brain aged 64 showed confluent, bilateral white matter T2 hyperintensity with involvement of the corpus callosum (Figure 2). There was no significant cerebral or hippocampal atrophy. At around 70 years of age the proband became dependent upon the use of a wheelchair, non-verbal and incontinent.


[image: Figure 1]
FIGURE 1
 Family tree. Family tree showing that the proband (IV-1) and his affected sister (IV-2) were born to consanguineous first cousin parents (III-1 and III-2). Two sisters in their 60s were unaffected (IV-3 and IV-4). Square, male; circle, female; black circle or square, clinically affected; white circle or square, clinically unaffected; line through circle or square, deceased (age of death, where known, given below circle or square as denoted by d.); double line, consanguinity; small black arrow, proband.
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FIGURE 2
 MRI brain of proband. Axial FLAIR* image from MRI brain of proband at 64 years of age showing confluent, bilateral white matter T2# hyper intensity with involvement of the corpus callosum *FLAIR, Fluid-attenuated inversion recovery; #T2, transverse relaxation time.


The proband had a history of well-controlled type II diabetes mellitus, hypothyroidism, depression, paroxysmal atrial fibrillation, and recurrent squamous cell carcinomas. His regular medications at age 72 included sodium valproate 600 mg twice daily, aspirin 100 mg daily, thyroxine 50 mcg 5/7 days and 100 mcg 2/7 days, metformin 500 mg daily, vitamin D 25 mcg daily, insulin glargine 25 units subcutaneously daily, Movicol sachet daily, docusate sodium with senna two tablets twice a day, paracetamol 500 mg two tablets four times a day and risperidone 2 mg as needed.

Examination at the age of 72 showed that he could only follow basic one-step commands and was non-verbal precluding more formal cognitive testing. There was diffuse limb muscle wasting with fixed flexion contractures of the elbows, fingers, hips, and knees. There was Medical Research Council (MRC) grade ≤3 weakness of the proximal and distal limb muscles that could be tested. There was calf pseudohypertrophy. Limb tone was difficult to assess due to the presence of contractures, but pathologic clonus was elicited at the ankles. The reflexes were brisk, and the plantar responses were equivocal. Sensory examination was challenging but the patient appeared to feel sharp sensation in all four limbs. His pupils were equal and reactive to light. Detailed examination of eye movements was not possible due to his difficulty in following instructions and sustaining attention. No facial weakness was observed. The proband was unable to stand or walk.

There was no record of a previous electroencephalogram, nerve conduction study/electromyogram (EMG), transthoracic echocardiogram or respiratory function test. Given the degree of his disability and advanced dementia these were not pursued as the results would not have changed management. The proband continued to decline and poor control of his tonic-clonic seizures resulted in an escalation of his anti-seizure medications. The proband succumbed to aspiration pneumonia at the age of 74.

His younger sister (IV-2) died at the age of 62 from pneumonia in the setting of early onset dementia. She presented to another facility with slowly progressive limb weakness with elevated CK (400-650 U/L) and gait dysfunction from the age of 50. Poor decision making and impairments in working memory were noted in her late 50 s. A limited EMG of her biceps muscle showed myopathic changes characterized by small amplitude motor units without abnormal spontaneous activity. Neuroimaging showed extensive cerebral white matter disease (not shown). From the age of 59 there was a more rapid deterioration in her cognitive and physical function culminating in her being bedbound, mute, and doubly incontinent for the 12 months prior to her death. She did not have a history of epilepsy. The other two sisters in their 60 s (IV-3 and IV-4) were unaffected. There was no other family history of neuromuscular disease or dementia.


Genetic testing

Genetic testing, including targeted sequencing of FKRP, DNM2 and LARGE genes, failed to identify causative genetic variants. Whole exome sequencing, performed from blood of proband (IV-1) identified a previously unreported homozygous missense variant [NM_000426.3:c.2906G>A;p.(Cys969Tyr)] in exon 21 of LAMA2 (Table 1) [submitted to ClinVar– https://www.ncbi.nlm.nih.gov/clinvar/variation/1693116/?oq=LAMA2%5bgene%5+p.Cys969Tyr&m=NM_000426.4(LAMA2):c.2906G>A%20(p.Cys969Tyr)]. Sanger sequencing confirmed the LAMA2 variant was homozygous in the proband and his affected sister (IV-2). The two unaffected sisters (IV-3 and IV-4) were not available for genetic testing for segregation analysis. A chromosomal microarray detected multiple long contiguous stretches of homozyosity (LCSH), including the LAMA2 locus on chromosome 6.


TABLE 1 Genetic summary table for novel variant.

[image: Table 1]



Muscle histopathology

A quadriceps muscle biopsy obtained from the proband at age 56 years showed myopathic changes with marked replacement of muscle with adipose tissue (Figure 3Ai). The remaining muscle fibers showed marked variation in myofibre diameter with numerous severely atrophic fibers.


[image: Figure 3]
FIGURE 3
 Histology, immunohistochemistry and Western blot analysis. (A) Haematoxylin and eosin (H&E) staining of muscle biopsies obtained from the proband (P) at age 56 years (i; quadriceps) and 64 years (ii; biceps). Unstained areas observed in (i) represent adipose tissue infiltrates while muscle fibers appear pink in H&E-stained sections. (B) Merosin immunohistochemical staining of proband (P) quadriceps muscle biopsies and a muscle biopsy obtained from the proband's sister (S) at 59 years demonstrating membrane-staining comparable to control 1 (C1). Immunostaining for spectrin, another membrane-associated protein, showed a staining pattern similar to merosin. (C) Immunohistochemical staining of proband biceps muscle obtained at age 64 years with two merosin antibodies (i: Chemicon MAb1922; ii: NCL-merosin Novocastra) demonstrated membrane-associated staining pattern of merosin similar to (B). (D) Western blot of muscle from the proband (P; 56y) and his sister (S; 59y) showed merosin protein levels similar to those detected in three control samples: C1 = 56y (female), C2 = 57y (female), C3 = 59y (male). (E) Bar graphs of merosin protein levels normalized to actin (measured from total protein stain) (i), dystrophin protein levels normalized to total protein (ii) and merosin protein levels normalized to dystrophin (iii). Average ± standard deviation for proband and sister (collectively denoted as P) and controls (C) are shown. Groups were compared by using a t-test and found to be not significantly different (ns, i; p = 0.4848, ii; 0.0734, iii; 0.1926).


A biceps muscle biopsy taken subsequently, aged 64 years, showed less severe myopathic changes compared to his quadriceps biopsy with increased internal nuclei, variation in myofibre diameters including hypertrophic and atrophic fibers, but no adipose tissue infiltration (Figure 3Aii). A quadriceps muscle biopsy of the proband's sister at age 59 years showed myopathic changes similar to the quadriceps muscle biopsy from her brother at the age of 56 with severe variation in myofibre diameter, numerous atrophic fibers and significant replacement of skeletal muscle with fibroadipose tissue (not shown).

To determine whether the homozygous missense variant in LAMA2 results in abnormal subcellular localization and abnormal protein levels of the encoded protein merosin, we performed immunohistochemistry and western blot analysis. Merosin immunohistochemistry on two biopsies from the proband (age 56 and 64 years) and one biopsy from the sister (age 59 years) demonstrated membrane-associated staining pattern comparable to control muscle (Figures 3B, C). Merosin protein levels as determined by Western blot were also comparable to controls (three age matched controls were used) in both subjects (Figure 3D). Merosin protein levels were found to be lower in the proband and sister compared to controls when normalized to actin and dystrophin but this difference was not statistically significant (Figure 3Ei, iii). There was a small increase in dystrophin protein levels when normalized to total protein in the proband and sister compared to controls but this difference was also not statistically significant (Figure 3Eii).




Discussion

The phenotypic and genotypic spectrum of LAMA2 muscular dystrophy is wide. Here we report a novel homozygous LAMA2 variant in two siblings born to consanguineous parents. The LAMA2 variant was not reported in several large reference population databases (7, 11, 12) and in silico analyses (13, 14) predicted the variant to have a deleterious impact on protein function (Table 1). The affected sister harbored the same variant in a homozygous state. Whilst genetic testing of the parents was not possible the LCSH on chromosomal microarray would support the novel variant occurring in trans due to known parental consanguinity. Collective clinical and genetic evidence supports classification of NM_000426.3:c.2906G>A;p.(Cys969Tyr) as likely pathogenic as per the ACMG-AMP criteria (15) (Table 1). A limitation of our report is the lack of in vitro or in vivo functional studies to assess for any damaging effect of this variant on the gene product. The variant identified in our study affects a highly conserved cysteine residue within the laminin-type epidermal growth factor (EGF)-like domain (16). Cysteines in this domain are critical for disulfide bond formation (16) and the variant is thus likely to affect the integrity of this rigid rod-like structure, which could destabilize the sarcolemma-extracellular matrix connections facilitated by the laminin-α2 protein (17). A study reporting 61 new LAMA2 variants and reviewing LAMA2 variants in the Leiden Open Variation Database (18) (https://www.LOVD.nl/LAMA2) found that 25% of deleterious missense variants affect cysteine residues within EGF-like repeats (17). A very rare missense variant [p.(Cys969Ser)] in the same amino acid position as our variant has been reported in the gnomAD database in the hetereozygous state without clinical disease (7).

The proband's clinical presentation was notable for profound weakness, severe joint contractures, extensive cerebral white matter changes, UMN findings, epilepsy, and dementia. Cerebral white matter changes are seen in nearly all patients with LAMA2 muscular dystrophy (1, 2). In patients with adult onset LGMDR23, epilepsy is uncommon and cognition is usually intact despite the striking white matter abnormalities on brain MRI (1, 2). Mild deficits in executive function and mild cognitive impairment have been reported in a few older patients with adult onset LGMDR23 (19, 20). More significant cognitive impairment, in the form of intellectual disability, has been reported in LGMDR23 but only in younger patients with childhood onset disease (20, 21). The dementia seen in the proband and his sister could represent an extension of the LGMDR23 phenotype. However, as they were born to consanguineous parents it is possible that the dementia is due to the inheritance of another, albeit unrecognized, recessive pathogenic variant, especially given the LCSH seen on chromosomal microarray.

The finding of brisk reflexes and pathologic ankle clonus in the proband implies co-existent UMN pathology. This could be related to the extensive white matter changes, but UMN signs have not been described in other patients with LAMA2 muscular dystrophy most of whom have similar white matter abnormalities on brain MRI.

The muscle biopsies from our subjects showed non-specific myopathic and dystrophic features consistent with the muscle biopsy findings in other LGMD23 cases (2, 4, 19, 20). However, most LGMD23 cases show at least partial merosin deficiency on immunohistochemistry and Western blot (2). Significant variability of merosin immunostaining in cases of LGMDR23 is well recognized and often depends on the antibodies used (22). However, the finding of normal merosin immunostaining, as seen in our subjects, is atypical. Normal merosin immunostaining is not unprecedented and has been described in two cases of genetically confirmed LGMDR23 using the same antibodies (MAb1922, Chemicon and NCL-merosin, Novocastra) (20, 23). Like our subjects, both cases had a late onset of symptoms with one case developing LGMD in their forties (20). In one of these cases, a subtle reduction of merosin immunostaining was only detected when the antibody directed against the N-terminal 300-kDa fragment of laminin-α2 (4H8, Alexis) was used (23). This differential immunostaining is consistent with the findings in other cases of LGMDR23 where staining with the N-terminal antibody often shows more abnormal results compared to staining with the antibody against the C-terminal 80-kDa fragment (MAb1922, Chemicon) (22). This could provide a possible explanation for the “normal” merosin immunostaining seen in our subjects as the N-terminal antibody was not used.

To our knowledge the findings of normal merosin Western blot in muscle despite clinical and genetic evidence of LAMA2 muscular dystrophy has not been described. It is possible that a small change in merosin protein levels is not detected by our Western blot. Merosin protein levels were lower in the proband and his sister compared to controls when normalized to actin and dystrophin but these differences were not statistically significant (Figure 3Ei, iii). It is possible that the LAMA2 variant [p.(Cys969Tyr)] could cause disease by conferring a toxic gain-of-function effect at the protein level, although this phenomenon would be extremely rare in the setting of a recessive disorder. Alternatively, the variant may reduce the activity of the laminin type EGF-like domain as postulated above but not significantly impact overall protein levels.

In the absence of published diagnostic criteria for LAMA2 muscular dystrophy the finding of rare predicted to be pathogenic recessive variants in the LAMA2 gene is currently considered to be the gold standard for establishing a diagnosis (1, 2). The presence of limb girdle muscle weakness, contractures, raised CK and cerebral white matter changes in the proband and his sister combined with likely pathogenic LAMA2 variants are highly suggestive of LGMDR23. In particular, the finding of cerebral white matter changes in both subjects provides a compelling argument that the recessive LAMA2 variants are the cause for their muscle weakness, as cerebral white matter changes appear to be unique to this sub-type of LGMD.



Conclusion

This case report expands the genotypic and phenotypic spectrum of LGMDR23 through the identification of a novel homozygous LAMA2 variant in a sibling pair with typical LGMD23 features including white matter signal changes–along with upper motor neuron findings and dementia. This finding highlights the utility of WES in aiding the diagnosis of rare neuromuscular disorders, particularly where the muscle biopsy results are inconclusive.
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Glutaric aciduria type II (GA II) is an autosomal recessive metabolic disorder of fatty acid, amino acid, and choline metabolism. The late-onset form of this disorder is caused by a defect in the mitochondrial electron transfer flavoprotein dehydrogenase or the electron transfer flavoprotein dehydrogenase (ETFDH) gene. Thus far, the high clinical heterogeneity of late-onset GA II has brought a great challenge for its diagnosis. In this study, we reported a 21-year-old Chinese man with muscle weakness, vomiting, and severe pain. Muscle biopsy revealed myopathological patterns of lipid storage myopathy, and urine organic acid analyses showed a slight increase in glycolic acid. All the aforementioned results were consistent with GA II. Whole-exome sequencing (WES), followed by bioinformatics and structural analyses, revealed two compound heterozygous missense mutations: c.1034A > G (p.H345R) on exon 9 and c.1448C>A (p.P483Q) on exon 11, which were classified as “likely pathogenic” according to American College of Medical Genetics and Genomics (ACMG). In conclusion, this study described the phenotype and genotype of a patient with late-onset GA II. The two novel mutations in ETFDH were found in this case, which further expands the list of mutations found in patients with GA II. Because of the treatability of this disease, GA II should be considered in all patients with muscular symptoms and acute metabolism decompensation such as hypoglycemia and acidosis.
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Introduction

Glutaric aciduria type II (GA II), also called multiple acyl-CoA dehydrogenase deficiency or ethylmalonic-adipic aciduria (MADD; OMIM 231680), is a very rare autosomal recessively inherited disorder with an inborn error of metabolism of amino acid, fatty acid, and choline (1) due to functional defects in either electron transfer flavoprotein (ETF) encoded by the alpha- or beta-subunit ETF gene (ETFA, OMIM 608053; ETFB, OMIM 130410) or ETF-ubiquinone oxidoreductase (ETF: QO) encoded by the ETF dehydrogenase (ETFDH, OMIM 231675) gene (2, 3).

The clinical phenotype of GA II is substantially heterogeneous, from relatively mild late-onset to severe birth defects, including myopathy, cardiomyopathy, pancreatitis, and congenital anomalies (4, 5). It has been categorized into three sub-groups based on these different manifestations: neonatal onset with congenital abnormalities (type 1, OMIM 608053), neonatal onset without abnormalities (type 2, OMIM 231680), and mild and/or later onset (type 3, OMIM 231680) (3, 6, 7). Defects in genes ETFA, ETFB, and ETFDH are responsible for these three types, respectively (7). Individuals with severe forms always have a rapidly fatal course. Diagnosis of these severe forms mainly relied on the acylcarnitine pattern in dried blood/plasma including short-, medium-, and long-chain acylcarnitine change detected by tandem mass spectrometry (MS/MS) and urine organic acid (UOA) profile (8). However, the milder form, type 3 GA II, caused by the ETFDH gene, can present at any age and always show diverse manifestations including fluctuating proximal muscle weakness, intermittent rhabdomyolysis and other nerve neuropathy, weakened or disappeared tendon reflex, and fatty liver (9, 10). Moreover, many patients may present with an episodic illness that poses a great challenge for its diagnosis (11–13). Under these circumstances, molecular studies and genetic testing are required to make a definitive diagnosis.

The therapeutic strategy usually involves a restricted diet including the avoidance of fasting to prevent hypoglycemia and metabolic acidosis, as well as a diet low in protein and fat together with carnitine, ubiquinone, and riboflavin supplement, especially for those with severe forms (14, 15). Patients with milder late-onset forms always have an obvious improvement both in clinical symptoms and metabolic profile with riboflavin supplementation. Recent studies show that these patients, termed riboflavin-responsive MADD (RR-MADD), have been seen to harbor ETFDH variants encoding ETF:QO (16, 17).

Herein, we report a 21-year-old male patient who is molecularly confirmed as late-onset GA II. Whole-exome sequencing (WES) revealed a compound heterozygous mutation for two variants in the ETFDH gene, namely, a c.1034A>G (p.H345R) in exon 9 and a c.1448C>A (p.P483Q) in exon 11, respectively, located in the FAD-binding domain and UQ-binding domain. In addition, we predict the protein structural changes caused by these mutations, and the results proved these two novel mutations to be very likely pathogenic based both on the clinical findings and protein changes.



Case report

The patient was a 21-year-old man who came from a non-consanguineous family in Anhui Province. He was admitted to our department due to limb weakness and severe pain accompanied by vomiting for 2 months. In the last 2 weeks, after suffering from influenza, progressive limb weakness reoccurred. He had difficulty walking long distances and climbing the stairs and was too weak to lift his hands to strip or comb the hair. Ten days before admission, he experienced acid reflux, and then repeated nausea and vomiting with gastric contents and bile, with no improvement after fasting and resting up. One week ago, the symptom of limb weakness, pain, and vomiting was noted to have obviously aggravated. Blood test results in the local hospital showed 16,969 u/L creatine kinase (CK) and 2,000 ng/ml myoglobin. Therefore, he was suspected to have gotten rhabdomyolysis in the local hospital and was sent to our department. The patient had normal development during the fetal and infant periods. From 5 years old, he was unable to exercise vigorously because of muscle soreness and aches after activities. Since 2015, he has experienced intermittent acid reflux, nausea, and vomiting; gastroscopy showed chronic superficial gastritis. He had two hospitalizations due to severe vomiting, both occurred in winter. He reported a history of hepatitis carriers for 3 years and denied any history of diabetes and kidney disease. Neurological examination showed limb muscle tenderness, and neck and proximal muscle weakness (manual muscle testing (MMT) score: 4/5 in the neck, 4/5 in upper limbs, and 3/5 in lower limbs).

Besides the elevated level of CK and myoglobin, other parameters were also significantly increased including alanine aminotransferase (ALT) 242 U/L (normal 7–40 U/L), aspartate aminotransferase (AST) 1,745 U/L (normal 13–35 U/L), creatine kinase-MB (CK-MB) 1,425.5 U/L (normal 0–16), myoglobin 2,000 ng/mL (normal 27–70 ng/mL), and lactate dehydrogenase (LDH) 1,813 U/L (normal 120–250 U/L). Urine routine: urine protein (+), urine ketone body (KET) (4+), and urine latent blood (BLD) (3+).

Muscle MRI T2 of lower limbs revealed high signal intensity areas in the bilateral lower limb muscles, indicating diffuse muscle injury (Figures 1A–D). Abdomen ultrasound images showed obvious signs of fatty liver (Figure 1E).


[image: Figure 1]
FIGURE 1
 The muscle MRI of lower limbs and abdomen ultrasound. The T1-weight images (A, B) showed slightly atrophy of bilateral lower limbs. Fat suppression (T2-weighted short tau inversion recovery, T2-STIR) images (C, D) have high signal intensity in the bilateral limb muscles, which indicates muscle injury. The abdomen ultrasound (E) showed obvious signs of a fatty liver compared with the health control (F).


On admission, he was initially diagnosed with rhabdomyolysis or inflammatory myopathy and was treated with methylprednisolone (40 mg for 2 days, followed by 20 mg for another 2 days). After renal function results returned to normal, the muscle biopsy was performed. The results suggested vacuole myopathy with the formation of vacuoles in muscle fibers (Figures 2A, B). The oil red O staining showed diffuse fat granule aggregation, and periodic acid-Schiff (PAS) staining showed no excessive glycogen content (data not shown). The pathological results were consistent with the manifestation of lipid-storage myopathy. UOA analysis showed that glycolic acid slightly increased to 9.0 (normal 0–8), and no significant increase was observed in the rest results. Blood acylcarnitine analysis showed an increase in octanoyl carnitine (C8) and decanoyl carnitine (C10), while the test results may come after glutaric acid-type II treatment.


[image: Figure 2]
FIGURE 2
 The histopathologic manifestation of the patient's muscle. The formation of vacuoles was found in the muscle fibers for hematoxylin-eosin staining (A). The oil red O staining showed diffuse fat granule aggregation (B).


Whole-exome sequencing (WES) revealed a compound heterozygous mutation in the ETFDH gene in the proband: c.1034A > G (p.H345R) on exon 9 and c.1448C>A (p.P483Q) on exon 11. Sanger sequencing showed that these two mutations, respectively, come from the proband's father and mother (Figure 3). No mutations were identified in other related genes such as ETFA or ETFB gene.


[image: Figure 3]
FIGURE 3
 Sanger traces for PCR products of the proband and his parents. Sanger traces for PCR products of the proband indicated a compound heterozygous mutation in ETFDH gene: c.1034A > G (p.H345R) on exon 9 (A) and c.1448C>A (p.P483Q) on exon 11 (B). Sanger traces for PCR of his parents. The c.1034A > G (p.H345R) on exon 9 and c.1448C>A (p.P483Q) on exon 11 come from the father and mother (C–F), respectively.


Both mutations were not reported in the Human Gene Mutation Database and were not found in 100 healthy Chinese control individuals. ETF:QO was shown to have three functional domains: FAD-binding domain, 4Fe−4S cluster domain, and UQ-binding domain. The p.H345R and p.P483Q, respectively, lied in the FAD-binding domain and UQ-binding domain. Bioinformatic and structural analysis was conducted to predict the effect of the revealed variants on the functional properties of the proteins.

The missense mutation c.1034A > G led to the change from histidine to arginine at 345th amino acid, with no physical and chemical properties change. Multiplex sequence alignment of the ETFDH protein across eight different species and 100 vertebrate genomes showed that Histidine (H) at codon 345 was highly conserved among species (Figure 4A). This mutation was graded as variant uncertain significance (VUS) according to ACMG. Results predicted by MutationTaster and SIFT supported that p.H345R of ETFDH was a tolerated mutation, while Polyphen-2 identified it as benign. The structural analysis showed a polar interaction change between the wild-type and mutant structures of the ETFDH protein (Figure 4B).


[image: Figure 4]
FIGURE 4
 The bioinformatic analysis of the two mutations observed in the proband. Allelic spectrum and location by the functional domain of reported pathogenic mutations of the ETFDH gene were shown. Multiplex sequence alignment of the ETFDH protein across eight different species shows that H345 and P483 are highly conserved among species (A, C). The structure (B, D) was built by means of homology modeling based on 2 gmh with Identity 95. The structure is modeled by RosettaCM. The partial 3D structures of both mutations revealed polar interaction changes in the ETFDH protein.


The missense mutation c.1448C>A led to the change from proline to glutamine at 483rd amino acid, and the physical and chemical properties change included the size of the side chain change, resulting in the amino acids weight change from 115 to 146. Multiplex sequence alignment also showed that Proline (P) at codon 483 was highly conserved among species (Figure 4C). The mutation was graded as likely pathogenic according to ACMG. Results of Polyphen-2, MutationTaster, and SIFT all supported that p.P483Q of ETFDH was a deleterious mutation. The structural analysis revealed a polar interaction change (Figure 4D) and a stability decrease between the wild-type and mutant structures of the ETFDH protein.

The patient received a high dose of riboflavin (150 mg/day) with a low-fat diet (lipid restricted to 25% of total calories) after diagnosis. Symptoms of muscle weakness were progressively relieved in 3 weeks and recovered completely in 2 months. In addition, routine blood examinations such as CK, AST, and ALT decreased to normal values at the 6-month follow-up. Until now, the patient remained on riboflavin treatment (150 mg/day) and a low-fat diet. Fortunately, he had no muscle weakness recurrence and was competent for daily life during the 3-year follow-up.



Discussion

Glutaric aciduria type II is a highly heterogeneous disease characterized by various manifestations with different degrees. RR-MADD, caused by ETFDH gene mutations, is the most common phenotype (18). In this study, we described a patient with two novel compound heterozygous mutations in the ETFDH gene: c.1034A > G (p.H345R) on exon 9 and c.1448C>A (p.P483Q) on exon 11.

The electron transfer flavoprotein dehydrogenase gene is located on chromosome 4q32.1 and consists of 13 exons. To date, more than 200 mutations in the ETFDH gene have been identified in Human Gene Mutation Database (HGMD), including various types such as missense, nonsense, insertion, deletion, and splicing mutations (19). The following hot spot mutations were the most frequently identified mutations in Chinese: c.250G > A (p.A84T), c.770A > G (p.Y257C), and c.1227A > C (p.L409F) with a frequency of 12.2%, 15.0%, and 12.2%, respectively (20). Some reports have revealed that the genotype of GA II patients with ETFDH mutations was correlated with their diverse phenotype (21). For example, nonsense mutations in both alleles of the ETFDH gene resulting in truncation may affect protein structure or stability, which always presents with more severe manifestations. However, the definite correlation between the genotype and phenotype of ETFDH mutated late-onset mild GA II has not been fully confirmed due to limited patients and other factors such as infections and poor nutrition. Missaglia described five GA II patients with various ETFDH mutations and varying degrees of clinical symptom severity. Similar to our patient, most patients had two compound missense mutations and mainly presented with muscle weakness or exercise intolerance. In addition, our patient had extra-muscle symptoms such as vomiting and fatty liver, while some previously reported patients presented with severe neurological symptoms and metabolic disorders, which further illustrated the high heterogeneity of the disease (22). Therefore, inherited metabolic disease should be considered in clinical work when patients have unexplained myasthenia, exercise intolerance, or other extra-muscle symptoms such as vomiting, seizure, encephalopathy, and hypoglycemia. Blood acylcarnitine analysis and urine organic acid tests could be performed to screen for GA II. Genetic testing should be further conducted to confirm the diagnosis (23).

As a component of the electron-transfer system in mitochondria, the ETF:QO protein forms a short pathway to mediate ATP production by electron transfer from over nine mitochondrial flavin-containing dehydrogenases to the respiratory ubiquinone pool (24–26). It is composed of a 4Fe-4S cluster and one molecule of flavin adenine dinucleotide (FAD) binding domain and the UQ-binding domain (5). It has been reported that regions in the FAD domain could decrease protein stability. While the lack of part of the UQ-binding region and 4Fe4S cluster severely affected the ETFDH-mediate electron-transfer pathway (27). The two mutations c.1034A > G (p.H345R) on exon 9 and c.1448C>A (p.P483Q) detected in our study were, respectively, located in the FAD-binding domain and UQ-binding domain. For the first mutation, the structural analysis showed a polar change for the ETFDH protein and the second mutation revealed a polar change and stability alteration for this protein. As a previous study reported, ETFDH missense variants could cause the misfolding of related proteins, thus inducing structural instability in the protein (28, 29).

According to ACMG guidelines, the pieces of evidence for pathogenic or likely pathogenic variants are graded as four levels: very strong (PVS1), strong (PS1–4), moderate (PM1–6), and supporting (PP1–5) (19). The first mutation affects the amino acid residue 345 causing a substitution of histidine to arginine, putatively affecting the FAD-binding domain. The acid 345H is located in the FAD-binding domain and 15 DMs were located within 30 residues around this residue, indicating that this area is a mutational hot spot related to the disease (PM1). Furthermore, this mutation was absent in Exome Aggregation Consortium (ExAC) or 1,000 Genomes Project (PM2). The multiplex sequence alignment of the ETFDH protein across eight different species and 100 vertebrates showed that Histidine (H) at codon 345 in the ETFDH gene is highly conserved among species, which indicated that this mutation might have a relatively negative impact. The homology modeling of ETFDH protein showed that there were five polar interactions in the wild type, while the mutant H345R had six, which cause the protein structural change. Multiple lines of computational evidence were found to support the deleterious effect on the gene, including the conservation and evolutionary analysis, structural modeling, and computational prediction such as MutationTaster and SIFT (PP3). In this case, the patient's phenotype is highly specific for GA II (PP4). Based on these findings, it could be classified as “likely pathogenic” according to ACMG (2 PM + 2 PP).

The second mutation affects the amino acid residue 483 causing proline to glutamine. The acid 483P is located in the UQ-binding domain and 19 DMs were located within 30 residues around P483, also indicating a mutational hot spot (PM1). This mutation was not found in ExAC or 1000 Genomes Project (PM2). In the ClinVar database, a different mutation c.1448C>T (p.P483L) at the same amino acid was reported to be “likely pathogenic” (PM5). Furthermore, the Proline (P) at codon 483 is also highly conserved among species. The homology modeling of the ETFDH protein showed that there was no polar interaction in the wild type, while the mutant P483Q had one, which could cause the protein structural change. Furthermore, we found that the 483rd Proline mutated to other 19 amino acids could cause a significant rise of the structural folding free energy, resulting in a decline of thermodynamic stability. The deleterious effect was supported by the conservation and evolutionary analysis, structural modeling, and computational prediction including MutationTaster, Polyphen2, and SIFT (PP3). Considering the patient's phenotype (PP4), this mutation should be classified as “likely pathogenic” (3 PM + 2 PP).

Similar to most patients with late-onset GA II, our patient showed a good response to riboflavin treatment. Riboflavin, commonly known as vitamin B2, is the precursor of flavin cofactors, which exists extensively in our daily food and is metabolized to (FMN) and FAD (30). Thus, the role of riboflavin in stabilizing certain forms of ETF: QO variant proteins is undoubted. The common view supports long-term, high-dose therapy of riboflavin. However, a recent study showed that most patients did not need continuous high-dose riboflavin treatment. Patients had a low risk of recurrence with intermittent and low-dose riboflavin treatment. Some patients even remained asymptomatic after discontinuation of riboflavin. A hypothesis is that riboflavin increased FAD-binding flavoproteins, which could release more FAD to the mitochondrial matrix during degradation, remaining a larger circulating FAD pool even after discontinuation of riboflavin (5). In addition to riboflavin treatment, a low-fat, low-protein, and high-carbohydrate diet should be provided to reduce metabolic disorders and ensure an adequate energy supply. L-carnitine and coenzyme Q10 can also be given to patients with carnitine deficiency and coenzyme Q10 deficiency, respectively (31). Since the high clinical heterogeneity and treatability of late-onset GA II, screening the hot spot mutations in Chinese patients clinically suspected of GA II could be beneficial for its early diagnosis and treatment, during which the WES strategy would be a great tool to identify novel pathogenic spots.



Conclusion

In summary, we described the phenotype and genotype of a patient with late-onset GA II. Two novel likely pathogenic mutations, c.1034A > G (p.H345R) and c.1448C>A (p.P483Q) mutations were identified, enriching the spectrum of ETFDH mutations associated with GA II. Due to its atypical symptoms and its good responsibility to riboflavin of late-onset mild GA II, the precise diagnosis is of great importance, and genetic testing would be useful to avoid misdiagnosis and missed diagnosis.
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Background and aim: Recent studies evaluated the role of vamorolone in treating Duchenne muscular dystrophy (DMD), so we aimed in our Meta-analysis to assess the efficacy of vamorolone in comparison with placebo and corticosteroids for treating DMD patients.

Methods: We searched PubMed, Web of Science, Scopus, and Cochrane library databases. We included any randomized control trials and controlled observational studies that investigated the role of vamorolone in treating DMD patients. We used RevMan software, version 5.4. to perform our meta-analysis.

Results: After a search of the literature, 4 studies were included in the meta-analysis; the total number of patients included in the study is 277 patients, 125 patients in the vamorolone group, 106 in the glucocorticoids group, and 46 in placebo (steroid naïve) group. The pooled analysis showed a statistically significant association between the vamorolone group and increased TTSTAND velocity, TTRW velocity and TTCLIMB velocity compared with the placebo group (MD = 0.04, 95% CI = 0.02–0.07, p = 0.002), (MD = 0.24, 95% CI = 0.11–0.37, p = 0.0003), and (MD = 0.06, 95% CI = 0.05–0.06, p < 0.00001), respectively. Also, the analysis showed a statistically significant association between vamorolone and increased TTRW velocity and increased Height percentile for age compared with the glucocorticoid group (MD = −0.14, 95% CI = −0.26 to −0.01, p = 0.03) and (MD = 17.82, 95% CI = 3.89–31.75, p = 0.01), respectively.

Conclusion: Our study revealed a significant association between vamorolone and increased TTSTAND velocity, TTRW velocity, and TTCLIMB velocity compared with the placebo (steroid naïve), also showed a statistically significant association between increased TTRW velocity and increased Height percentile for age compared with the glucocorticoid that enhances the privilege of vamorolone over glucocorticoid in treating DMD patients. More multicenter randomized studies are needed to support our results.
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Introduction

Duchenne muscular dystrophy (DMD), an X-linked progressive neuromuscular condition, has reported a worldwide incidence of 1 in 3,500 to 1 in 5,000 live male births which equals 200 per million births, the onset appears in early childhood and ends with death in late teens (1). It is caused by mutations in DMD (encoding dystrophin) that prevent the production of the muscle isoform of dystrophin (Dp427m) (2). DMD is a severe, progressive muscle-wasting disease with early symptoms that includes difficulties in climbing stairs, a waddling gate, and repeated falls; patients first develop these symptoms between 2 and 3 years old. Most patients become wheelchair-dependent around the age of 10–12 years and require assisted ventilation at ~20 years of age. With optimal care, most DMD patients die between the age of 20 and 40 years from cardiac and/or respiratory failure (3).

Current medical treatment focuses on symptoms linked to the degeneration-regeneration cycle. Corticosteroids are considered the gold standard therapy for DMD and potentially effective in symptom reduction, while the exact mechanism is unknown, corticosteroids are supposed to predominantly reduce inflammation (4, 5). A systematic review revealed that prednisone enhances strength and pulmonary function in patients with DMD. Additionally, prednisone can improve motor function, postpone cardiomyopathy, and decrease the need for scoliosis surgery. Additional corticosteroids might also be beneficial in DMD; Deflazacort has the same effectiveness as prednisone with the distinct benefit of increasing survival at 5–15 years of follow-up (6–8). Unfortunately, glucocorticoid therapy is attributed to side effects like immunosuppression, muscle weakness, and Cushingoid look, as well as long-term harmful sequelae like osteopenia and stunted growth (9). Several corticosteroids, such as prednisone and deflazacort, act as agonists of the mineralocorticoid receptor, raising blood pressure, and volume via the renin-angiotensin system. In contrast, vamorolone is a strong antagonist of the mineralocorticoid receptor, similar to eplerenone and spironolactone in activity (9).

Vamorolone has a different mechanism of action from traditional corticosteroid anti-inflammatory medications as it holds the distinct NF-B inhibitory (anti-inflammatory) activities while losing the gene transcriptional activities connected to glucocorticoid response element binding and activation. It also has powerful antagonist activity for the mineralocorticoid receptor (5, 10–12). Vamorolone and corticosteroids both suppress the NF-B-related cell damage pathways, which are known to be one of the initial molecular disorders of dystrophin-deficient muscle in (DMD) patients (13). Previous studies (14–16) showed that vamorolone may be a safer alternative than prednisone as fewer physician-reported adverse effects (AEs) occurred with vamorolone than have been reported for treatment with prednisone and deflazacort, moreover that vamorolone therapy did not result in the growth stunting that is common with these corticosteroids indicating that vamorolone might be a suitable option for treating DMD. And to verify these findings, we performed a meta-analysis to determine whether vamorolone is more effective than corticosteroids.



Methods

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and the Cochrane handbook were followed to perform this meta-analysis (17).


Study design

This is a meta-analysis study that aimed to investigate the efficacy of vamorolone vs. placebo (steroid naïve) and corticosteroids for the treatment of DMD patients.



Search strategy

(Vamorolone) AND (Glucocorticoids OR Prednisone OR placebo) AND (Duchenne muscular dystrophy OR Becker's Muscular Dystrophy OR Cardiomyopathy, Dilated, X-Linked OR Childhood Pseudo hypertrophic Muscular Dystrophy), we looked for relevant randomized control trials and observational studies in PubMed, Web of Science, Scopus and Cochrane library databases from inception to 17 November 2022.



Eligibility criteria

Any randomized control trials and controlled observational studies such as Cross-sectional, prospective, or retrospective cohort and case-control studies that investigated the efficacy of vamorolone vs. placebo (steroid naïve) and corticosteroids for the treatment of DMD patients, so the PICO will be:

1- Population: DMD patient.

2- Intervention: vamorolone.

3- Control: placebo (steroid naïve) or corticosteroids.

4- Outcome: TTSTAND velocity, TTRW velocity, TTCLIMB velocity, Height percentile for age, and BMI Z score.



Exclusion criteria

We exclude animal studies, case reports, case series, editorials, and reviews.



Study selection process

Two independent authors (RHE and KRM) revised the titles and/or abstracts of the searched papers to determine suitable studies. Then, the two authors revised the full texts of the retrieved reports independently. Any conflicts between authors were solved by the first author.



Data extraction and management

Two independent authors used an excel sheet to extract the following data: the first author's name, year of publication, age, sex, study design, country of the study, number of patients, Outcome measurements: TTSTAND velocity, TTRW velocity, TTCLIMB velocity, Height percentile for age and BMI Z score in Vamorolone vs. Placebo (steroid naïve) and Vamorolone vs. Glucocorticoids. Two authors performed data extraction of outcomes and any conflicts were solved by the first author (RHE).



Quality assessment

Newcastle Ottawa scale tool was used to assess the quality because most of the included studies were non randomized studies; each study was given a score and ranked as good, fair, or poor quality.



Data synthesis

Data were analyzed using RevMan software, version 5.4. Sensitivity analysis (leave-one-out test) was used. Continuous data were presented as mean difference (MD) with a 95% confidence interval (CI). If no heterogeneity was observed, results were presented in a fixed effect model and a random effect model was used if significant heterogeneity was observed. Results were considered significant if the p < 0.05.




Results


Summary of studies

After a search of the literature, 54 studies resulted, and then became 53 were eligible for title and abstract screening after duplicate removal. Of the 53, 30 were irrelevant and 23 studies were eligible for full-text screening. Finally, four studies were included in the meta-analysis after the full-text screening, as shown in the PRISMA in Figure 1.


[image: Figure 1]
FIGURE 1
 Prisma.


The overall quality was good in the four included studies, as shown in Table 1.


TABLE 1 Quality assessment.

[image: Table 1]

The total number of patients included in the study is 277 patients, 125 patients in the vamorolone group, 106 in the glucocorticoids group, and 46 in the placebo (steroid naïve) group. Other baseline data are shown in Table 2.


TABLE 2 Baseline characteristics.
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Outcomes
 
Vamorolone vs. placebo
 
TTSTAND velocity

The pooled analysis showed a statistically significant association between the vamorolone group and increased TTSTAND velocity compared with the placebo group (MD = 0.04, 95% CI = 0.02–0.07, p = 0.002). We observed no significant heterogeneity between the two studies (P = 0.79, I2 = 0%, Figure 2).


[image: Figure 2]
FIGURE 2
 TTSTAND outcome vamorolone vs. placebo.




TTRW velocity

The pooled analysis showed a statistically significant association between the vamorolone group and increased TTRW velocity compared with the placebo group (MD = 0.24, 95% CI = 0.11–0.37, p = 0.0003). We observed no significant heterogeneity between the two studies (P = 0.35, I2 = 0%, Figure 3).


[image: Figure 3]
FIGURE 3
 TTRW outcome vamorolone vs. placebo.




TTCLIMB velocity

The pooled analysis showed a statistically significant association between the vamorolone group and increased TTCLIMB velocity compared with the placebo group (MD = 0.06, 95% CI = 0.05–0.06, p < 0.00001). We observed no significant heterogeneity between the two studies (P = 0.38, I2 = 0%, Figure 4).


[image: Figure 4]
FIGURE 4
 TTCLIMB vamorolone vs. placebo.





Vamorolone vs. glucocorticoids
 
TTSTAND velocity

The pooled analysis showed no statistically significant difference between the vamorolone group and the Glucocorticoid group (MD = 0.00, 95% CI = −0.08–0.09, p = 0.94). We observed a significant heterogeneity between the two studies (P = 0.02, I2 = 83%, Figure 5).


[image: Figure 5]
FIGURE 5
 TTSTAND outcome vamorolone vs. glucocorticoids.




TTRW velocity

The pooled analysis showed a statistically significant association between the vamorolone group and increased TTRW velocity compared with the glucocorticoid group (MD = −0.14, 95% CI = −0.26 to −0.01, p = 0.03). We observed no significant heterogeneity between the two studies (P = 0.26, I2 = 20%, Figure 6).


[image: Figure 6]
FIGURE 6
 TTRW outcome vamorolone vs. glucocorticoids.




TTCLIMB velocity

The pooled analysis showed no statistically significant difference between the vamorolone group and the glucocorticoid group (MD = −0.03, 95% CI = −0.06–0.01, p = 0.12). We observed no significant heterogeneity between the two studies (P = 0.36, I2 = 0%, Figure 7).


[image: Figure 7]
FIGURE 7
 TTCLIMB outcome vamorolone vs. glucocorticoids.





Height percentile for age

The pooled analysis showed no statistically significant difference between the vamorolone group and the glucocorticoid group (MD = −6.45, 95% CI = −61.82–48.92, p = 0.82). We observed a significant heterogeneity among the studies (P < 0.00001, I2 = 99%). It was solved by leave-one-out test by removing ((14); P = 0.21, I2 = 35%), and the analysis showed a statistically significant association between the vamorolone group and increased height percentile for age compared with the glucocorticoid group (MD = 17.82, 95% CI = 3.89–31.75, p = 0.01, Figure 8).


[image: Figure 8]
FIGURE 8
 Height percentile for age outcome vamorolone vs. glucocorticoids.




BMI Z score

The pooled analysis showed no statistically significant difference between the vamorolone group and the glucocorticoids group (MD = 0.21, 95% CI = −0.22–0.64, p = 0.33). We observed a significant heterogeneity among studies (P = 0.002, I2 = 80%). It was solved by leave-one-out test by removing ((15); P = 0.19, I2 = 39%), and the analysis showed no statistically significant difference between the vamorolone group and glucocorticoid group (MD = −0.01, 95% CI = −0.29–0.30, p = 0.97, Figure 9).


[image: Figure 9]
FIGURE 9
 BMI z score outcome vamorolone vs. glucocorticoids.




Discussion

The pooled analysis revealed a statistically significant association between the vamorolone group and increased TTSTAND velocity, increased TTRW velocity, and increased TTCLIMB velocity compared with the placebo group. Similarly, the pooled analysis showed a statistically significant association between the vamorolone group and increased TTRW velocity compared with the glucocorticoid group. However, the pooled analysis showed no statistically significant difference between the vamorolone group and the glucocorticoid group regarding TTSTAND velocity and TTCLIMB velocity. Also, the analysis showed a statistically significant association between the vamorolone group and increased height percentile for age compared with the glucocorticoid group. Additionally, the pooled analysis showed no statistically significant difference between the vamorolone group and glucocorticoid group regarding BMIZ score.

One of the initial molecular pathologies of dystrophin-deficient muscle in Duchenne muscular dystrophy (DMD) patients is known to be the activation of NFκB-related cell damage pathways, and vamorolone and corticosteroids both suppress these pathways (13). Numerous inflammatory genes are regulated by NFκB in immune cells as well as muscle fibers (18–21) and the invasion and activation of these cells can result in the death of muscle cells (22, 23). Vamorolone is a first-in-class steroidal anti-inflammatory drug (24), it lacks an 11-carbon oxygen group (hydroxyl or carbonyl), one of five molecular interaction sites with the glucocorticoid receptor, which sets it apart from the other 33 medications in the corticosteroid class (25, 26). Vamorolone retains the anti-inflammatory properties of steroid medications while lacking its side effects (AEs), such as growth retardation, bone morbidities, and muscular atrophy (25, 27). Vamorolone inhibiting NFκB-associated proinflammatory signals in a ligand/receptor monomeric state rather than the more conventional molecular models of ligand/receptor dimeric complexes is consistent with the retention of anti-inflammatory activity and absence of side effects in preclinical models (28). Numerous corticosteroids, such as prednisone and deflazacort, act as agonists of the mineralocorticoid receptor, raising blood pressure and volume via the renin-angiotensin system. In contrast, vamorolone has the same activity as eplerenone and spironolactone as a powerful antagonist of the mineralocorticoid receptor (11). Vamorolone optimizes traditional steroidal anti-inflammatory activities: retains the distinct NFκB inhibitory (anti-inflammatory) activities while losing the gene transcriptional activities connected to glucocorticoid response element binding and activation, is a powerful antagonist for the mineralocorticoid receptor, and has superior membrane stabilization properties (5, 10–12).

Our findings agree with the findings of Hoffman et al. (29) who concluded that oral administration of vamorolone in individuals with DMD over the course of a 24-week therapy term was safe, effective, and well-tolerated at all tested doses. When they used vamorolone at doses of 2.0 and 6.0 mg/kg/d for a period of 24 weeks, the drug met the primary efficacy outcome of improved muscle function. They also discovered that the majority of the negative effects of glucocorticoids are not present in vamorolone including bone turnover and insulin resistance improvement and less weight gain. Serum osteocalcin is a reliable indicator of bone production and turnover in children that is essential to growth (30). Improvements in bone density and bone geometry have been demonstrated to be predicted by increases in serum osteocalcin (31). Prednisone and deflazacort both dramatically lower serum osteocalcin levels (32, 33). Vamorolone, on the other hand, boosted osteocalcin levels, indicating a reduction of deleterious bone effects (29). The lack of deleterious alterations in bone turnover indicators in DMD patients receiving vamorolone treatment raises the possibility of losing the bone morbidities usually associated with glucocorticoids (29). They also found evidence of adrenal suppression (29).

Our results also support those of Guglieri et al. (14), who discovered that vamorolone is effective and safe in the treatment of boys with DMD at a wide dose range (2–6 mg/kg per day) and throughout a 24-week course of therapy. They also discovered that vamorolone is a safer alternative than prednisone in this disease as it is a dissociative steroid, which means that it isolates safety issues (growth deceleration, bone biomarkers abnormalities) from efficacy (improving motor results in DMD). Their results confirmed earlier research that showed vamorolone-treated DMD youngsters had normal development trajectories across 18 months (16) and 30 months (15). Prednisone medication, on the other hand, reduced development trajectories in this 24-week experiment, supporting numerous studies of corticosteroid treatment in DMD (15, 34, 35). Furthermore, neither of the vamorolone dose groups showed mean reductions in any of the bone turnover markers, supporting the enhanced safety profile of vamorolone on bone health. The favorable bone biomarker profile observed in the vamorolone-treated groups compared with corticosteroids is explained by vamorolone not being a substrate for 11β-hydroxysteroid dehydrogenase enzymes which are necessary for corticosteroid-induced bone morbidities in mice, as it lacks the 11βmoiety acted upon by these enzymes (36, 37). Additionally, Guglieri et al. incidentally found an unexpectedly high incidence of adrenal insufficiency at baseline in boys with DMD in both vamorolone-treated and corticosteroids-treated groups using both ACTH-stimulation and morning cortisol measurements, as corticosteroid medications (including endogenous cortisol) potently, widely, and rapidly block the hypothalamic-pituitary-adrenal (HPA) axis and long-term use can result in adrenal insufficiency (38), this finding with the vamorolone-treated group requires additional investigation.

Similar to our findings, Mah et al. (15) discovered that among boys with DMD who were 4–7 years old at enrolment, vamorolone therapy was not connected to a change in TTSTAND velocity from baseline to 30 months. However, long-term vamorolone therapy at doses up to 6.0 mg/kg/d showed to be safe and effective based on clinical and laboratory outcomes. Additionally, over a 30 month treatment period, subjects receiving larger doses of vamorolone (i.e., ≥2 mg/kg/d) continued to show improvement in their motor function as measured by the TTCLIMB, TTRW, NSAA, and 6MWT distance. They also discovered that boys treated with vamorolone experienced significantly less bone age delay in relation to chronological age than boys treated with corticosteroid therapy. Additionally, unlike traditional corticosteroid medication, vamorolone does not have the same association with insulin resistance; however, long-term vamorolone therapy may be linked to adrenal suppression (16). Similarly, Smith et al. (16) discovered that over the course of the 18 month treatment period, boys receiving vamorolone showed improvements from baseline in all five motor evaluations (TTSTAND, TTRW, TTCLIMB, NSAA, and 6MWT). Contrary to those who received corticosteroids, those who received vamorolone did not show any signs of growth stunting. Moreover, comparing published trials of deflazacort- and prednisone-treated DMD patients, doctors found that participants receiving vamorolone experienced fewer other corticosteroid-related safety issues, such as weight gain, Cushingoid appearance, behavior change (mood disturbance), and hirsutism.



Future implications

Our analysis results revealed that vamorolone treatment was associated with improvements in some motor outcomes like TTRW velocity and increased height percentile for age compared with the glucocorticoid group. Our analysis suggests that vamorolone can be used in the treatment of patients with DMD as it is more effective and safer than corticosteroids.



Strengths and limitations

The overall quality was good in all of the studies included in our analysis. The short study period and small sample size are limitations of our analysis. In addition, most of our studies were clinical trials but not randomized. Therefore, to support our findings and further evaluate the efficacy and safety of vamorolone treatment in DMD patients, prospective randomized clinical trial studies with larger sample sizes and longer follow-up durations are required.



Conclusion

Our pooled analysis revealed a statistically significant association between the vamorolone group and increased TTSTAND velocity, increased TTRW velocity, and increased TTCLIMB velocity compared with the placebo group. Similarly, the pooled analysis showed a statistically significant association between the vamorolone group and increased TTRW velocity, and increased height percentile for age compared with the glucocorticoid group. However, the pooled analysis showed no statistically significant difference between the vamorolone group and the glucocorticoid group regarding TTSTAND velocity, TTCLIMB velocity, and BMIZ score. Therefore, we suggest that vamorolone can be used in treating patients with DMD. More randomized clinical trials are needed to support our findings.
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Introduction: Shoulder pain is a common secondary impairment for people living with ALS (PALS). Decreased range of motion (ROM) from weakness can lead to shoulder pathology, which can result in debilitating pain. Shoulder pain may limit PALS from participating in activities of daily living and may have a negative impact on their quality of life. This case series explores the efficacy of glenohumeral joint injections for the management of shoulder pain due to adhesive capsulitis in PALS.

Methods: People living with ALS and shoulder pain were referred to sports medicine-certified physiatrists for diagnostic evaluation and management. They completed the Revised ALS Functional Rating Scale and a questionnaire asking about their pain levels and how it impacts sleep, function, and quality of life at baseline pre-injection, 1-week post-injection, 1 month post-injection, and 3 months post-injection.

Results: We present five cases of PALS who were diagnosed with adhesive capsulitis and underwent glenohumeral joint injections. Though only one PALS reported complete symptom resolution, all had at least partial symptomatic improvement during the observation period. No complications were observed.

Conclusions: People living with ALS require a comprehensive plan to manage shoulder pain. Glenohumeral joint injections are safe and effective for adhesive capsulitis in PALS, but alone may not completely resolve shoulder pain. Additional therapies to improve ROM and reduce pain should be considered.

KEYWORDS
 amyotrophic lateral sclerosis, motor neuron disease, shoulder pain, frozen shoulder, adhesive capsulitis


1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease (1). The management of ALS is largely focused on symptom management as current FDA-approved treatments to slow disease progression have modest efficacy (1).

Amyotrophic lateral sclerosis symptoms include muscle weakness and atrophy, reduced range of motion, spasticity, and cramping leading to progressive disability. Pain is a common secondary complication of ALS from musculoskeletal dysfunction due to limited mobility, loss of range of motion, and difficulty with positioning in bed, chairs, or wheelchairs (2). Progressive, often non-uniform, weakness likely also contributes by disrupting agonist-antagonist muscle pair equilibrium leading to increased stress on the joint and surrounding structures. Pain negatively affects the quality of life for both PALS and their caregivers (2–7) The most commonly reported loci of pain in PALS are the lower back, neck, legs, and shoulders (2, 8) Shoulder pain is reported by ~20% of the total ALS population (8). Many PALS develop shoulder pain due to weakness of the periscapular muscles with subsequent loss of range of motion, subluxation, and development of shoulder pathology, including adhesive capsulitis or “frozen shoulder.”

Adhesive capsulitis is a complex disorder that involves pain and restricted range of motion (ROM) of the shoulder (9–11) and can lead to considerable disability. The capsule surrounding the glenohumeral (GH) joint stiffens and becomes inflamed, which results in a decreased range of motion (ROM) at the shoulder. There are overlapping stages of adhesive capsulitis. In the earlier stages, patients present with severely restricted ROM and significant pain, often in the absence of injury. In the later stages, restrictions in ROM remain, but with improvements in pain. As ROM and pain improve, there may be continued evidence of a tight joint space, but no evidence of synovitis (10). Adhesive capsulitis is largely a clinical diagnosis, with any imaging done to exclude other potential diagnoses (9).

For individuals without ALS, the management of adhesive capsulitis involves exercises and supervised physical therapy focused on gentle ROM and periscapular stabilization. First-line medications typically prescribed to treat pain in ALS are non-steroidal anti-inflammatory agents (NSAIDs) and non-opioid analgesics (4, 12). Early corticosteroid injection to the GH joint should be considered for moderate to severe symptoms (13, 14), as there is evidence suggesting improved outcomes with earlier steroid injection (15). This in-clinic procedure is fast and safe. It is routinely performed in the seated position, which is preferable for PALS who may be in a power wheelchair and/or have limited tolerance for the supine position. Adverse effects such as bleeding or infection are rare when performed with proper clean technique. In cases where conservative measures are ineffective, surgical interventions such as arthroscopic release and manipulation under anesthesia are considered, especially in the early stages when the pain can be debilitating (16, 17).

To the best of our knowledge, there is no evidence from controlled trials that would substantiate a standard best practice for addressing shoulder pain in people with ALS. Thus, the management of shoulder pain has long been based on the individual clinician's experience and preferences with very little empirically-derived evidence to support the implementation of one therapeutic method over another. When PALS present with progressive shoulder pain, accompanying restrictions in ROM, and no history of trauma, referral to physiatry can help to assess the pain generator (e.g., adhesive capsulitis vs. other shoulder pathology) and help guide the intervention. There is growing evidence to support the use of GH steroid injections for adhesive capsulitis for those without ALS (13–17).

The purpose of this study was to assess the efficacy of ultrasound-guided GH joint injections for treating shoulder pain due to adhesive capsulitis in PALS. We present a case series of five patients referred for physiatric evaluation and consideration of GH joint injections as part of their clinical care. Participants completed surveys pre- and post-injections regarding their pain levels and impact on function.



2. Methods

Participants were recruited from the Sean M. Healey & AMG Center for ALS at Massachusetts General Hospital and the Northwestern University Feinberg School of Medicine ALS Clinic. Eligible participants were informed of the study and study staff consented interested participants. Both the Mass General Brigham Institutional Review Board (IRB) and the Northwestern IRB approved this study.

Participants were asked to participate in this study if they had ALS and a clinical suspicion of adhesive capsulitis (pain with restricted ROM, without a history of trauma). Participants were seen by physiatrists certified in Sports Medicine by the American Board of Physical Medicine and Rehabilitation for diagnostic confirmation and consideration of GH steroid injections. The physiatrists completed a history, physical, and ultrasound examinations to assess the likelihood of adhesive capsulitis vs. other common shoulder pathologies (such as rotator cuff or biceps tendinopathy, periscapular myofascial pain, etc.). Once a clinical diagnosis of adhesive capsulitis was established, an ultrasound-guided GH joint injection was performed. For Cases 1–3, a solution of 4 ml of 1% Lidocaine and 1 ml (40 mg) of Kenalog was injected into the affected joints. For Cases 4 and 5, a solution of 2 ml of 1% Lidocaine, 2 ml of 0.25% Bupivacaine, and 1 ml (40 mg) of Kenalog was injected into the involved joints. Differences were due to the preference of the physiatrist performing the intervention. The study duration was from May 2019 to August 2021. Enrollment was limited by the COVID-19 pandemic, as sites had temporary holds on the observational studies, and patient care shifted to telemedicine visits.

Participants were asked to complete the revised ALS Functional Rating Scale (ALSFRS-R) and a questionnaire that assessed pain, sleep, function, and quality of life (Supplementary material) at baseline before undergoing the GH joint injections. They were then asked to complete the same questionnaires at 1-week post-injection and 1-month post-injection. There was an optional phone call at 3 months to complete the same questionnaires.

Electronic medical record review was available for all participants, from which information regarding their ALS diagnosis, disease duration, and current functional status was gathered.



3. Results

Of nine participants enrolled in the study, three initially agreed but ultimately declined the referral for GH joint injections and were provided with ROM and stretching exercises by the clinic's physical therapists. Follow-up of these individuals was not pursued as part of this study. Another participant was seen by physiatry: diagnostic evaluation pointed to myofascial pain with muscle spasms as the most likely pain generator. For this reason, the participant underwent bilateral trapezius, infraspinatus, and levator scapulae trigger point injections rather than GH joint injections. This participant did have resolution of his shoulder pain 18 days post-injection, but this was not sustained 2 months post-injection. We report on the remaining five participants who were diagnosed by sports medicine-certified physiatrists with adhesive capsulitis and did undergo ultrasound-guided GH joint steroid injections. None of the participants experienced procedure-related complications. Average pain scores and impact on sleep and quality of life for each participant are shown in Table 1. Complete data for each participant are shown in Supplementary Tables 1–5.


TABLE 1 Pain and impact on sleep, function, and quality of life.
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3.1. Case 1

The participant was a 41-year-old woman with upper motor neuron predominant limb onset sporadic ALS, meeting El Escorial criteria for definite ALS. She used a wheelchair for mobility and was dependent on caregivers for activities of daily living (ADLs). ALS symptom onset was over 3 years prior with left-hand weakness and clawing. She had bilateral upper and lower extremity weakness with atrophy (left greater than right), and spasticity throughout her extremities. She presented with atraumatic bilateral shoulder pain, right greater than left, with passive range of motion restrictions. She was taking NSAIDs as needed and undergoing physical therapy with shoulder range of motion and stretching exercises. Physiatry evaluation confirmed the diagnosis of adhesive capsulitis, and she underwent a right GH joint injection with ultrasound guidance. Post-injection, she demonstrated improvements in shoulder pain, which were sustained at the 3-month visit, as well as sustained improvements in sleep, function, and quality of life (Supplementary Table 1).



3.2. Case 2

The participant was a 42-year-old man with limb onset sporadic ALS, meeting El Escorial criteria for probable ALS—laboratory supported. He was ambulatory with a single-point cane and had modified independence with ADLs. ALS onset was over 2 years prior with lower extremity weakness. He presented with upper and lower extremity weakness and atrophy, with brisk reflexes in bilateral lower extremities. He reported atraumatic right shoulder pain that started a few months before, with limited ROM. He was not taking any medications and was not participating in physical therapy. He had been prescribed shoulder range of motion and stretching exercises at a multidisciplinary clinic but was unable to perform them due to pain. Physiatry evaluation confirmed the diagnosis of adhesive capsulitis and he underwent a right GH joint injection with ultrasound guidance. Post-injection, he demonstrated improvements in shoulder pain, which were sustained at the 1-month visit, as well as improvements in sleep, function, and quality of life (Supplementary Table 2). He initiated a stretching program for bilateral shoulders post-injection.



3.3. Case 3

The participant was a 57-year-old man with limb onset sporadic ALS, meeting El Escorial criteria for probable ALS—laboratory supported. ALS symptom onset was over 3 years prior with lower extremity weakness. He was ambulatory without an assistive device and required assistance with ADLs due to bilateral upper extremity weakness. He had bilateral upper and lower extremity weakness, with increased reflexes in bilateral lower and left upper extremities. He presented with bilateral atraumatic shoulder pain, left greater than right. He had been prescribed shoulder range of motion and stretching exercises at a multidisciplinary clinic but was unable to perform them due to pain. He was not taking any pain medications. Physiatry evaluation confirmed the diagnosis of adhesive capsulitis and he underwent bilateral GH joint injections with ultrasound guidance. Overall, the pain was improved in bilateral shoulders post-injection, and this was sustained at the 3-month visit. At 1 month, the pain was not impacting sleep, function, and quality of life, but this was not sustained at 3 months (Supplementary Table 3). He was stretching at the 1-month mark, but this was not sustained at 3 months.



3.4. Case 4

The participant was a 49-year-old man with upper motor neuron predominant limb onset sporadic ALS, meeting El Escorial criteria for probable ALS—laboratory supported. He presented with mild bilateral upper extremity weakness without muscle atrophy, as well as diffuse muscle spasticity characterized by a slight catch at the end range of the passive range of motion. He was power wheelchair dependent for community mobility and used either a cane or a power wheelchair for household mobility. He had modified independence with ADLs. He presented with 6 months of progressively worsening atraumatic bilateral anterolateral shoulder pain and stiffness, left greater than right. He had passive and active ROM restrictions bilaterally. He had been taking ibuprofen as needed for several years. He had been prescribed shoulder range of motion and stretching exercises at a multidisciplinary clinic but was not able to comply with them due to pain. He underwent bilateral GH joint injections with ultrasound guidance. He exhibited improvements in the impact of shoulder pain that lasted only 1 month, but the improvements in his quality of life and function were largely sustained at the 3-month follow-up (Supplementary Table 4).



3.5. Case 5

The participant is a 58-year-old woman with upper motor neuron predominant limb onset ALS, meeting El Escorial criteria for definite ALS. Despite having no family history of ALS or dementia, she was later found to carry a hexanucleotide repeat expansion in the C9orf72 gene (>145 repeats). She had some hand intrinsic muscle atrophy and moderate bilateral arm weakness (right worse than left). She had diffusely increased muscle tone treated with oral baclofen. She was ambulatory and required assistance with ADLs due to upper extremity weakness. She presented with atraumatic left shoulder pain and stiffness for 2 months. She managed her pain with a nightly dose of ibuprofen and had not yet started physical therapy before the initial referral for injection. She had limited active and passive shoulder ROM. She underwent left GH joint injections with ultrasound guidance. In early and late follow-ups, the patient reported the resolution of shoulder pain and it was no longer impacting sleep. This allowed her to engage in a shoulder home exercise program provided by ALS interdisciplinary clinic occupational therapist with assistance from her family. Resolution of pain and impact on sleep, function, and quality of life were sustained at the 3-month visit (Supplementary Table 5).




4. Discussion

In this case series, we present empiric evidence of the benefit of GH joint steroid injections for PALS who present with shoulder pain in the setting of adhesive capsulitis. All study participants presented here reported improvement in their pain levels and a positive impact on sleep, function, or quality of life. One of the participants (Case 5) reported a complete resolution of her shoulder pain. There were no adverse events reported by the participants in this study. These results demonstrate the safety of, and suggest a role for, ultrasound-guided GH joint steroid injections for PALS with adhesive capsulitis, though additional measures may be needed for further pain management.

The development of shoulder pain from adhesive capsulitis in PALS is likely a secondary effect of their disease resulting from multiple factors such as decreased shoulder muscle strength, muscle atrophy, and reduced activity levels. The progressive lack of motion may contribute to the inflammation and tightening of the joint capsule. Similar pathology has been reported in both stroke and Parkinson's disease where there is motor dysfunction involving the shoulder (18, 19). Motion is critical to maintain and restore ROM (13, 16). Early in the disease course, PALS meet with physical therapists and occupational therapists in the multidisciplinary clinic to review the importance of a regular range of motion exercise program for all joints, including the shoulders. For individuals with upper extremity weakness, especially the shoulder, the range of motion exercises become even more crucial, and the physical therapists or occupational therapists will review the range of motion and stretching program with patients and train their caregivers if they are not able to complete the exercises on their own. Unfortunately, some PALS still present with shoulder pain. For these PALS, stretching and range of motion exercises are reinforced, and strategies to increase compliance can be helpful (20). Shoulder approximation sleeves can also be used to help support the shoulder and manage pain, as well as modalities such as transcutaneous electrical nerve stimulation (TENS) devices. However, while these tools and strategies have shown promise, these interventions are not always enough to completely relieve pain or improve function (20). Unfortunately, there may be limited ability to complete the recommended exercises due to disease progression or pain. Often, the shoulder will become quite painful, will limit the ability to participate in ADLs, including daily hygiene, and may impact sleep quality and overall quality of life. When pain has become a limiting factor, the provider is challenged to make appropriate recommendations for adequate pain control and to optimize the person's ability to participate in ADLs. This study highlights the need for a multifaceted approach, which may include GH joint injections, as well as education on the cause of shoulder pain and the importance of a long-term stretching program to maintain a functional ROM to minimize risk for re-freezing or ongoing pain.

Referral to musculoskeletal specialists for the consideration for steroid injections should be considered for PALS with shoulder pain. The procedure offers the advantages of being a fast, safe, in-office procedure that requires no ionizing radiation or sedation. Evidence in non-ALS populations shows improved pain relief with steroid injections compared to manual therapy and exercise without injection (21). Shoulder injections have also been shown to be beneficial for hemiplegic shoulder pain in patients status post-stroke (22). With pain relief from the injections, the person may be able to tolerate ROM and stretching exercises, which will restore motion and in turn may further improve pain, and help to restore function and quality of life. Appropriate pain relief with localized steroid injections also offers a strategy to reduce reliance on systemic pain medications with potential GI, renal, and neurologic side effects.

It is important to minimize the delays in referrals to musculoskeletal specialists, given the emerging evidence of improved outcomes with earlier steroid injections in people without ALS, as well as improved efficacy compared to manual therapy with exercise (14, 21). While early diagnosis and intervention is ideal, our cohort suggests that GH joint injection for adhesive capsulitis likely benefits PALS across the progression of ALS. If employed in early ALS, GH injection may allow a person to maintain ROM, functional independence, and participation in active physical therapy programs. In later-stage ALS, GH injection may offer improved passive ROM and caregiver ability to assist with ADLs, such as dressing and bathing. Throughout all ALS stages, the pain-reducing effect of GH injection may have benefits on activity, sleep, and mood.

Our study was limited by the small number of participants and case series design. The ongoing COVID-19 pandemic also limited participation, such that we were not able to collect the range of motion measurements as the participants completed their post-injection visits over the telephone, and many did not present to the clinic again during the study period due to COVID-19 restrictions. Further research is also needed to compare the outcomes between those who choose not to have the injections to those who do choose this intervention. We did not collect this information as part of this study. Finally, as more evidence emerges regarding specific injection techniques and steroid dose for people without ALS, it will be important to explore these same questions in the ALS population.

This case series supports the safety and efficacy of GH joint injections for adhesive capsulitis in PALS. Larger studies to determine the prevalence of adhesive capsulitis vs. other pathologies and to optimize comprehensive management plans aimed at complete shoulder pain resolution are needed.
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The laminin α2 (LAMA2) gene pathogenic variants can lead to limb–girdle muscular dystrophy (known as LGMDR23), which is rarely reported and characterized by proximal weakness in the limbs. We present the case of a 52-year-old woman who gradually developed weakness in both lower extremities since the age of 32 years. Magnetic resonance imaging (MRI) brain showed symmetrical sphenoid wings-like white matter demyelination in bilateral lateral ventricles. Electromyography showed quadriceps muscle damage on the bilateral lower extremity. Next-generation sequencing (NGS) found two loci variations in the LAMA2 gene, i.e., c.2749 + 2dup and c.8689C>T. This case highlights the importance of considering LGMDR23 in patients presenting with weakness and white matter demyelination on MRI brain and further expands the gene variants spectrum of LGMDR23.

KEYWORDS
 limb-girdle muscular dystrophy, LAMA2, merosin, case report, MDC1A, LGMDR23


1. Introduction

The laminin α2 (LAMA2) gene localizes on chromosome 6q22-q23, encoding the laminin-α2 chain, which connects with laminin-γ1 and -β1 chains and forms the heterotrimeric laminin-211 protein (1). The LAMA2 pathogenic variants can lead to merosin-deficient congenital muscular dystrophy type 1A (MDC1A) and limb–girdle muscular dystrophy (known as LGMDR23). Together, these two dystrophy types are jointly known as LAMA2-related muscular dystrophy. The former is mainly found in infants and characterized by the early onset of muscle weakness, hypotonia, and joint contractures appearing in infancy or before the first year after birth (2). The latter, while rarely reported, is mainly found in older children and even in adults characterized by proximal weakness of the limbs. In the case report, we reported novel compound heterozygous mutations of the LAMA2 gene in a middle-aged woman with LGMDR23.



2. Clinical presentation

A 52-year-old woman presented with dizziness for several days. A few days before the presentation, the patient developed dizziness but denied visual rotation and tinnitus, and denied gait disturbance. Further analysis of medical history revealed that the patient was developmentally normal, with her motor milestones similar to her peers. Since the age of

32 years, the weakness in both lower extremities gradually appeared, but it did not affect her daily life and work. Her son (aged 23 years) and parents had no weakness.

The examination was notable for muscle atrophy of both lower extremities (especially right gluteus maximus) with symmetric proximal weakness (right/left; Medical Research Council [MRC]): deltoids (5/5), biceps (5/5), hip flexors (4/4), hip abductors (4/4), knee flexors (4+/4+), knee extensors (4+/4+). Distal strength of both upper and lower limbs was intact (abductor pollicis brevis [5/5], first dorsal interosseous [5/5], abductor digiti minimi [5/5], finger extensors [5/5], tibialis anterior [5/5], tibialis posterior [5/5], and peroneus longus and brevis [5/5]) and neck flexion/extension was normal. No bulbar muscle weakness or dysarthria were noted. The tone was normal and no fasciculations and clinical myotonia were observed. Deep tendon reflexes were 1+ throughout with flexor plantar responses bilaterally. The remainder of the examination including cranial nerves, sensory modalities, and cerebellar testing was normal. She scored 27 out of 30 on Mini-Mental State Examination (primary school education; ≤20 reflects cognitive impairment), with the following subscores: orientation, 7/10; calculation, 5/5; recall, 6/6; language, 5/5; execute, 3/3; and visuospatial, 1/1.

The MRI brain showed symmetrical sphenoid wings-like lesions in bilateral lateral ventricles with slight hypointensity on T1 and slight hyperintensity on T2 and FLAIR (Figure 1). The MRI muscle showed diffuse atrophy and fatty degeneration in thigh muscles, soleus, and the lateral head of gastrocnemius muscles; the sartorius, the gracilis, and the rectus femoris muscles were selectively preserved (Figure 2).


[image: Figure 1]
FIGURE 1
 Brain MRI. Symmetrical sphenoid wings-like lesions are shown in bilateral lateral ventricles with slight hypointensity on axial T1 (A); slight hyperintensity on axial T2 (B) and FLAIR (C). No obvious abnormality in the sulcus and the gyrus was shown.



[image: Figure 2]
FIGURE 2
 MRI of lower extremities. Muscle MRI T1 (A) and T2 (B) show diffuse atrophy and fatty degeneration within thigh muscles; the sartorius, the gracilis, and the rectus femoris muscles are selectively preserved. MRI T1 (C) and T2 (D) of calf muscles show diffuse atrophy and fatty degeneration in the soleus and the lateral head of gastrocnemius muscles. No signs of inflammation and edema are shown.


Electromyography shows bilateral lower extremity quadriceps muscle damage. The muscle enzymes are slightly elevated (creatine kinase: 445 U/L; normal: 40–200 U/L). Next-generation sequencing (NGS) shows two loci variations in the LAMA2 gene, i.e., c.2749 + 2dup and c.8689C>T (Figure 3). The final diagnosis of LGMDR23 was made.


[image: Figure 3]
FIGURE 3
 Electropherograms of sanger sequencing results. (A, C) The c.2749 + 2dup mutation is shown in the patient, while her son is wild type (A: patient, C: son). The red dotted line indicates the insertion position. c.2749 + 2dup (Reference sequence: TGTCAGCGT(-)AAGTCCTGAACTATTG; Mutated sequence: TGTCAGCGT(T)AAGTCCTGAACTATT). (B, D) The c.8689C>T truncated mutation is in the patient and her son (B: patient, D: son). The red arrows indicate mutation position. c.8689C>T (Reference sequence: TACACTACCCGAAGAATTGGTCCAG; Mutated sequence: TACACTACCTGAAGAATTGGTCCAG).




3. Discussion

The possible localizations in this patient with symmetrical lower extremity proximal weakness while lack of sensory involvement include anterior horn cells, motor nerve roots, neuromuscular junction, and muscles. The lack of fasciculations and fatigability makes anterior horn cell conditions (spinal muscular atrophy types 3 and 4) and neuromuscular junction disease (myasthenia gravis) less likely. The chronic condition with adolescence onset makes an inherited myopathy most likely, especially muscular dystrophy. Combined with white matter demyelination, both myotonic dystrophy (MD) (3) and LGMDR23 should be considered. MD is characterized by myotonia, progressive muscle weakness, and atrophy, and it can be genetically classified into MD 1 (caused by an expanded CTG triplet in DMPK on chromosome 19) and MD 2 (caused by the expansion of a CCTG tetramer in CNBP on chromosome 3). The former is characterized by weakness in the distal predominant limbs and grip myotonia, while the latter is characterized by progressive weakness in the proximal and distal limbs and variable mild grip myotonia (4). However, a lack of clinical myotonia makes MD less likely.

LGMDR23 is characterized by proximal weakness in childhood or even adulthood. Patients with LGMDR23 show a mild phenotype with late-onset proximal muscle weakness and delayed motor milestones but achieve independent ambulation (5, 6). As seen in this patient, the weakness rarely affects their life. In terms of the complaint of “dizziness,” we do not believe it is the unique manifestation of LGMDR23 as it disappeared during her follow-up period.

The prevalence of LGMDR23 is unknown; however, it is considered to be very rare. A Chinese study of 130 patients with LAMA2-related muscular dystrophy reported that the frequency of LGMDR23 was 10.8% (14/130) (6). In one study including 128 patients with limb–girdle muscular dystrophy (LGMD), only three patients were due to the mutation of the LAMA2 gene (5). Another study that included 370 patients with LGMD showed that only five patients were due to the mutation of the LAMA2 gene (7). According to previous studies, the age of disease onset ranges from 1 to 56 years. All the reported patients showed mild symptoms and gained independent ambulation and remained ambulatory even in 69-year-old patients. All the reported patients presented with high levels of creatine kinase when diagnosed [from 600 U/L (8) to 2,000 U/L (5)]. A previous study showed the absence of merosin staining in MDC1A, but low levels of residual merosin can be seen in LGMDR23 (5). Unfortunately, immunohistochemistry staining of merosin has not been performed in this case. A few patients showed the involvement of the respiratory and cardiovascular systems. However, most of the patients showed white matter anomalies on brain MRI. In addition, a recent study suggested that diffuse fatty infiltration can be seen in the adductor magnus and in the long head of the biceps femoris selectively.

With respect to the mutations in LGMDR23, the known pathogenic variants included frameshift, nonsense, copy number variations, splicing, missense, and small amino acid deletions, among which the splicing variant was previously assumed to be more common in patients with LGMDR23 (9). In a Chinese LGMDR23 cohort of 14 patients, 23 variants have been reported, among which 8 out of 23 were missense, 7 out of 23 were frameshift, 3 out of 23 were nonsense, 3 out of 23 were copy number variations, 1 out of 23 was splicing, and 1 out of 23 was small amino acid deletions (6). Next-generation sequencing (NGS) found two loci variations in the LAMA2 gene, i.e., c.2749 + 2dup and c.8689C>T in our patient. Both mutations are not reported in the HGMD database (Human Gene Mutation Database). The c.2749 + 2dup is a splicing mutation: a T was inserted between c.2749 + 1 and c.2749 + 2, which is equivalent to the occurrence of T duplication at c.2749 + 2. The c.2749 + 2dup mutation is located in the splicing region, which may cause a splicing change. Aprevious study reported that c.2749 + 2dup might be related to white matter abnormalities (10). In addition, we have made in silico analysis by spliceAI, which yielded a score of 0.99 (Table 1), suggesting that this mutation may affect splicing. The c.8689C>T is a truncation mutation, in which CGA mutates into TGA, resulting in the 2,897 arginine being changed to the stop codon and termination of translation at this position. Results of in silico analyses by LRT, MutationTaster, Fathmm-MKL, and CADD demonstrated that this mutation may be disease-causing (Table 1). Functionally, this mutation is located in exon 61, encoding concanavalin A-like lectin/glucanase domain|laminin G domain. Thus, this mutation may destruct the interaction between laminins and integrin-α7β1 and αβ-dystroglycan protein complexes, thus disrupting the connection between the basal and muscle cell membranes (11). It was reported that homozygous or compound heterozygous mutations were thought to be pathogenic in theory. Unfortunately, we were unable to perform a sequencing analysis of the patient's parents as they had died. However, as the proband's son carries only one of the two variants, it was confirmed that the proband is a compound heterozygous case. Thus, c.2749 + 2dup and c.8689C>T were considered to be responsible for the proximal weakness in the limbs in this case.


TABLE 1 Results of bioinformatic analyses.

[image: Table 1]

This case report highlights the importance of considering LGMDR23 in a patient presenting with weakness and white matter demyelination on an MRI of thr brain. It also highlights the importance of comprehensive physical examination in patients with white matter demyelination to find insidious muscle weakness. Moreover, we reported two potentially pathogenic mutations in a compound heterozygous state (c.2749 + 2dup and c.8689C>T) in the LAMA2 gene responsible for LGMD in a Chinese patient, which further expands the gene variants spectrum of LGMDR23. These results can refine prenatal diagnosis, genetic counseling, and treatments of patients with LGMDR23.
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Anti-contactin-1 (CNTN1) IgG4 antibody-associated nodopathies is an autoimmune antibody-mediated peripheral neuropathy with a unique clinical presentation, pathophysiology, electrophysiology, and therapeutic response. The critical histopathological features are a dense lymphoplasmacytic infiltrate, a storiform pattern of fibrosis, and obliterative phlebitis. Here, a 62-year-old male patient presented with subacute unilateral limb onset, progressive exacerbation, marked weakness of the extremities, cranial, and autonomic nerve involvement. Neurophysiology showed slowed motor nerve conduction velocity (MCV), prolonged distal motor delay (DML), slowed sensory nerve conduction velocity (SCV), decreased sensory nerve activity potential (SNAP) amplitude, decreased amplitude of bilateral neuromotor conduction, abnormal cutaneous sympathetic response (SSR) in both lower extremities, axonal damage, prolonged F-wave latency, and discrete waves. In the initial phase, there was a response to intravenous immunoglobulin (IVIG), and corticosteroids and rituximab were also effective. After 1 year follow-up, the patient improved significantly. This article reports on a patient with nodular disease with anti-contactin-1 (CNTN1) IgG4 antibodies and reviews the literature to improve clinicians' understanding of the disease.

KEYWORDS
contactin-1, Ranvier's, autoimmune nodopathies, paranodal, peripheral neuropathy


1. Introduction

Anti-contactin-1 (CNTN1) IgG4 antibody-associated nodopathies is an autoimmune antibody-mediated peripheral neuropathy. In recent years, some important cell adhesion molecules in the Ranvier's-related region have become the research focus of biomarkers for chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) (1–3). Some scholars put forward the concept of nodo-paranodopathy disease (4, 5) from the perspective of microstructure, however, the latest guidelines (6) clearly state that protein antibody-positive diseases associated with paranodopathy are named autoimmune nodopathies. In this article, we analyzed a patient with positive anti-contactin-1 IgG4 antibody, and reviewed the related literature to improve clinicians' understanding, diagnosis, and treatment of this kind of disease.



2. Case presentation


2.1. Medical history

A 62-year-old man was admitted for treatment of progressive limb weakness over 4 months. He suddenly felt weakness in the right lower limb during farming over 4 months ago, accompanied by pain and cramps in the calf. He received treatment in the community for 4 days, and the above symptoms disappeared. One week after the initial onset of the weakness, the patient began to have left-sided angle of mouth, salivation, chewing difficulties, difficulty in closing the right eye, slurred speech, transient diplopia, ataxia, weakened tendon reflex of the right limb, and the MRC grade of the right limb muscle was 4 (Table 1), with CT examination showing low-density lesions in the bilateral basal ganglia area. The patient's symptoms progressed after antithrombotic treatment, with recurrence of transient diplopia. He was discharged after 2 weeks of hospitalization. At 9 weeks after the initial onset, after suffering from upper respiratory tract infection, pain occurred in the lower parts of both lower limbs, and the distal knuckles and toes of both lower limbs continued to have numbness. The distal numbness of the limbs gradually spread to the proximal end, accompanied by weakness of both feet, followed by weakness of the limbs, mainly the distal limbs. At 13 weeks after initial onset, he had difficulty in passing stool and needed enema to help, and 15 weeks after initial onset, he had difficulty in passing urine. He was in good health in the past and had a history of COVID-19 vaccination 10 days before the onset of symptoms. He did not have a family history of genetic disease or history of exposure to poisons.


TABLE 1 Medical research council (MRC) scale for muscle examination.
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2.2. Admission physical examination

Upon admission, the following were observed: normal cognitive function, the speech was unclear, bilateral forehead lines disappeared, could not wrinkle forehead, bilateral eye closure was weak and right side was obvious, the right nasolabial groove was shallow, the bilateral drum gills were weak, the strength of the right side teeth was weak, the angle of mouth was left, the tongue body was thin, the tongue muscle strength was weak, with right tongue muscle tremor. The masticatory muscle was slightly weak, the pharyngeal reflex disappeared, shoulder shrug and neck were powerful, the neck flexion was weak. Limb muscle strength (MRC) grades: proximal left upper limb: V, distal: II+; left lower limb proximal extensor: IV+, flexor: III, distal: II; proximal right upper limb: V, distal: II+; proximal extensor of right lower limb: IV–, flexor: II+, distal: 0. The muscle tension of both lower limbs decreased, the tendon reflex and abdominal wall reflex of the limbs disappeared. The ataxia of both upper limbs was unstable and both lower limbs cannot be completed. Stocking glove hypoesthesia was observed for vibratory and cold stimuli.



2.3. Auxiliary examination

Upon auxiliary examination, the following were observed: blood test examination: blood routine, blood coagulation routine; blood glucose, liver and kidney function, thyroid function, tumor markers, serum protein electrophoresis, and vitamin B12 were not significantly abnormal. Cerebrospinal fluid (CSF) protein level: 618.91 mg/dL (normal value 15–45 mg/dL), white blood cell count: 6/μL (normal value 0–8/μL). The neuroelectrophysiology is shown in Table 2. An MRI of the cervical plexus is shown in Figure 1A, an MRI of the lumbosacral plexus in Figure 1B, and musculoskeletal ultrasounds are shown in Figure 2.


TABLE 2 Results of nerve conduction study and F-wave of the anti-contaction-1 IgG4 antibody associated autoimmune nodopathies.
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FIGURE 1
 (A) Cervical plexus MRI: fluid attenuation inversion recovery (FLAIR) shows slightly thickened bilateral nerve roots at C4/C5–C6/C7. (B) Lumbosacral plexus MRI: fluid attenuation inversion recovery (FLAIR) shows bilateral nerve root thickening at the L1/L2–L4/L5 intervertebral space, with slightly higher signal intensity, especially at L2/L3–L4/L5.



[image: Figure 2]
FIGURE 2
 Ultrasounds 4 months after the onset of the disease, the right C6 nerve root was thickened, with a thickness of 0.476 cm (A). 6 months after the onset of the disease, the right C6 nerve root was thickened, with a thickness of 0.467 cm (B). 11 months after the onset of the disease, the right C6 nerve root was thickened, with a thickness of 0.426 cm (C).




2.4. Admission diagnosis

The diagnosis upon admission was as follows: acute inflammatory demyelinating polyradiculoneuropathy (AIDP)?/ACIDP?/Autoimmune nodopathies? After IVIG treatment, the limb weakness of the patients improved. Blood antibody report: anti-CNTN1 antibody IgG4 positive 1:100, CSF corresponding antibody 1:32. Diagnosis: Autoimmune nodopathies. The treatment was 500 mg methylprednisolone intravenous shock therapy and hormone reduction 5 days after surgery with 48 mg methylprednisolone orally administered. The patient's fatigue symptoms gradually improved, but he was still unable to walk, and improvement of numbness was not obvious.

After discharge, the patient's condition was stable and he was readmitted to the hospital for rituximab treatment because of his inability to walk. Upon follow-up 1 year after onset of disease, he was able to walk normally and felt numbness only in the fingertips. The changes in muscle strength during the three admissions are shown in Table 3. EMG comparisons for the three admissions are shown in Table 2.


TABLE 3 Change in muscle strength between patient admissions.
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3. Discussion

The latest guideline (6) names diseases positive for antibodies against Ranviers-related proteins as autoimmune nodopathies and no longer as a CIDP subtype. Positive antibodies to contactin-1 (CNTN1), a cell adhesion molecule at the axial end of the paracord region, may cause nodopathies disease, with unique clinical manifestations, pathophysiological, and electrophysiological changes. Clinical studies found that among patients with nodopathies, the positive proportion of CNTN1 antibody ranges from 2.4 to 6.5% (7–9). In 2018, Hashimoto et al. (10) reviewed 20 patients with CIDP who were positive for anti-CNTN1 antibodies, and reported a relatively high age of onset of 63.0 ± 13.5 years (range 33–81 years, 80% >60 years), with a male-to-female ratio of 2:1. Our patient was an elderly male, consistent with the epidemiological features of the disease. Antecedent infections or vaccinations may also be a trigger for autoimmune nodopathies. In 2022, a NF186+ autoimmune nodopathies case was reported following COVID-19 vaccination (11). Some studies suggest (12, 13) that this may be a result of interactions between the susceptible vaccinated subject and various vaccine components. The mechanisms involved may be molecular patterns, i.e., significant similarities between certain disease-causing elements contained in vaccines and specific human proteins. Our patient developed muscle weakness symptoms after receiving a COVID-19 vaccine, before the onset of the disease, suggesting that COVID-19 vaccination may be the causative agent of CNTN1+, and the speculated mechanism is similar to NF186+, as described above. The clinical manifestation of nodopathies with positive anti-CNTN1 antibody is unique and is different from classical CIDP. CNTN1 antibody-positive patients with nodopathies mostly have subacute onset or rapid progression after chronic onset, mainly manifested as symmetrical proximal and distal limb weakness and sensory abnormalities, which may be accompanied by tremors and sensory ataxia (14–16). The clinical symptoms are closely related to the titer of IgG antibody and the deposition density of IgG in node areas (7). Significant sensory ataxia was found in all patients reported in Japan, but not in patients reported in Spain, suggesting that ethnic or genetic factors may affect antibody-binding epitopes, resulting in clinical heterogeneity (14). Cortese et al. (17) found cranial nerve involvement and respiratory failure in 1 of 3 anti-CNTN1 IgG4 antibody-positive patients. The patient in our case had an unusual subacute unilateral limb onset. The course of the disease was a sudden frustration, manifested as remission-relapse-incomplete remission, and finally progressing to bilateral cranial nerve asymmetry and relative symmetrical limb involvement. Not only was there limb weakness and sensory abnormalities, but also symptoms of cranial nerves and autonomic nerve involvement. The course of the patient was not completely consistent with that reported in other literature. The involvement of cranial nerves and autonomic nerves may be a result of by conduction block, and the mechanism is similar to limb motor nerves.

Protein-cell separation is present in 80–90% of typical CIDP patients. The latest literature suggests that the reference upper limit of cerebrospinal fluid total protein (CSF-TP) should be higher than 45 mg/dl (18). The cerebrospinal fluid (CSF) protein of patients with nodopathies associated with positive anti-CNTN1 antibody is more obvious (16). In addition, MRI of CNTN1 antibody-positive patients may show symmetrical diffuse edema, thickening of nerve roots in the brachial plexus and lumbosacral plexus, as well as edema thickening of nerve roots in musculoskeletal ultrasounds. The mechanism for these may be a lack of blood-nerve barrier at the nerve roots, which are highly susceptible to damage by circulating immune antibodies. The cerebrospinal fluid protein of this patient was 618 mg/dl. MRI and musculoskeletal B-ultrasounds were consistent with the above findings. The musculoskeletal ultrasound showed no significant changes before and after treatment (Table 3). Considering that the improvements observed in auxiliary examinations lagged behind the clinical manifestations, further follow-up observations can be made.

The electrophysiological characteristics of anti-CNTN1 antibody-positive patients with nodopathies were as follows: MCV slowed down, DML prolonged, F wave latency prolonged and conduction block occurred, axonal damage appeared in the early stage, SCV slowed down, and SNAP amplitude decreased (15, 19). The pathological basis of these changes is that the structure of the paranodal region is destroyed, which affects the normal conduction of nerve pulses in myelinated fibers. The electrophysiology of this patient showed that MCV slowed down, DML prolonged, SCV slowed down, SNAP amplitude decreased, bilateral nerves motor conduction amplitude decreased, SSR abnormality for both lower limbs, axonal damage, and F wave latencies prolonged. The neurophysiological manifestations were consistent with those of patients with anti-CNTN1 antibody-positive nodopathies diseases.

The typical pathological manifestations of CIDP were not found in the gastrocnemius nerve biopsy of patients with CNTN1 antibody-positive nodopathies. Destruction of the paranodal structure and separation of the myelin sheath from the axon were observed under an electron microscope (20–22), suggesting that attack by the CNTN1 antibody on the paranodal region is the pathogenesis of the disease.

Most CNTN1 antibodies are mainly IgG4 subtype, with lower binding to Fc receptors, and do not participate in the complement activation pathway (23), with the response to IVIG treatment poor. However, IgG1, IgG2, and IgG3 subtypes can also coexist in CNTN1 IgG4 positive patients, and the latter subtype can induce complementary deposition and activation. Therefore, CNTN1 IgG4 positive patients may respond to IVIG treatment at the initial stage (24). Corticosteroids, plasma exchange, and rituximab are effective in patients with CNTN1 antibody-positive nodopathies disease. According to studies in Japan (14), corticosteroid therapy is effective in 73% of CNTN1 IgG4 positive patients. Plasma exchange improves the treatment rate of CNTN1 antibody-positive patients by removing related antibodies in the plasma. As a targeted drug, rituximab can target the IgG4 antibody, achieving good therapeutic effects by depleting B lymphocytes and downregulating humoral immune responses (25, 26). Our patient had a good response to corticosteroids and rituximab treatment.



4. Conclusion

CNTN1 antibody-positive nodopathies is due to the autoimmune antibody attacking the paranodal region of Ranvier, which destroys the composition of the complex in this region and leads to demyelination of myelinated nerve fibers. Patients with CNTN1 antibody-positive nodopathies have unique clinical manifestations, including unilateral limb onset, motor and sensory system involvement, tremor, sensory ataxia, cranial nerve, and autonomic nerve involvement, significantly increased CSF protein, and increased erythrocyte sedimentation rate. MRI and nerve ultrasound showed symmetrical diffuse edema of brachial and lumbosacral plexus nerve roots, while neuroelectrophysiology showed a slowed MCV, prolonged F wave latencies, and conduction block. Axonal damage can occur in the early stage. Most patients respond poorly to IVIG, but some patients respond well to IVIG in the early stage of the disease. Corticosteroids, plasma exchange, and rituximab are all effective in patients with positive CNTN1 antibody. At present, the clinical understanding of paranodal-related antibodies is still insufficient, and standardized treatment can reduce the disability rate and improve the cure rate. Therefore, in the process of diagnosis and treatment of nodopathies diseases, we should screen the antibodies against paranodal proteins in time, to improve the accuracy of diagnosis and guide treatment.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by the Third Central Hospital of Tianjin. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

All authors contributed to the article and agreed to the submitted version.



Funding

This work was supported by Tianjin Science and Technology Commission Major Special Project for Prevention and Treatment of Major Diseases (19ZXDBSY00100) and National Natural Science Foundation of China Incubation Project, Tianjin Third Central Hospital and Tianjin Key Laboratory of In Vitro Life Support for Critical Diseases (2019YNR5).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Mathey EK, Park SB, Hughes RAC, Pollard JD, Armati PJ, Barnett MH, et al. Chronic inflammatory demyelinating polyradiculoneuropathy: from pathology to phenotype. J Neurol Neurosurg Psychiatry. (2015) 86:973–85. doi: 10.1136/jnnp-2014-309697

 2. Poliak S, Peles E. The local differentiation of myelinated axons at nodes of Ranvier. Nat Rev Neurosci. (2003) 4:968–0. doi: 10.1038/nrn1253

 3. Querol L, Illa I. Paranodal and other autoantibodies in chronic inflammatory neuropathies. Curr Opin Neurol. (2015) 28:474–9. doi: 10.1097/WCO.0000000000000233

 4. Uncini A, Susuki K, Yuki N. Nodo-paranodopathy: beyond the demyelinating and axonal classification in anti-ganglioside antibody-mediated neuropathies. Clin Neurophysiol. (2013) 124:1928–34. doi: 10.1016/j.clinph.2013.03.025

 5. Uncini A, Kuwabara S. Nodopathies of the peripheral nerve: an emerging concept. J Neurol Neurosurg Psychiatry. (2015) 86:1186–95. doi: 10.1136/jnnp-2014-310097

 6. Van den Bergh P, van Doorn PA, Hadden R, Avau B, Vankrunkelsven P, Allen JA, et al. European Academy of Neurology/Peripheral Nerve Society guideline on diagnosis and treatment of chronic inflammatory demyelinating polyradiculoneuropathy: report of a joint task force-second revision. J Peripher Nerv Syst. (2021) 26:242–68. doi: 10.1111/jns.12455

 7. Devaux JJ, Odaka M, Yuki N. Nodal proteins are target antigens in Guillain-Barre syndrome. J Peripher Nerv Syst. (2012) 17:62–71. doi: 10.1111/j.1529-8027.2012.00372.x

 8. Querol L, Nogales-Gadea G, Rojas-Garcia R, Diaz-Manera J, Pardo J, Ortega-Moreno A, et al. Neurofascin IgG4 antibodies in CIDP associate with disabling tremor and poor response to IVIg. Neurology. (2014) 82:879–86. doi: 10.1212/WNL.0000000000000205

 9. Devaux JJ, Miura Y, Fukami Y, Inoue T, Manso C, Belghazi M, et al. Neurofascin-155 IgG4 in chronic inflammatory demyelinating polyneuropathy. Neurology. (2016) 86:800–7. doi: 10.1212/WNL.0000000000002418

 10. Hashimoto Y, Ogata H, Yamasaki R, Sasaguri T, Ko S, Yamashita K, et al. Chronic inflammatory demyelinating polyneuropathy with concurrent membranous nephropathy: an anti-paranode and podocyte protein antibody study and literature survey. Front Neurol. (2018) 9:997. doi: 10.3389/fneur.2018.00997

 11. Wen S, Huang K, Zhu H, Li P, Zhou L, Feng L. Case report: anti-NF186+ CIDP after receiving the inactivated vaccine for coronavirus disease (COVID-19). Front Neurol. (2022) 13:838222. doi: 10.3389/fneur.2022.838222

 12. Bagella CF, Corda DG, Zara P, Elia AE, Ruiu E, Sechi E, et al. Chronic Inflammatory Demyelinating Polyneuropathy after ChAdOx1 nCoV-19 Vaccination. Vaccines-Basel. (2021) 9:1502. doi: 10.3390/vaccines9121502

 13. Vojdani A, Kharrazian D. Potential antigenic cross-reactivity between SARS-CoV-2 and human tissue with a possible link to an increase in autoimmune diseases. Clin Immunol. (2020) 217:108480. doi: 10.1016/j.clim.2020.108480

 14. Miura Y, Devaux JJ, Fukami Y, Manso C, Belghazi M, Wong AH, et al. Contactin 1 IgG4 associates to chronic inflammatory demyelinating polyneuropathy with sensory ataxia. Brain. (2015) 138(Pt 6):1484–91. doi: 10.1093/brain/awv054

 15. Doppler K, Appeltshauser L, Wilhelmi K, Villmann C, Dib-Hajj SD, Waxman SG, et al. Destruction of paranodal architecture in inflammatory neuropathy with anti-contactin-1 autoantibodies. J Neurol Neurosurg Psychiatry. (2015) 86:720–8. doi: 10.1136/jnnp-2014-309916

 16. Querol L, Nogales-Gadea G, Rojas-Garcia R, Martinez-Hernandez E, Diaz-Manera J, Suarez-Calvet X, et al. Antibodies to contactin-1 in chronic inflammatory demyelinating polyneuropathy. Ann Neurol. (2013) 73:370–80. doi: 10.1002/ana.23794

 17. Cortese A, Lombardi R, Briani C, Callegari I, Benedetti L, Manganelli F, et al. Antibodies to neurofascin, contactin-1, and contactin-associated protein 1 in CIDP: Clinical relevance of IgG isotype. Neurol-Neuroimmunol. (2020) 7:e639. doi: 10.1212/NXI.0000000000000639

 18. Breiner A, Bourque PR, Allen JA. Updated cerebrospinal fluid total protein reference values improve chronic inflammatory demyelinating polyneuropathy diagnosis. Muscle Nerve. (2019) 60:180–3. doi: 10.1002/mus.26488

 19. Fehmi J, Scherer SS, Willison HJ, Rinaldi S. Nodes, paranodes and neuropathies. J Neurol Neurosurg Psychiatry. (2018) 89:61–71. doi: 10.1136/jnnp-2016-315480

 20. Koike H, Katsuno M, Sobue G. Deciphering the mechanism and spectrum of chronic inflammatory demyelinating polyneuropathy using morphology. Clin Exp Neuroimmunol. (2018) 9:35–46. doi: 10.1111/cen3.12442 

 21. Kuwabara S, Misawa S, Mori M. Paranodal destruction and axo-glial dysjunction in a subtype of CIDP with anticontaction-1 antibodies. J Neurol Neurosurg Psychiatry. (2015) 86:707. doi: 10.1136/jnnp-2015-310448

 22. Koike H, Kadoya M, Kaida K, Ikeda S, Kawagashira Y, Iijima M, et al. Paranodal dissection in chronic inflammatory demyelinating polyneuropathy with anti-neurofascin-155 and anti-contactin-1 antibodies. J Neurol Neurosurg Psychiatry. (2017) 88:465–73. doi: 10.1136/jnnp-2016-314895

 23. Nirula A, Glaser SM, Kalled SL, Taylor FR. What is IgG4? A review of the biology of a unique immunoglobulin subtype. Curr Opin Rheumatol. (2011) 23:119–24. doi: 10.1097/BOR.0b013e3283412fd4

 24. Appeltshauser L, Weishaupt A, Sommer C, Doppler K. Complement deposition induced by binding of anti-contactin-1 auto-antibodies is modified by immunoglobulins. Exp Neurol. (2017) 287(Pt 1):84–90. doi: 10.1016/j.expneurol.2016.10.006

 25. Kira J, Yamasaki R, Ogata H. Anti-neurofascin autoantibody and demyelination. Neurochem Int. (2019) 130:104360. doi: 10.1016/j.neuint.2018.12.011

 26. Querol L, Devaux J, Rojas-Garcia R, Illa I. Autoantibodies in chronic inflammatory neuropathies: diagnostic and therapeutic implications. Nat Rev Neurol. (2017) 13:533–47. doi: 10.1038/nrneurol.2017.84














	
	TYPE Case Report
PUBLISHED 22 March 2023
DOI 10.3389/fneur.2023.1138668






Case report: Flail leg syndrome in familial amyotrophic lateral sclerosis with L144S SOD1 mutation

Ewa Zapalska*, Dominika Wrzesień and Adam Stępień

Department of Neurology, Military Institute of Medicine – National Research Institute, Warsaw, Poland

[image: image2]

OPEN ACCESS

EDITED BY
Giovanni Meola, University of Milan, Italy

REVIEWED BY
Claudia Ricci, University of Siena, Italy
 Dongsheng Fan, Peking University Third Hospital, China

*CORRESPONDENCE
 Ewa Zapalska, ewa.zapalska9@gmail.com

SPECIALTY SECTION
 This article was submitted to Neuromuscular Disorders and Peripheral Neuropathies, a section of the journal Frontiers in Neurology

RECEIVED 06 January 2023
 ACCEPTED 17 February 2023
 PUBLISHED 22 March 2023

CITATION
 Zapalska E, Wrzesień D and Stępień A (2023) Case report: Flail leg syndrome in familial amyotrophic lateral sclerosis with L144S SOD1 mutation. Front. Neurol. 14:1138668. doi: 10.3389/fneur.2023.1138668

COPYRIGHT
 © 2023 Zapalska, Wrzesień and Stępień. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



We observed a Polish family with familial amyotrophic lateral sclerosis with heterozygous L144S SOD1 mutation, which manifested clinically as flail leg syndrome. Flail leg syndrome is a rare phenotype of amyotrophic lateral sclerosis, with slow progression, long survival, and predominance of lower motor neuron signs at onset, as a triad of distal paresis, muscle atrophy, and hyporeflexia/areflexia, confined to the lower limbs for an extended period of time. Although familial amyotrophic lateral sclerosis is usually associated with a worse prognosis than the sporadic form of the disease, the clinical course of the disease in patients with L144S SOD1 mutation is benign, with slow progression and long survival. This unique case report provides an in-depth clinical analysis of all of the symptomatic members of a family, who were diagnosed with amyotrophic lateral sclerosis in our clinic, including three siblings (two brothers and a deceased sister) with flail leg syndrome and their fraternal aunt, who has been previously misdiagnosed with cervical myelopathy and is living with symptoms of the disease for 15 years. Sanger sequencing of the SOD1 gene was performed in all of the living patients, revealing an L144S (c.434T>C, p.Leu145Ser) heterozygous mutation. The aim of this case report is to increase the physician's awareness of the atypical phenotypes of amyotrophic lateral sclerosis and hopefully, to encourage further research on the factors responsible for delayed disease progression in patients with L144S SOD1 mutation.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease, which in its classic form is characterized by symptoms of simultaneous upper and lower motor neuron involvement at the onset (1). It has a mean prevalence of 5.4/100.000 in Europe (1) with flail leg syndrome (FLS, also known as pseudopolyneuritic variant) accounting for up to 5% of ALS cases (2), in which lower motor neuron signs predominate at onset, affecting the lower limbs usually as a triad of distal paresis, muscle atrophy, and hyporeflexia/areflexia (3).

Flail leg syndrome was discovered by Pierre Marie and later described by his student Patrikios in 1918 as asymmetric-onset, slowly progressing, distal lower limbs muscle weakness with the absence of lower limb deep tendon reflexes (DTRs) and presence of subtle or late upper motor neuron (UMN) signs (4). FLS is a rare phenotype of ALS, characterized by lower motor neuron (LMN) signs restricted to the lumbosacral region for an extended period of time (which varies in the literature from 12 to 24 months), with a more favorable prognosis than the classic form of ALS in the means of slower progression and longer mean survival between 75.9 and 87 months with diminished and late respiratory involvement (3). The longer the disease is confined to the lumbosacral region, the longer the survival (4).

Up to 10% of ALS cases are familial, with SOD1 gene mutations involved in 14.8% of familial ALS cases in Europe (5). Risk factors of familial ALS include a positive family history of dementia and neurodegenerative disorders, early age of onset, predominant lower limbs symptoms, or subjective sensory signs at the onset (6, 7). Familial ALS is usually inherited in an autosomal dominant pattern, occurs on average 10 years earlier, and has a worse prognosis than sporadic ALS (8).

According to Kuzma-Kozakiewicz et al. (9), the most common SOD1 mutation among ALS patients in Poland is K3E, followed by L144S (c.434T>C, p.Leu145Ser) which is a heterozygous, missense mutation located in exon 5 of the SOD1 gene. The study mentioned 26 cases of L144S mutation worldwide (19 cases in Poland, 3 in Iran, 3 in Brazil, and 1 in the USA), including 10 fALS families and 3 sporadic ALS cases, out of which 66.6% of cases displayed classic ALS phenotype and in the remaining 33.3% of cases, progressive muscular atrophy was diagnosed. The clinical course of ALS in patients with L144S SOD1 mutation is relatively benign, with slow progression and an average survival of 11 years. Initially, the symptoms are confined to the lower limbs, while bulbar symptoms appear late (9).

This case report provides a unique opportunity to analyze the clinical course of familial ALS with heterozygous L144S SOD1 mutation in a Polish family, from the physician's point of view.



2. Case description

We present three siblings-two brothers (Case 1 and Case 3) and their deceased sister (Case 4 – retrospective analysis), with a rare phenotype of ALS (flail leg syndrome), and their fraternal aunt (Case 2), suffering from a progressive motor decline over 15 years, previously diagnosed with cervical myelopathy in another hospital and finally diagnosed with ALS in our clinic. Family pedigree has been obtained—other family members are reported to be free of any neurological and cognitive deficits (Figure 1).


[image: Figure 1]
FIGURE 1
 Pedigree of the studied polish family.


Diagnostic workup of the patients included the following: laboratory blood tests, CSF analysis (including antibodies against Borrelia burgdorferi in the serum and CSF, oligoclonal bands in CSF), and MRI of the brain, cervical, and lumbosacral spine, which did not display any significant findings in all of the cases. EMG/ENG study was performed in all of the patients and significantly aided the diagnosis. All patients were diagnosed with ALS and subsequently treated with riluzole.

Sanger sequencing of the SOD1 gene was performed in all of the living patients in 2022 (Cases 1, 2, and 3) and displayed the presence of L144S (c.434T>C, p.Leu145Ser) mutation in one allele.

The patients were not included in any other study and are presented in the order in which they were treated by the authors. The cases are summarized in Table 1.


TABLE 1 Summary of familial ALS cases described in the article.
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2.1. Case 1

In February 2022, a 47-year-old man with no prior medical history was admitted to the neurological clinic due to distal lower limbs muscle weakness progressing over 2 years.

The first symptoms appeared in August 2020 in the form of a shortening of the walking distance, followed by a right foot drop in February 2021. Initially, the patient associated the symptoms with a bilateral foot injury that he suffered in 2008 as a result of a fall from a height accident.

The ENG/EMG study from October 2021 revealed features of significant axonal damage to distal segments of the tibial nerves, without signs of active denervation. After the exclusion of lumbar discopathy as a possible cause of the symptoms, the patient underwent orthopedic surgery in April 2021 (right-sided arthrodesis of the first MTP joint and talocalcaneonavicular joint)—without improvement. Since September 2021, the patient walks with a cane, suffers from trembling hands, and reports fasciculations and needle-like pain localized mostly in the lower limbs, as well as upper limbs and trunk. At the time of the patient's hospitalization, his two siblings were already diagnosed with ALS. The patient has no children.

Neurological examination on admission to the clinic revealed the following: generalized atrophy of the lower limbs muscles (more pronounced in the right calf—girth asymmetry of 3 cm) with numerous fasciculations, subtle atrophy of the left first dorsal interosseous muscle, restless tongue; asymmetric, moderate degree flaccid paraparesis (more pronounced distally, affecting the right lower limb to the greater degree than the left) with trace patellar and ankle DTRs and mildly positive Babinski sign on the left side; very brisk DTRs from the upper limbs, steppage gait.

Laboratory blood tests and CSF analysis did not reveal any significant abnormalities. MRI of the brain, cervical, and lumbosacral spine did not reveal any relevant findings. The EMG and ENG study displayed features of denervation at the C/Th and L-S spinal cord regions. Based on the clinical and electrophysiological features, probable ALS was diagnosed and riluzole was introduced. SOD1 gene sequencing was performed, demonstrating the presence of the p.Leu145Ser variant in one allele.



2.2. Case 2

In May 2022, a 76-year-old bedridden woman was admitted to the neurological clinic due to progressive muscle weakness in the upper and lower limbs.

The first symptoms appeared about 15 years before as chronic back pain and walking difficulty, caused by muscle weakness affecting the left lower limb at first and then the right lower limb. The patient was walking on straight, stiff legs “as if on stilts”—any attempt to bend the knees resulted in a fall. In 2015, significant deterioration of mobility forced the patient to require the aid of a cane while walking and prompted the patient to seek inpatient neurological care (in another hospital), which resulted in a diagnosis of degenerative disc disease of the cervical and lumbar spine with cervical myelopathy and lumbar stenosis. At the time of the diagnosis, the patient claimed that her family history was positive for multiple sclerosis. In 2016, the patient underwent an L4 laminectomy, which did not result in clinical improvement. The patient did not consent to the surgical treatment of cervical myelopathy. Despite physical rehabilitation, further progression of the symptoms was observed. In addition, muscle weakness in the upper limbs is developing for approximately 3–4 years. For about a year, swallowing difficulty is occurring periodically. Currently, the patient is bedridden and uses a wheelchair with the help of others.

The patient has three children (two sons and a daughter) that are reported to be healthy. Other medical history of the patient includes: microvascular ischemic brain disease, hypertension, thyroid nodules, hypothyroidism, bilateral cataracts, a history of left tibial fracture surgery, and cholecystectomy.

Neurological examination on admission to the clinic revealed the following: bilateral atrophy of the shoulder girdle muscles, biceps and triceps brachii, lumbrical, and interossei muscles; third, fourth, and fifth fingers of both hands were fixed in a flexed position, fasciculations of the left triceps brachii muscle and hand muscles bilaterally, tongue fibrillations, minimal dysarthria, mild dysphagia, spastic paraparesis 1/5 MRC with the absence of patellar and ankle DTRs, the absence of the left plantar reflex, mildly positive Babinski sign on the right side, and paresis of the upper limbs without increased muscle tone (in the left upper limb 2/5 MRC, in the right upper limb proximally 3/5 MRC, distally 4/5 MRC) with normal DTRs.

Laboratory blood tests and CSF analysis did not reveal any significant abnormalities except for elevated TSH and ALT. MRI of the brain revealed numerous chronic microvascular changes within the pons, frontal, and parietal lobes bilaterally as well as crowding of gyri at the vertex/parafalcine region with cortico-subcortical atrophy. MRI of the cervical spine displayed multilevel degenerative disc changes with spinal and foraminal stenosis, with no evidence of cervical myelopathy. The EMG and ENG study revealed features of denervation at three spinal cord regions (C, Th, and L) and slight acute neurogenic damage at the level of the brainstem. Based on the clinical and electrophysiological features, definite ALS was diagnosed and riluzole was introduced. SOD1 gene sequencing was performed, demonstrating the presence of the p.Leu145Ser variant in one allele.



2.3. Case 3

In June 2022, a 51-year-old man with ALS (diagnosed in 2020) was admitted to the neurological clinic for further diagnostic evaluation.

The first symptoms emerged in 2017 at the age of 46, when the patient started walking with a limp on the right side. The muscle weakness slowly progressed to involve the left lower limb, forcing the patient to walk with a cane from 2019 or 2020. The ENG/EMG study from March 2019 revealed features of significant axonal damage to tibial and deep fibular nerves, without traits of active denervation. From August 2019 to September 2020, the patient was hospitalized three times in the neurological clinic, which culminated in the diagnosis of ALS. Neurological examination revealed flaccid paraparesis, absence of patellar reflex on the right side, lack of ankle DTRs bilaterally, and mildly positive Babinski sign on the left side. MRI of the cervical and lumbar spine displayed degenerative disc changes with no evidence of myelopathy. Gradual progression of electrophysiological findings was observed —at first, features of denervation were present at the lumbosacral region in August 2019 and then spread to C/Th, Th, and L-S regions in September 2020. An additional EMG and ENG study from September 2021 revealed features of denervation at three spinal cord regions (C, Th, and L-S). Since January 2022, the patient walks with the support of a walking cane. The patient has two underage children.

Neurological examination on admission to the clinic revealed the following: fasciculations of deltoid muscles bilaterally, muscle atrophy of the lower limbs (most visible proximally and on the right side), minimal muscle atrophy of the right upper limb, restless tongue; asymmetric flaccid paraparesis—more pronounced in the right lower limb (paresis of hip extensors 2/5 MRC, paresis of dorsal flexors 3/5 MRC, paresis of hip flexors and plantar flexors 4/5 MRC), than in the left lower limb (4/5 MRC), lack of patellar and ankle DTRs bilaterally, lack of plantar reflex on the right side, weak plantar reflex on the left side, and discreet paresis of the right upper limb with very brisk DTRs.

Laboratory blood tests revealed mildly increased CK, decreased serum IgM levels, and impaired fasting glycemia. CSF analysis did not display any significant abnormalities except for mild elevation of IgA. MRI of the brain did not reveal any significant findings. SOD1 gene sequencing was performed, demonstrating the presence of the p.Leu145Ser variant in one allele.



2.4. Case 4

The first symptoms emerged in 1998 at the age of 35, as slowly progressive distal lower limb muscle weakness with intense, needle-like pain in the thighs. The EMG study from 2001 displayed traits of axonal damage to the peripheral nerves (mainly of the lower limbs) at the level of the nerve trunks, with features of denervation and reinnervation in the muscles of the lower and upper limbs, more pronounced distally. MRI of the thoracic and lumbar spine from March 2002 did not reveal any significant findings. In July 2002, the patient was hospitalized in the neurological clinic and presented with moderate degree flaccid paraparesis and muscle atrophy (mainly distal, most pronounced in plantar flexors) with the absence of patellar and ankle DTRs and positive Babinski sign bilaterally; paresis of the fourth and fifth finger of the left hand, duck-like gait. Laboratory blood tests and CSF analysis did not reveal any significant abnormalities except for mildly elevated CK. MRI of the cervical spine was normal. The EMG and ENG study revealed features of denervation at the level of the brainstem, cervical, and lumbar spinal cord regions. Based on the clinical and electrophysiological features, probable ALS was diagnosed and riluzole was introduced.

During hospitalization in the neurological clinic in October 2003, the patient presented with tongue atrophy, mild dysarthria with discreet features of bulbar speech, flaccid quadriparesis (severe paraparesis; the weakness was more pronounced in the right limbs) with upper and lower limb muscle atrophy, trace patellar and ankle DTRs, positive Babinski sign on the left side, and mildly positive Babinski sign on the right side. The EMG and ENG study confirmed features of denervation at cervical and lumbar spinal cord regions. Last recorded neurological consultation from 2008 described flaccid quadriparesis 2/5 MRC with lower limbs areflexia. The patient died in 2011 at the age of 47 due to ALS-related respiratory failure.




3. Discussion

We observed that L144S (c.434T>C, p.Leu145Ser) SOD1 heterozygous mutation in familial ALS may result in asymmetric-onset lower limb paresis (flaccid or spastic) with trace/absent lower limb DTRs, late bulbar signs, and long survival. Due to limitations of Sanger sequencing, other modifying variants within exon-distant intronic or promoter regions could not be excluded. Lower limb onset and long survival seem to be the defining features of L144S SOD1 mutation, as depicted in Table 2, resuming the main features of all L144S SOD1 cases described so far.


TABLE 2 Review of L144S SOD1 cases reported in the literature.
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Flail leg syndrome is a rare phenotype of ALS which may present with unilateral foot drop, trace deep tendon reflexes from the lower limbs, and waddling gait, which may resemble peripheral neuropathy and lead to a misdiagnosis. According to Wijesekera et al. (4) UK and Melbourne clinical studies, FLS is defined as a progressive, distal onset LMN pattern of weakness and wasting confined solely to the lower limbs for at least 12 months. Deep tendon reflexes from the lower limbs are usually diminished or absent; however, brisk lower limb DTRs or positive Babinski sign do not preclude the diagnosis of FLS, as long as hypertonia and clonus are absent (3, 4). FLS of asymmetric onset may present with brisk DTRs from unaffected limbs (8). During the disease course, the symptoms eventually spread to involve other regions and resemble classic ALS (2).

The siblings (Case 1, Case 3, and Case 4) match the criteria of FLS; however, their fraternal aunt (Case 2) with asymmetric-onset spastic paraparesis and lack of lower limb DTRs does not entirely match the aforementioned diagnostic criteria of FLS due to increased muscle tone in the lower limbs.

A longer clinical course coupled with the atypical presentation at onset may lead to a misdiagnosis, which could prolong the initiation of treatment and may lead to unnecessary interventions including surgeries and hospitalizations (8, 17). An elderly woman with a progressive disability, suffering from chronic back pain does not necessarily have to be diagnosed with cervical myelopathy or lumbar stenosis but may potentially suffer from ALS (as in Case 2), which highlights the importance of careful evaluation of patient's history, neurological examination, and electromyography.

FLS is correlated with the presence of SOD1 mutation with an odds ratio of 3.75 (18). Therefore, in families affected by familial ALS, a detailed, at least three-generational pedigree should be obtained. Genetic testing should not be performed solely for the purpose of predicting the further clinical course of the disease, because of variable expressivity (one pathogenic variant may manifest as several different phenotypes); however, it does provide limited prognostic information. Predictive testing of minors is considered unethical. First, symptomatic individuals who are willing may undergo full gene sequencing, which is a gold standard for searching the entire coding region of the chosen gene for pathogenic variants. A positive result cannot give a definite answer to whether the individual will develop the disease due to a lack of population-based data on penetrance; however, it may be used to identify at-risk family members and to confirm the diagnosis as clinically definite laboratory-supported familial ALS in patients with clinically suspected or clinically possible ALS and in the light of emerging gene-specific therapies it gives the opportunity to participate in clinical trials (6).

Tofersen is a novel antisense oligonucleotide (ASO) drug administered intrathecally, decreasing the production of SOD1 protein in SOD1-ALS. Although it failed to slow down the functional decline of patients at week 28 in a phase 3 trial, it may inhibit neurodegeneration by reducing CSF neurofilament levels (19, 20).

In this case report, we have presented two generations affected by familial ALS, in which the symptoms seem to progress faster in the younger generation, possibly indicating genetic anticipation. Based on the available data from family history, it was not possible to establish the founder, who passed the mutated gene to the affected family members. In our opinion, further research studies are needed to identify the exact factors responsible for delayed ALS progression in patients with L144S SOD1 mutation, which will certainly aid to unveil the etiology of this currently fatal disease.



4. Conclusion

Amyotrophic lateral sclerosis may present with varying degrees of upper and lower motor neuron involvement at the onset. Flail leg syndrome is one of the rare, atypical phenotypes of ALS with slow progression and long survival, in which lower motor neuron signs predominate for an extended period of time, affecting the lower limbs usually as distal, flaccid paresis (often of asymmetric-onset, including unilateral foot drop), muscle atrophy, and areflexia. In patients presenting lower motor neuron signs of unclear etiology, the EMG/ENG study should always be considered, which will speed up the diagnostic process and enable early treatment, including early enrollment into clinical trials. Subjective sensory symptoms such as “needle-like” pain do not preclude the diagnosis of ALS; on the contrary, they may indicate an atypical phenotype or genetic background of ALS. The role of genetic testing in ALS should be highlighted. Familial ALS with heterozygous L144S SOD1 mutation is characterized by slow progression and extremely long survival and can manifest clinically as flail leg syndrome.
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Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is an immune-mediated neuropathy. First-line treatments for CIDP include corticosteroids, intravenous immunoglobulin, and plasma exchange. However, the application is always limited by high costs, effectiveness, and adverse events. This study investigated a new potentially effective and safe therapeutic treatment to alleviate CIDP symptoms and improve the quality of life. In the present case, a 47-year-old rural woman presented with weakness and numbness of progressive extremities. She was diagnosed with CIDP based on abnormal cerebrospinal fluid and electromyography. The patient was treated with intravenous dexamethasone for 1 week and with Huangqi-Guizhi-Wuwu and Bu-Yang-Huan-Wu decoctions for 90 days. Surprisingly, after the treatment, the weakness and numbness were eliminated, and the quality of life improved. The varying INCAT, MRC, and BI scores also reflected the treatment effects. After 8 months of discharge, the symptoms did not relapse during the follow-up. We also searched “traditional Chinese medicine (TCM)” and “CIDP” in PubMed, EMBASE, the Web of Science, the Cochrane Library, the Chinese National Knowledge Infrastructure Databases, Wanfang Data, and the Chongqing Chinese Science and Technology Periodical Database. Finally, only ten studies were included in the literature review. Three studies were randomized controlled trials, and seven were case reports or case series. There were 419 CIDP patients, but all study sites were in China. Nine TCM formulas involving 44 herbs were reported, with Huang Qi (Astragalus membranaceus) being the most important herb. In conclusion, the case and literature demonstrated that TCM treatment might be a more effective, low-cost, and safe option for treating CIDP. Although these preliminary findings are promising, a larger sample size and higher-quality randomized clinical trials are urgently required to confirm our findings.
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Introduction

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is a rare immune-mediated neuropathy in which an abnormal immune response causes peripheral nerve demyelination and axonal damage (1). It usually results in progressive weakness of the extremities with sensory dysfunction. Symptoms should appear for at least 2 months, and the course can be progressive or relapsing (2). The annual cost of treating CIDP illness can reach USD$ 116,330 per patient, and patients may also experience physical and psychosocial burdens such as impaired physical function, pain, depression, and adverse events (3).

The guidelines recommended intravenous immunoglobulin (IVIg), corticosteroids, and plasma exchange as first-line treatments for CIDP (4, 5). However, the potential side effects of corticosteroids, such as gastric ulceration, diabetes, arterial hypertension, osteoporosis, avascular necrosis of long bones, and cataracts, may outweigh the benefits. Moreover, long-term corticosteroid treatment may cause significant side effects (6). IVIg may result in rapid improvement in disability, but the benefit requires long-term repeated infusions, which carry a significant economic burden, particularly in developing countries (7, 8). Plasma exchange necessitates good vascular access and specialized equipment.

Although first-line treatments can improve symptoms in some patients, they also require ongoing maintenance therapy and the patient's willingness to tolerate the adverse effects or financial burden. The International CIDP Outcome Study (ICOS) revealed that only one-third of CIDP patients were in remission 1 year after the start of first-line treatment, and residual symptoms and deficits were common regardless of treatment (9). There is also a lack of formal efficacy evidence for alternative immunomodulatory agents (4, 10). Because of the side effects, high cost, and limited effectiveness of these treatments, there is an urgent need for new, effective, and safe CIDP treatments.

Traditional Chinese medicine (TCM) has a long history of boosting weakness and sensory dysfunction. TCM treatments have been widely used as a supplement to CIDP treatment in China. Many recent clinical trials have found that TCM treatments can improve clinical symptoms and the quality of life in patients with peripheral neuropathy (PN). Furthermore, TCM therapy can also enhance the sensory nerve conduction velocity (SNCV) and motor nerve conduction velocity (MNCV) in PN (11–13). The therapeutic mechanisms of TCM were elucidated by regulating inflammatory responses and repairing nerve injury (14).

However, no English literature reports the clinical efficacy of Chinese herbs for CIDP. In the present study, we attempted to use short-term corticosteroids combined with Chinese herbs on a patient with CIDP. Surprisingly, we identified that this therapeutic regimen completely relieved limb weakness and numbness and improved the quality of life. A literature review for TCM in CIDP was also conducted.



Case report

This case report was conducted in accordance with the Case Report (CARE) Guidelines (15).



Clinical history

On 25 November 2021, a 47-year-old rural woman complained of progressive weakness and numbness in her extremities. Initially, her symptoms were mild, causing her to experience difficulty grabbing objects or walking. After 3 months, the symptoms gradually worsened; she could not hold anything and only walked with assistance. On 23 February 2022, she was diagnosed with PN at another hospital. However, no IVIg or corticosteroids were administered to her, and her symptoms did not improve. Then, on 10 March 2022, she was transferred to our hospital (Hunan Hospital of Integrated Traditional Chinese and Western Medicine, Changsha, China). Upon arrival, the woman exhibited signs of both fatigue and limb paralysis, and she specifically emphasized that the numbness she was experiencing felt like she was wearing gloves and socks. She had no other particular medical history (Figure 1).


[image: Figure 1]
FIGURE 1
 Timeline of the case report. HGW and BYHW decoctions, Huangqi-Guizhi-Wuwu and Bu-Yang-Huan-Wu decoctions; CSF, cerebrospinal fluid; EMG, electromyography.




Clinical and laboratory examinations

The proximal end of the upper and lower limbs had grade 3 muscle strength, while the distal end of all limbs had grade 2 muscle strength. Muscular atrophy was observed in the bilateral first dorsal interosseous. Tendon reflexes decreased or disappeared, and limb muscular tension also decreased. Pain and temperature sensibility on the distal limbs decreased. Pyramidal tract signs were not elicited. There was no problem with eye montraosvement, pupil size, or swallowing function.

The cerebrospinal fluid (CSF) result revealed that the white blood cell count was one, and the micro-amount of protein was 652.6 mg/L (normal reference value: 150–450 mg/L). Other anti-ganglioside antibodies in CSF and serum were all negative, except for anti-sulfatide (aSF) IgG in CSF. The erythrocyte sedimentation rate (ESR) was 36 mm/h (normal reference value: 0–20 mm/h). Antinuclear antibodies, rheumatoid factors, HBsAg, HCV-Ab, rapid plasma regain, and HIV-Ab, were all negative. The routine blood, stool, and urine examinations, renal and liver functions, myocardial enzymes, and thyroid functions were all normal.



Electromyography and neuroimaging

Multiple nerves in the upper and lower limbs were observed with decreased MNCV, SNCV, and amplitude during an electromyography (EMG) examination. Demyelination and axonal damage were identified in the bilateral median, ulnar, tibial, and peroneal nerves. Furthermore, no waveforms were elicited from the left peroneal motor nerve, the left median sensory nerve, or the bilateral superficial peroneal sensory nerves (Supplementary Table S1). The brain and spinal MRIs revealed no noticeable abnormalities.



Diagnosis and treatment

Over 8 weeks, the patient developed progressive, symmetric upper- and lower-limb weakness and numbness and reduced tendon reflexes in all limbs. In addition, abnormal CSF and EMG were observed. The patient was diagnosed with CIDP using the EFNS/PNS consensus guideline (4).

Subsequently, intravenous dexamethasone (20 mg daily) was used for 1 week. Simultaneously, the patient was given TCM. The TCM formulas used in this case report were Huangqi-Guizhi-Wuwu and Bu-Yang-Huan-Wu decoctions (HGW and BYHW), which is composed of 12 herbs: Huang Qi (Astragalus membranaceus), 60 g; guizhi (Cassia Twig), 10 g; chishao (Radix Paeoniae Rubra), 10 g; danggui (Angelica sinensis), 10 g; chuangxiong (Ligusticum wallichii), 10 g; dilong (Lumbricus), 10 g; weilingxian (Radix Clematidis), 10 g; fuling (Poria Cocos), 10 g; baizhu (Rhizoma Atractylodis macrocephalae), 10 g; dangshen (Codonopsis pilosula), 10 g; Roucongrong (Cistanche), 15 g; and gancao (liquorice), 6 g. The quality of these herbs was consistent with the 2020 Chinese Pharmacopeia (16). The decoction was prepared with a standardized procedure, with each formula unit yielding 400 ml of decoction. The HGW and BYHW decoctions were prescribed for 90 days (200 ml orally two times daily).



Follow-up and assessment

Upon admission, the Inflammatory Neuropathy Cause and Treatment (INCAT) Disability Score was 6. The Medical Research Council (MRC) score was 32. The Barthel Index (BI) was 50. After 20 days of treatment, the MRC and BI scores increased to 38 and 60, respectively. However, the INCAT score remained unchanged. Moreover, 3 months later, the patient reported no limb weakness or numbness, and his limb muscle strength could reach grade 5. INCAT, MRC, and BI scores changed to 0, 60, and 100, respectively (Figure 2). After eight months of discharge, the symptoms did not recur during the follow-up.


[image: Figure 2]
FIGURE 2
 Outcome assessment for the CIDP patient in the follow-up. INCAT, Inflammatory Neuropathy Cause and Treatment; MRC, Medical Research Council; BI, Barthel Index.


Most importantly, no side effects were reported. It was unfortunate that she refused to accept an EMG to assess nerve recovery. The patient was delighted with the treatment outcome and was free of adverse events, and the cost was acceptable for a rural family in a developed country. She stated that, after coming to our hospital, her symptoms improved and her quality of life significantly improved. All follow-ups were conducted face to face.



Literature review

From their inception to 11 November 2022, we screened the following databases for literature reviews: PubMed, EMBASE, Web of Science, the Cochrane Library, the Chinese National Knowledge Infrastructure Databases (CNKI), Wanfang Data, and the Chongqing Chinese Science and Technology Periodical Database (VIP). The search strategy included “traditional Chinese medicine” and “chronic inflammatory demyelinating polyradiculoneuropathy” (Supplementary Table S2).

Supplementary Figure S1 depicts the selection of studies. Finally, only 10 studies were included in the literature review (Table 1) (17–26). Three studies were randomized controlled trials, while seven were case reports or case series (Figure 3). The earliest study was conducted in 1998. A total of 419 CIDP patients were involved, but all study sites were in China. The age of CIPD cases ranged from 6 to 70 years, with the most enrolled patients being men. The duration of CIDP disease was 2.5 months to 3 years. Most studies did not report comorbidities.


TABLE 1 Study characteristics.
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FIGURE 3
 Analysis in the literature review. (A) The distribution of study design in the included studies. (B) Complex network analysis of selected TCM formulas from the included studies. (C) The results of the quality assessment of three RCT studies by using the risk bias assessment tool (RoB2).


TCM decoctions were used in all included studies, and the treatment duration ranged from 4 weeks to 6 months. In 60% of the studies, TCM was combined with corticosteroids or IVIg. The average duration of follow-up ranged from 6 months to 16 months. TCM therapies improved muscular strength, sensory disorders (SNCV and MNCV), daily life ability, and relapse rate. However, many studies did not report any adverse event.

There have been reports of nine TCM formulas involving 44 herbs (Supplementary Table S3). The most common herbs were Huang Qi (Astragalus membranaceus) (100%), Banggui (Angelica sinensis) (77.8%), Baizhu (Rhizoma Atractylodis macrocephalae) (44.4%), and Dilong (Lumbricus) (44.4%). We used Gephi 0.9.2 and SPSS Modeler 18.0 to perform a complex network analysis to find the core herb. We identified that Huang Qi was the core herb. The results revealed that the number of triangles, clustering coefficient, and eigenvector centrality were 291, 0.32, and 1, respectively (Figure 3). Furthermore, the dose of Huang Qi in various formulas ranged from 30 to 60 g.

Three RCT studies had sample sizes ranging from 40 to 115. The risk bias assessment tool (RoB2) (27) was used to assess the quality of three RCT studies. The randomization process, deviations from the intended intervention, missing outcome data, outcome measurement, and selection of the reported result were all evaluated. However, the bias in these studies indicated a high risk (Figure 3). Therefore, the efficacy of TCM for CIDP requires further validation in a high-quality RCT.



Discussion

The typical CIDP is a chronic, progressive, monophasic, or recurrent demyelinating polyradiculoneuropathy with progressive weakness, sensory dysfunction, and absent or reduced tendon reflexes (28). CIDP variants include distal, multifocal, focal, motor, and sensory CIDP, all of which share the characteristics of demyelination and the immune therapy response (4). The diagnosis of CIDP is mainly based on clinical, electrodiagnostic, and laboratory features. However, the heterogeneity of CIDP creates challenges and delays in diagnosis. The ICOS study indicated that the time between disease onset and treatment was 11 months, and delayed-treated patients had a more severe disability (9).

The CIDP patient discussed in the above care report presented with symmetrical and progressive weakness, numbness, loss of tendon reflexes, abnormal protein levels in the CSF, and demyelination on the EMG. The progressive phase lasted more than 3 months. Furthermore, this patient responded to corticosteroid treatment, one of the characteristics of CIDP (29). Therefore, there was sufficient evidence to confirm a CIDP diagnosis for the patient. However, treatment was delayed due to economic hardship and initial mild symptoms.

Interestingly, the patient's CSF ASF-IgG was positive. One of the glycolipid antibodies against the peripheral nerve membrane surface is aSF. Sulfatides constitute a significant class of myelin-specific lipids, and their depletion can result in region-specific effects on non-compact myelin (30). Only 1–3% of CIDP patients had positive aSF (31, 32), raising questions about its diagnostic value. However, aSF-positive patients can exhibit typical clinical symptoms and respond well to immunomodulatory therapy (33), and this case supports the conclusion. The pathological mechanism and clinical significance of aSF should be investigated further.

Almost 20% of the CIDP patients did not respond to first-line therapy (5). Furthermore, 85.7% and 76.9% of CIDP patients experienced worsening after discontinuing IVIg and intravenous methylprednisolone, respectively (34). In addition, the long-term treatment course, high costs, inconvenience, and adverse events limit the application. There is a pressing need to explore alternative therapies that are both effective and safe in order to avoid those problems. Some studies have demonstrated that pulsed high-dose corticosteroid treatment might have fewer side effects and a faster response than daily oral corticosteroid treatment (35, 36). However, the evidence in the guideline is only low to moderate (4).

Meanwhile, some researchers have focused on subcutaneous immunoglobulin, which is well tolerated, effective, and affordable. However, the duration of maintenance treatment is at least 24 weeks, and local reactions at the infusion site are common (37). Better therapies must be explored further.

Traditional Chinese medicine and intravenous dexamethasone were used to treat this case. The intravenous dexamethasone course lasted only 1 week, and TCM was used for 3 months. With no adverse events and an extremely positive response, the combined treatment may be a more effective and safe option. The short-term corticosteroid treatment was well tolerated. Moreover, Chinese herbs were inexpensive, had few or no side effects, and were readily available. In the literature review, 50% of the studies (17, 20–22, and 25) used TCM in combination with corticosteroids, resulting in improvements in weakness, sensory disorder, daily life ability, and relapse rate. Therefore, it can potentially solve the CIDP dilemma, particularly in developing and rural countries. It is generally known that CIDP is an autoimmune disorder that affects peripheral nerve components. Macrophage and T-cell infiltration into peripheral nerves or nerve roots can result in demyelination and axonal damage (2). Corticosteroids are believed to treat CIDP by suppressing various immune components of its presumed autoimmune inflammatory process. Higher concentrations of corticosteroids also interact with DNA recognition sites to activate the transcription of anti-inflammatory genes (6).

Traditional Chinese medicine treatment of this reported CIDP case included Huangqi-Guizhi-Wuwu (HGW) and Bu-Yang-Huan-Wu (BYHW) decoctions, which are the most famous formulas in ancient TCM books. The network pharmacology analysis revealed that HGW could regulate cytokines and the inflammatory response, elements of the cytokine network, the T-cell receptor, NF-kappa B, HIF-1, and PI3K-Akt signaling pathways (14). BYHW can also regulate inflammatory cytokine production and facilitate axonal regeneration (38). Moreover, BYHW may assist in the timely interaction of regenerating axons and distal Schwann cells (39). Furthermore, some studies have indicated that quercetin, formononetin, isorhamnetin, and kaempferol were the main active compounds of HGW, while hydroxysafflor yellow A, astragaloside IV, ferulic acid, ligustrazine, and Z-ligustilide were mainly present in BYHW (40). In the literature review, the herb Huang Qi was used in all studies, with doses ranging from 30 to 60 g in different formulas, and it was used as the core herb in the complex network analysis. This female CIDP patient was also treated with 60 g Huang Qi. More than 100 compounds have been identified in Huang Qi, including flavonoids, saponins, polysaccharides, and amino acids (41). Huangqi can promote the development of immune organs, enhance mucosal immune function, increase the quantity and phagocytic capacity of innate immunity, promote the maturation and differentiation of acquired immunity cells, and improve antibody expression in acquired immunity (42). It appears promising to conduct extensive research on these formulas and Huang Qi for CIDP.

The Inflammatory Neuropathy Cause and Treatment Disability Score, MRC, and BI were used in this case to assess the treatment effect at multiple time points. The INCAT disability score is a valuable tool for evaluating upper and lower limb dysfunctions in inflammatory polyneuropathy studies, with the advantages of feasibility, high face validity, and high reliability (43). The MRC scale was used to assess muscle strength, with a score ranging from 0 for paralysis to 5 for normal and the sum of six pairs of muscles to represent a patient's overall strength. For inflammatory neuropathies, the MRC grading system was frequently used as an outcome measure (44). The BI is a reliable indicator of independence in daily activities. The scale described ten tasks based on the amount of time or assistance the patient requires, with lower scores indicating greater nursing dependency (45, 46). Surprisingly, after 3 months of TCM treatment, the INCAT, MRC, and BI scores were close to normal, and the treatment effect was sustainable. There was no relapse in the 8 months of follow-up.

Adverse effects were common with short-, medium-, and long-term immunotherapy (47). Adverse effects of corticosteroids include diabetes mellitus, hypertension, gastric ulceration, weight gain, osteopenia, and the long-term risk of severe side effects. Transient hypertension, headache, venous thrombosis, and acute renal dysfunction are the common side effects of IVIg. Adverse events associated with citrate use, difficulty with venous access, and hemodynamic changes have been reported in plasma exchange patients. In some cohorts, 60–70% of the CIDP patients reported problems with mobility, self-care, usual activities, pain, or discomfort in IVIg and methylprednisolone (9). It is inspiring to be here and see how TCM can be used to ensure efficacy and safety in the literature review and case report. Reducing adverse events is particularly important for CIDP patients.

To the best of our knowledge, to date, no English literature has reported the clinical efficacy of Chinese herbs for CIDP. This is the first article to summarize TCM trial or case report findings for CIDP. The article also presented potentially effective herbs or formulas containing specific ingredients. However, evidence of efficacy in case reports is lacking. Longer follow-up efficacy and an EMG exam should be investigated further. All the studies in the review were published in Chinese literature, had a single study site, and had low study quality. Large-sample, multi-center, high-quality studies are required to obtain a high level of evidence for TCM. Therefore, TCM has broad potential applications in CIDP because TCM is well tolerated, effective, inexpensive, and readily available.



Conclusion

In conclusion, the case demonstrated that TCM treatment combined with short-term corticosteroid therapy eliminated the weakness and numbness of CIDP and improved her quality of life. Huangqi (Astragalus membranaceus) may be important for regulating the inflammatory response. Although these preliminary findings are promising, larger sample sizes and higher-quality RCTs are urgently required to confirm our findings.
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Background: Myofasciitis is a heterogeneous group of diseases pathologically characterized by inflammatory cell infiltration into the fascia. Endothelial activation plays a critical role in the pathogenesis of the inflammatory response. However, the expression of cellular adhesion molecules (CAMs) in myofasciitis has not been investigated.

Methods: Data on clinical features, thigh magnetic resonance imaging, and muscle pathology were collected from five patients with myofasciitis. Immunohistochemical (IHC) staining and Western blot (WB) of the muscle biopsies from patients and healthy controls were performed.

Results: Increased levels of serum pro-inflammatory cytokines, including IL-6, TNF-α, and IL-2R, were detected in four patients. IHC staining and WB indicated significantly increased expression of cell adhesion molecules in blood vessels or inflammatory cells within the perimysium in muscle and fascia tissues of patients with myofasciitis compared to controls.

Conclusion: The up-regulation of CAMs in myofasciitis indicates endothelial activation, which may be potential therapy targets for the treatment of myofasciitis.
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Introduction

Myofasciitis is recognized as a connective disease disorder (CTD) clinically characterized by symmetrical, painful swelling and progressive induration of the extremities and trunk. As a heterogeneous group of diseases, myofasciitis primarily consists of eosinophilic fasciitis (EF) (1), macrophagic myofasciitis (2), immune checkpoint inhibitor-induced myofasciitis (3), infection-associated myofasciitis (4), necrotizing fasciitis (5), chronic graft-versus-host disease-related myofasciitis (6), sarcoid myofasciitis (7), and unknown risk factors-associated myofasciitis. The pathological features of myofasciitis include fascial thickening, marked vasculitis, and inflammatory infiltration by lymphocytes, macrophages, and plasma cells (8).

Cell adhesion molecules (CAMs), including intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), platelet endothelial cell adhesion molecule (PECAM-1/CD31), and CD146, are expressed on vascular endothelial cells and are essential mediators of leukocyte–endothelial cell interactions during the inflammatory response (9, 10). To migrate into the target regions, the circulating leukocytes are activated by inflammatory cytokines and chemokines secreted locally by inflammatory cells, endothelial cells and histocytes, to express integrins on their surface, such as very late antigen 4 (VLA-4, α4/β1, CD49d/CD29) and lymphocyte function-associated antigen 1 (CD11a/CD18), which enable firmer adhesion to other endothelial CAMs (9). The interaction between leukocytes and the endothelium is a major contributor in the inflammatory process (11, 12). However, the role of CAMs in myofasciitis has not been explored. To further understand the physiopathology mechanism of myofasciitis, an analysis of the expression analysis of CAMs may be of vital importance. We investigated the expression of ICAM-1 and its receptor (CD11a/18), VCAM-1 and its receptor (VLA-4), PECAM-1, and CD146 in muscle biopsies from patients with myofasciitis.



Materials and methods


Patient selection

Five patients who fulfilled diagnosis criteria for myofasciitis at Department of Neurology, Tongji Hospital were included. Biopsy specimens of muscle and fascia, as well as clinical and laboratory data obtained from these patients were retrospectively analyzed. The diagnosis of myofasciitis was determined based on suggestive clinical and laboratory findings, as well as muscle biopsy or magnetic resonance imaging (MRI) abnormalities [Table 1; (1)]. Other pathological entities, such as scleroderma, autoimmune myopathy, malignancies, and infection were excluded. There was no family history of neuromuscular disorders and no skin rashes were detected in the included patients. No vaccination was performed 1 year before the symptoms occurred. The fascia and muscle biopsy sites were determined by MRI. Muscle and fascia tissue from five patients without neuromuscular disorders served as controls. The study was approved by the Ethics Committee of Tongji Hospital and written informed consent was obtained from all included patients.



TABLE 1 Diagnostic criteria of myofasciitis.
[image: Table1]



Serologic testing

All patients underwent myositis-specific autoantibody (MAA) and myositis-associated antibody (MSA) screening using a commercial semiquantitative line blot assay (Wuhan Kindstar Diagnostics Co., Ltd., Wuhan, China). MSAs and MAAs included anti-Mi2α and β, anti-TIF1γ, anti-MDA5, anti-NXP2, anti-SAE1, anti-Jo1, anti-SRP, anti-HMGCR, anti-PL7, anti-PL12, anti-EJ, anti-OJ, anti-Ku, anti-PM/Scl-100, anti-PM/Scl-75, and anti-Ro52 antibodies. The anti-nuclear, anti-SSA/Ro60, anti-SSB/La, anti-Sm, anti-RNP, anti-mitochondrial, anti-dsDNA antibodies, and rheumatoid factors (RF) were also evaluated. Serum cytokines were assayed by electro chemiluminescence immunoassay, including interleukin-6 (IL-6) (Roche, 05109442190), tumor necrosis factor-α (TNF-α) (SIMENS, LKNF1), interleukin-2 receptor (IL-2R) (SIMENS, LKIP1), interleukin-8 (IL-8) (SIMENS, LK8P1), and interleukin-10 (IL-10) (SIMENS, LKXP1). The assessment of inflammatory indexes was performed, including erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP).



Histological, enzyme histochemical, and immunohistochemical studies

All biopsy specimens were rapidly cryopreserved in liquid nitrogen, and then stored at −80°C. The frozen sections (7 μm) were stained with hematoxylin and eosin, acid phosphatase, modified Gömöri trichrome, PAS, NADH tetrazolium reductase, cytochrome C oxidase, and ATPase at pH 4.3, 4.5, and 10.4. Eosinophils were detected by Wright-Giemsa staining. The immunohistochemical (IHC) analysis of cells expressing CD3 (1:200, MAC1477, Bio-Rad), CD4 (1:50, ab133616, Abcam), CD8 (1:50, ab93278, Abcam), CD68 (1:50, ab201340, Abcam), VCAM-1 (1:200, 11,444-1-AP, Proteintech), ICAM-1 (1:200, 10,831-1-AP, Proteintech), VLA-4 (1:200, 19,676-1-AP, Proteintech), CD11a/CD18 (1:1000, ab52895, Abcam), CD31/PECAM-1 (1:2000, ab9498, Abcam), and CD146 (1:200, Ab75769, Abcam) were performed using a 3, 3′-diaminobenzidine Detection Kit; the sections were then counterstained with hematoxylin. For immunofluorescence staining, expression of major histocompatibility complex class I (MHC-I) (1:100, ab23755, Abcam) and deposition of membrane attack complex (MAC) (1:50, Sc-58,935, Santa Cruz Biotechnology) on the fascia and sarcolemma were used with Alexa Fluor conjugated secondary antibody (1:400, Invitrogen) for 1 h. Images were obtained using a microscope (Olympus) or Confocal scanning (Olympus).

A modified semiquantitative scale previously defined by Corinna Preusse was used for analysis (2). Each sample was evaluated on 20 high-power fields (HPF; one HPF as 200×). The average number of cells in 6 randomly selected HPFs per sample was calculated and scored as follows: <5 positive cells, almost no staining (−); 5–20 positive cells, sparse staining (+); 21–50 positive cells, scatter staining (++); and > 50 positive cells, abundant staining (+++). The up-regulation of MHC-I on non-necrotic myofibers and MAC deposition on sarcolemma were assessed as follows: no fibers stained (−); 0–10% of fibers stained (+); 11–30% of fibers stained (++); 31–60% of fibers stained (+++); and 61–100% of fibers stained (++++). For the positive staining on endothelium within the perimysium, the quantity and intensity were estimated separately and subjectively evaluated on a scale of -: absent, +: weak, ++: definite, +++: strong staining) (3). All biopsied sections were assessed by two independent experimenters.



Western blot

Muscle and fascia tissues from controls or patients with myofasciitis were homogenized in cell lysis buffer (Beyotime, China) supplemented with protease inhibitors (MCE, China) and phosphatase inhibitors (Promoter, China). Tissue lysates were centrifuged at 15000 × g for 15 min. The supernatant was collected and protein concentration was determined using the bicinchoninic acid assay. Total protein (20–50 μg) from each sample was resolved on 8% sodium dodecyl sulfate-polyacrylamide gels and transferred to 0.45 μM nitrocellulose filter membranes (Boster, China). The membranes were blocked with 5% skim milk for 1 h at room temperature to prevent non-specific binding of antibodies and were subsequently incubated over night with the primary antibodies. Primary antibodies include those against: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5000, 60,004-I-Ig, Proteintech), VCAM-1 (1:1000, Ab134047, Abcam), ICAM-1 (1:1000, 10,831-1-AP, Proteintech), VLA-4 (1:1000, ab81280, Abcam), CD11a/CD18 (1:2000, ab52895, Abcam), CD31/PECAM-1 (1:2000, ab9498, Abcam), and CD146 (1:1000, Ab75769, Abcam). Membranes were washed with Tris-buffered saline with 0.05% Tween-20 and incubated for 1 h at room temperature with horseradish peroxidase-labeled anti-rabbit or anti-mouse secondary antibody (1:5000, Cell Signaling Technology). Blots were developed using enhanced chemiluminescence reagents (Servicebio, China) and evaluated using a charged-coupled device camera (Tanon 4,600). Quantification of immunoreactivity was performed by densitometric analysis using Fiji (NIH) software.



Statistical analysis

The data are presented as mean ± standard deviation (SD). Mann–Whitney U test was used for two groups. The statistical significance of the differences was evaluated using GraphPad Prism (Version 8.0.1). p < 0.05 was considered statistically significant.




Results


Case presentations

Five patients with myofasciitis were enrolled. The detailed clinical data of patients are presented in Table 2. Basic information of controls is displayed in Supplementary Table S1.



TABLE 2 Clinical finding of patients with myofasciitis.
[image: Table2]


Patient 1

A 45 year-old man was admitted with fever (37.5–39.5°C) and myalgia for 25 days. No muscle weakness and paresthesia were reported. Normal muscle strength was indicated by Medical Research Council (MRC) grading. Muscle atrophy, hypertrophy, and abnormal pathological reflexes were absent. The level of serum creatinine kinase (CK) was normal (normal range: ≤ 190 U/L). An increased level of IL-6 was noted (8.21 pg./mL, normal range: < 5 pg./mL). Serum ESR was 55 mm/h (Normal range: 0–20 mm/h). The patient was negative for MAA and MSA. The level of rheumatoid factors (RF) was increased (36 IU/mL, normal range: < 20 IU/mL). Patient 1 was responsive to glucocorticoid monotherapy and had a favorable outcome.



Patient 2

A 28 year-old man presented with increasing induration of the upper limbs and tight feeling of the extremities for 5 months. Limb muscle strength was normal. The patients experienced difficulty in performing wrist extension and wrist flexion. There was no muscle atrophy, hypertrophy, or abnormal pathological reflexes. The serum CK level was normal. The patient exhibited increased levels of IL-6 (18.86 pg./mL), TNF-α (17.8 pg./mL, normal range: < 8.1 pg./mL), and IL-2R (1762 U/mL, normal range: 223–710 U/mL). MAA and MSA were negative. The patient was responsive to glucocorticoid monotherapy.



Patient 3

A 55-year-old man had experienced skin induration involving both forearms and legs with joint mobility disorder for 5 months. Physical examination revealed that the patient had difficulty performing the wrist flexion/extension task, forearm pronation/supination, hip flexion, and knee flexion. Limb muscle strength was normal. Blood eosinophilia (defined as ≥0.5 × 109/mL or 7% of total leukocytes) was evident. The patient was positive for anti-PM/Scl-75 antibodies. The level of serum CK was normal. CRP was elevated (14.5 mg/L, normal range: < 1 mg/L). Increased levels of IL-6 (24.96 pg./mL), TNF-α (13.0 pg./mL), and IL-2R (1,605 U/mL) were observed. The patient fulfilled the diagnostic criteria for EF (1). However, the possibility of CTD-related myofasciitis cannot be entirely excluded. Patient 3 was initially treated with glucocorticoid monotherapy but experienced no improvement. Addition of tacrolimus enabled achievement of clinical remission. The disorder of radioulnar and wrist joint function at the onset and recovery of joint movement are, respectively, displayed in Additional File 1 and 2.



Patient 4

A 30-year-old man was admitted with myalgia for 5 months. No joint movement disorder or limb muscle weakness was detected. Serum CK at onset was 3,169 U/L. The patient was positive for anti-Jo-1 and Ro-52 antibodies. The level of ESR was normal. The patient was diagnosed as CTD-related myofasciitis. The patient was administrated glucocorticoid and cyclophosphamide therapies and the serum CK declined to 214 U/L after 6 months.



Patient 5

A 32-year-old woman presented with myalgia and fever (37.5–39°C) for 12 months. The patient exhibited decreased limb muscle strength (4/5 MCR grade). No joint movement disorder was observed. The patient had been diagnosed with primary Sjogren’s syndrome by rheumatologists 1 year previously. The serum CK level was normal and the serum anti-nuclear antibody titer was 1:3200. The patient was positive for Ro-52/SSA autoantibodies. The ESR was elevated (46 mm/h). The cytokine test revealed elevated levels of IL-2R, IL-6, and TNF-α (1,042 U/mL, 19.94 pg./mL, and 44.3 pg./mL, respectively). Rheumatoid factor was 27.5 IU/mL. The patient was administered glucocorticoid therapy and the clinical symptoms quickly resolved.




Upper and lower extremities MRI

Limbs MRI on fat suppression T2-weighted images indicated striking abnormalities. Thigh images of Patient 1 indicated the hyperintense signal of bilateral fascia of vastus medialis muscle and semimembranosus (Figure 1A). Patchy hyperintensity was distributed in upper arm muscle groups of Patient 1. Thickness and edema of subcutaneous superficial and deep muscular fasciae on lower extremity MRI images of Patient 2 were evident (Figure 1B). Upper arms images of Patient 2 showed slight signal hyperintensity in subcutaneous fatty and perifascicular tissues. Patient 3 demonstrated that marked hyperintense signals in a perimysial and perifascicular distribution in all thigh, calf (Figure 1C), and upper limb muscle groups. Muscular edema and thickening of the fascia of the posterior thigh muscles on fat suppression T2-weighted MRI images were observed in Patient 4 (Figure 1D). Thigh (Figure 1E) and forearm images (Figure 1F) of Patient 5 showed high signal intensity of the thickened deep and superficial fascia. These manifestations were in consistent with myofasciitis in these patients.

[image: Figure 1]

FIGURE 1
 MRI findings at time of diagnosis in five patients with myofasciitis (A) Increased signal abnormalities were noted in deep fascia of bilateral fascia of vastus medialis muscle and semimembranosus (white arrowheads) on fat suppression T2-weighted thigh MRI in Patient 1. (B) MRI of the lower extremities displayed hyperintensity in superficial fasciae (bright arrowheads) and deep fasciae (black arrowheads) on fat suppression T2-weighted images in Patient 2. (C) Fat suppression T2-weighted thigh MRI in Patient 3 showed thickening and increased signal in superficial (bright arrowheads) and deep (black arrowheads) facias of posterior thigh muscles. (D) Muscular edema and thickening fascia (black arrowhead) of posterior thigh muscles on fat suppression T2-weighted MRI images were obvious in Patient 4. (E) Thickening deep fascia (black arrowheads) had high signal intensity on fat suppression T2-weighted MRI of thigh in Patient 5. (F) MRI of forearm in Patient 5 showed hyperintensity in deep fasciae (black arrowhead).




Pathological findings

Immunophenotype of inflammatory infiltration, up-regulation of MHC-1, and MAC deposition in biopsied specimens of patients with myofasciitis are presented in Figure 2, Table 3. Numerous inflammatory cells in the thickened fascia and perivascular inflammation were evident in biopsied specimens of patients with myofasciitis (Figures 2A-E). A few eosinophils were detected in the fascial tissues of Patient 3 but not of other four patients (Figures 2F-J). Macrophages and T lymphocytes constituted the predominant mononuclear cellular infiltrate and were dominantly distributed within the collagen tissues (Figures 2K-Y). Scatter B lymphocytes were detected in samples of all five patients (Figures 2Z-Dd). The expression of MHC-1 on the fibroblasts was particularly strong in five patients (Figures 2Ee-Ii). The intensity of MHC-I on the sarcolemma close to the immune cells was up-regulated in Patient 1 and 3. MAC was deposited on blood vessels in the fascia of the five patients (Figures 2Jj-Nn). No positive staining of CD4, CD8, CD68, and CD20 was observed in sections from controls (Supplementary Figure S1). Staining for MHC-I and MAC was detected on blood vessels in fascial tissues of control samples (Supplementary Figure S1).
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FIGURE 2
 Immunohistochemical illustration of inflammatory infiltrate and immune-mediated factors in biopsied specimen of patients with myofasciitis. (A–E) Hematoxylin and eosin staining showed the numerous inflammatory cells in fascia and perivascular collections of inflammatory cells with minimal muscle damage in these patients. Original magnification: ×200. (F–J) A few eosinophils (black arrows) were observed in Patient 3. Original magnification: ×400. (K–O) A substantial infiltration of CD68+ macrophages were noted in the affected fascia in these patients with myofasciitis. Original magnification: ×200. (P–T) Abundant CD4+ T lymphocytes infiltrated into the fascia in these patients. Scale bar, 200 μm. Original magnification: ×200. (U–Y) Scatter CD8+ T lymphocytes were found in these patients. Original magnification: ×200. (Z–Dd) Scatter staining of CD20+ B lymphocytes was noted in fascia of Patient 2. Rare B lymphocytes were detected in Patient 1, Patient 3, Patient 4, and Patient 5. Original magnification: ×400. (Ee–Ii) The MHC-I on the sarcolemma close to thickened fascia and inflammatory cells was up-regulated in these patients. Original magnification: ×400. (Ji–Nn) MAC was positive with a vascular strong staining pattern in these patients. Original magnification: ×400.




TABLE 3 Immunophenotype of inflammatory infiltration, up-regulation of MHC-1, and MAC deposition in patients with myofasciitis.
[image: Table3]

The expression of CAMs in patients with myofasciitis is summarized in Table 4. Weak positive staining of VCAM-1 in the controls was noted (Figure 3A). However, there was the strong expression of VCAM-1 on vascular endothelial cells within the connective tissue and a few inflammatory cells in patients with myofasciitis (Figure 3B). No positive staining of VLA-4 was observed in the controls (Figure 3C), but there was positive staining of VLA-4 on scatter inflammatory cells in patients with myofasciitis (Figure 3D). There was low-level expression of ICAM-1 on the tissues of controls (Figure 3E) but this was up-regulated in myofasciitis (Figure 3F). CD11a/CD18 was positive on inflammatory cells (Figure 3H), whereas no positive signal was observed in controls (Figure 3G). PECAM-1 was expressed on the vascular endothelium in both controls and myofasciitis (Figures 3I,J). Light expression of CD146 on blood vessels within connective tissue in controls (Figure 3K), whereas CD146 was strongly positive in myofasciitis (Figure 3L). Western blot results were consistent with those of the immunostaining study, and showed that ICAM-1, CD11a/18, VCAM-1, VLA-4, CD31, and CD146 at the protein levels in myofasciitis were significantly increased (Figures 4A,B).



TABLE 4 Intensity of immunohistochemistry staining of cell adhesion molecules and their receptors expression in myofasciitis and HC.
[image: Table4]
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FIGURE 3
 The expression of cell adhesion molecules in controls and patients with myofasciitis. (A,B) The weak expression of VCAM-1 in controls and up-regulated VCAM-1 on blood vessels and a few inflammatory cells in Patient 3. A and B, scale bar, 50 μm. (C,D) No positive staining of VLA-4 in controls and the expression of VLA-4 on scattered inflammatory cells in Patient 2. C and D, scale bar, 100 μm. (E,F) The low-level expression of ICAM-1 on vascular endothelium cells in controls and overexpressed ICAM-1 on vascular endothelial cells and a few inflammatory cells in Patient 2. E and F, scale bar, 50 μm. (G,H) No positive staining of CD11a/CD18 in controls and the expression of CD11a/CD18 on scatter inflammatory cells in Patient 3. G and H, scale bar, 100 μm. (I,J) The expression of PECAM-1 on blood vessels in controls and up-regulated PECAM-1 on blood vessels in Patient 3, especially in actively involved areas. (I,G), scale bar, 100 μm. (K,L) Very weak positive staining of CD146 on vascular endothelium cells in controls and strong intensity of CD146 on blood vessels in Patient 2. (K,L), scale bar, 100 μm.


[image: Figure 4]

FIGURE 4
 Western blot of cells adhesion molecules in muscle biopsies from controls and patients with myofasciitis. (A) Representative Western blot of ICAM-1, CD11a/CD18, VCAM-1, VLA-4, PECAM-1, and CD146 in muscle biopsies for five controls and four patients, including Patient 1, Patient 2, Patient 3, and Patient 5. (B) Quantitative analysis of ICAM-1, CD11a/CD18, VCAM-1, VLA-4, PECAM-1, and CD146 relative expression. n = 5 for controls, n = 4 for myofasciitis. *p < 0.05. Statistical analyses were performed by Mann–Whitney U test.





Discussion

We identified immunopathological changes and the expression of cells adhesion molecules in five patients with myofasciitis, including one patient with EF, two patients with CTD-related myofasciitis, and two patients with unknown triggers, indicating the dysregulated immune response and the elevated expression of CAMs in myofasciitis.

The relationship between eosinophils and myofasciitis remained unclear. A previous study demonstrated elevated levels of serum eosinophilic cationic protein in EF (4). An increased capacity for eosinophilic migration in EF did not correlate with disease activity (5), suggesting that eosinophils may not be involved in the mechanism underlying the onset of this condition. Anti-PM/Scl-IgG-positive patients frequently exhibited extensive extramuscular features, pathologically manifested by perivascular inflammation (6). Perivasculitis was detected in the biopsied specimen of Patient 3 with anti-PM/Scl-75 antibodies. Therefore, the etiology of Patient 3 with EF may be associated with anti-PM/Scl-75 antibodies. Perivasculitis was also identified in other patients, which could be a trigger (1). Patient 4 was positive for anti-Jo-1 autoantibodies. Anti-Jo-1 autoantibodies are the first antibodies to aminoacyl histidyl transfer RNA synthetases to be detected in 15–25% patients with idiopathic inflammatory myopathy (7). Patients with anti-Jo-1 antibodies had unique histological features characterized by perimysial connective tissue fragmentation and inflammation (8). It was previously reported that a patient with positive anti-Jo-1 autoantibodies exhibited pulmonary vasculitis (9). Myofasciitis in Patient 4 may be associated with an anti-Jo-1-mediated disorder of the connective tissue. Patient 5 has been diagnosed with Sjögren syndrome, which may be related to myofasciitis (1). Although the risk factors of Patient 1 and 2 remain unknown, it is important to investigate them.

The up-regulation of CAMs has been demonstrated in inflammatory or autoimmune diseases, such as idiopathic inflammatory myopathies (10–12), multiple sclerosis (13), asthma (14), rhinitis (15), and inflammatory bowel disease (16, 17). Previous research indicated that the CAMs on endothelial cells can be induced by several triggers, including pro-inflammatory cytokines, autoantibodies (18), lipopolysaccharide (19), proteinase 3 (20), reactive oxygen species, and antioxidants (21). Previous study reported increased serum IL-5 (4), hypergammaglobulinemia (22), elevated serum superoxide dismutase levels (23), and circulating overexpression of CD40 ligands (24), were detected in a few patients with EF. Elevated secretion of interferon-γ, IL-2, and leukemia inhibitory factor by peripheral blood mononuclear cells was identified in four cases with EF (25). In this study, elevated serum cytokines in patients with myofasciitis was observed. Therefore, it is reasonable to presume that these inflammatory mediators may be responsible for the endothelial activation. It is supposed that receptors on leukocytes, such as VLA-4 binding to VCAM-1 and CD11a/CD18 binding to ICAM-1 on the surface of activated endothelium cells, may weaken gap formation or junctional endothelial cell–cell interactions that facilitate leukocyte transendothelial migration into the fascia in the pathological process of perivasculitis in myofasciitis.

Blockade of ICAM-1 was a well-established and highly effective treatment in vasculitis (26). The use of monoclonal antibodies and pharmacotherapy against these CAMs reduced the expression of CAMs and ameliorated vasospasm in animal experiment studies of treatment of vasospasm after subarachnoid hemorrhage (27). Therefore, endothelial activation in myofasciitis may be a potential treatment target for myofasciitis.

The limited sample size and the retrospective design from a single medical center were the main limitations of the study. Therefore, paucity of information and selection bias might exist. Studies with larger cohorts from multiple medical centers will further clarify the clinicopathological features of patients with myofasciitis. Another limitation is that all patients were Chinese; our results may therefore not be generalizable to other races.



Conclusion

To explore the precise therapeutic approaches of myofasciitis, it is of utmost importance to identify the underlying pathogenic mechanisms. The endothelial activation in myofasciitis could potentially be therapeutic targets.
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Objective: Several cases of Guillain-Barre syndrome (GBS) associated with SARS-CoV-2 infection have been described. This study illustrated the demographic, clinical, and neurophysiological characteristics of patients with GBS and COVID-19, as well as associated factors with disability at discharge.

Materials and methods: A retrospective analytical observational study was conducted. It included patients diagnosed with GBS admitted in a national reference center in Peru between 2019 and 2021. Epidemiological, clinical, neurophysiological, and cerebrospinal fluid data were analyzed. A multivariate analysis, using the generalized linear model, was performed, considering the presence of disability at discharge as the dependent variable.

Results: Eight-one subjects diagnosed with GBS were included. The mean age was 46.8 years (SD: 15.2), with a predominance of males (61.73%). The most frequent clinical presentation was the classic sensory-motor form in 74 cases (91.36%) with AIDP (82.35%) as the most frequent neurophysiological pattern in the group with COVID-19, while AMAN pattern predominated (59.26%) in those without COVID-19 (p = <0.000). The disability prevalence ratio at discharge between subjects with COVID-19 and those without COVID-19 was 1.89 (CI 1.06–3.34), p = 0.030, adjusted for age, sex, and neurophysiological subtype.

Conclusion: The neurophysiologic subtype AIDP, and a higher disability were associated with the presence of COVID-19.

KEYWORDS
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Highlights

– The AIDP neurophysiological pattern was the most frequent in patients with COVID-19.

– SARS-CoV-2 infection was associated with increased disability at hospital discharge.

– The cases of GBS and COVID-19 had a higher level of proteins in CSF.



Introduction

Coronavirus disease that first appeared in China in December 2019 is currently a pandemic with over two hundred million cases and over four million deaths (1). SARS-CoV-2 infection is a multi-systemic disorder that manifests primarily at the respiratory level causing respiratory failure in severe cases and triggering aa multisystem response (2–4). Currently, many neurological manifestations associated with SARS-CoV-2 infection have been reported, including Guillain-Barre syndrome (GBS) (4–6).

GBS is an immune mediated acute inflammatory polyneuropathy, preceded by a respiratory or gastrointestinal infection in 70% of cases which typically manifests as a progressive, areflexic, ascending quadriparesis. However, other variants have also been described. Based on electrophysiological and pathological characteristics, GBS has been classified as acute inflammatory demyelinating polyradiculoneuropathy (AIDP), acute motor axonal neuropathy (AMAN) and acute sensory motor axonal neuropathy (AMSAN) (7–10).

Previous epidemics have been associated with outbreaks of GBS, describing its association with several agents such as Campylobacter jejuni, Haemophilus influenzae, Epstein–barr, Cytomegalovirus, Zika, among others (11, 12). GBS is one of the most frequently associated diseases of the peripheral nervous system with SARS-CoV-2 infection (13). This study described demographic characteristics, clinical and neurophysiological manifestations of patients with GBS and SARS-CoV-2, and factors associated with disability at hospital discharge.



Materials and methods

We performed a retrospective analytical observational study approved by the Institutional Review Board of the National Institute of Neurological Sciences (INCN), Lima, Peru. We included patients with the diagnosis of GBS, admitted at the INCN, between 2019 and 2021. The INCN is the national reference center for neurological diseases in Peru where only moderate to severe cases of GBS are hospitalized.

During the COVID-19 pandemic, patients with GBS continued to be admitted to our center. However, those with severe respiratory symptoms were referred to general hospitals where COVID-19 cases were treated. The study included patients above 18 years of age, diagnosed with GBS according to the Brighton criteria. COVID-19 was diagnosed using the polymerase chain reaction (PCR) test for SARS-CoV-2 based on nasopharyngeal swab detection or by detecting the anti-SARS-CoV-2 antibodies.

Conditions that mimic GBS such as acute muscle or peripheral nerve diseases were excluded from the study. Medical records were used to collect epidemiological, clinical, and laboratory data including age, sex, duration of the disease, cerebrospinal fluid (CSF) characteristics, electromyography, medical history and management.

The patients underwent one electromyography after the first week of symptoms, and the neurophysiological diagnosis was obtained according to the Uncini’s criteria (14).

Disability was measured using the Hughes functional grading scale as follows: 0, healthy; 1, minor symptoms, able to run; 2, able to walk 10 meters to more without support, unable to run; 3, able to walk 10 meters with help; 4, bedridden or wheelchair; 5, requires assisted ventilation; 6: dead (15). Disability was measured at admission, nadir (the day the highest score was reached) and at discharge, defined as a score ≥ 3 on the Hughes Scale. Also, the treatment response was defined as the decrease by at least one point on the Hughes Discharge Scale. Sample size was not considered in the study since all patients diagnosed with GBS during the reported period were included.

The mean or median, standard deviation, interquartile range (IQR) were used for continuous variables, and the categorical variables were expressed with frequencies and percentages. Normal assessment was performed using Shapiro Wilk test and the analysis between the groups was performed using a t-test in cases of quantitative variables with normal distribution or using Mann–Whitney U test. Additionally, chi-2 test, and Fisher’s exact test were used for categorical variables. The statistical significance was set at 0.05. The groups were compared based on COVID-19 diagnosis, pre- and post-pandemic periods, and disability at discharge. Likewise, a generalized linear regression model was constructed, with the presence of disability at discharge as a dependent variable. The analysis was performed using STATA (v.17.0, Texas, USA). Approval for this study was granted by the Institutional Research Ethics Committee of the INCN, Lima, Peru.



Results


Characteristics of participants

We included 81 patients diagnosed with GBS between January 2019 and April 2021. The mean age of the patients was 46.8 years (SD: 15.2), with a predominance of the male sex (61.73%). Forty-four (54.32%) cases met level 1 of diagnostic certainty, 26 (32.10%) cases met level 2 and 11 (13.58%) met level 3. The median duration of disease at admission was 5 days (IQR: 3.0–8.0). The mean of the Hughes scale at both admission and nadir was 3.5 (SD:0.9), with the time at nadir of 7 days (IQR: 4.0–10.0). The most frequent clinical presentation was the classic motor sensory form in 74 cases (91.36%), 4 (4.94%) presented with Miller-Fisher syndrome, 2 (2.47%) with Bickerstaff encephalitis, and 1 (1.23%) patient with facial diparesis (Table 1).



TABLE 1 Demographic, clinical, and neurophysiological characteristics of participants in relation to SARS-CoV-2 infection.
[image: Table1]

Thirty-two (50.79%) subjects had a history of gastrointestinal infection and 17 (26.98%) with a history of respiratory infection. The CSF analysis showed albumin cytological dissociation in 49 (63.64%) patients. Electromyography was performed on 71 participants, of whom 39 (48.15%) underwent EMG after the 4th week of symptoms, with a median time from symptoms onset and the EMG of 14 days (IQR: 9–28). Thirty-three (46.48%) patients had AMAN, 29 (40.85%) AIDP, 4 (5.63%) AMSAN and 5 (7.05%) presented with no alterations in the study. The median hospitalization time was 14 days (IQR:9.0–21.0). The median for Hughes at discharge was 3 days (IQR: 2.0–3.0). Nine (14.06%) required mechanical ventilation. The results of treatment are as follows, 67 (83.75%) received intravenous immunoglobulin, 6 (7.50%) received plasma replacement, 41 (50.62%) had response to treatment (Table 1).



Pre-pandemic versus pandemic period

From the period of March 2020 to April 2021, 31 subjects (38.3%) were diagnosed as GBS, of which 18 (58.0%) had a diagnosis of COVID-19, while in the period before the pandemic, from January 2019 to February 2020, 50 subjects (61.7%) received the diagnosis of GBS (Table 2). Patients during the pandemic period had longer duration of illness when compared to the groups treated before the pandemic (2019-february 2020), 7 (IQR 4.0–10.0) vs. 4 (IQR 2.0–6.0), p = 0.006; and a longer time at nadir, 9.0 (IQR 5.0–15.0) vs. 5.5 (IQR 3.0–8.0), p = 0.002; and a shorter hospitalization time, 12 days (IQR 7.0–18.0) vs. 16 days (IQR 9.0–26.0), p = 0.033 (Table 2). Twenty-nine (83.8%) received intravenous immunoglobulin during the pandemic, whereas only 38 (76.0%), p = 0.046 before the pandemic. There was neither a difference in Hughes’ score at admission, nor in the response rate to the treatment comparing both periods (Table 3). In the period March 2020–April 2021, 18 cases (38.3%) were detected with both COVID-19 and GBS. COVID-19 was diagnosed using PCR in 7 cases and by rapid antibody testing in 11 participants. Of the 11 cases, 6 were positive for both IgM and IgG, 1 for IgM and 2 for IgG only. Fourteen (77.8%) had respiratory symptoms. The median time between onset of respiratory symptoms and neurological symptoms was 9 days (IQR:6.0–13.0). None of the patients with COVID-19 had GBS associated with the vaccine status.



TABLE 2 Demographic, clinical, and neurophysiological characteristics of GBS cases according to pre- and pandemic period.
[image: Table2]



TABLE 3 Characteristics of patients according to their state of disability at hospital discharge.
[image: Table3]



COVID-19 versus non COVID-19

The COVID-19 group had thirteen (72.2%) males whereas 37 (58.73%) males were present in the group without COVID-19, p = 0.299. Mean age was similar in both groups, as was the median of the Hughes scale at admission and nadir. Compared with the group without COVID-19, participants with COVID-19 had a longer time of disease at admission, 9.5 (IQR: 7.0–18.0) vs. 4 (IQR: 2.0–6.0), p < 0.000; and at nadir, 10 (IQR:7.0–19.0) vs. 6 (IQR:4.0–9.0), p = 0.002 (Table 1). The classic sensory-motor clinical presentation was seen frequently in both groups, 13 (72.22%) patients in the COVID-19 group had a history of gastrointestinal infection, and nineteen had a respiratory infection (42.2%) in the group without COVID-19. The CSF characteristics, of the patients with COVID-19 had higher protein elevation, 133.1 (IQR: 72.9–188.0) when compared to those without COVID-19, 53.0 (IQR 38–86), p = 0.005. Albumin cytological dissociation was observed in 15 (83.3%) patients with COVID-19 vs. 34 (57.63%) patients in the other group, p = 0.0.180 (Table 1).

There were no differences in the disease duration at the time of sampling the CSF. The most frequent neurophysiological pattern in the group with COVID-19 was AIDP (82.4%), whereas AMAN predominated (59.26%), p = <0.000 in those without COVID-19. Hospitalization time was greater for those without COVID-19, 15 (IQR 9.0–22.0) vs. 11.5 (IQR 7.0–18.0), p = 0.157. Patients with COVID-19 had slightly higher score of Hughes 3 (IQR:3–4) comparing with those without COVID-19 2.5 (2–3) (p = 0.016). Patients with COVID-19 had with less frequency mechanical ventilation versus those without COVID-19 [1 (5.55%) versus 8 (12.70%), p = 0.013] (Table 1).

There was no significant difference between the Hughes at discharge, and mechanical ventilation requirement. All patients with COVID-19 received intravenous immunoglobulin at a dose of 0.4 g/kg, when compared to 50 (79.37%) patients in the group without COVID-19, 6(9.52%) received plasma replacement and 7 (11.11%) did not receive treatment. Fifteen patients (83.33%) of the group with COVID-19 had disability at discharge, comparing with 31 (50.0%) on the group without COVID-19. The response rate to treatment was similar in both groups (Table 1).



Disability versus non-disability groups

Patients who had a disability at discharge had a higher Hughes score upon admission [4 (IQR:3–4) compared to 3 (IQR:2–4), p = 0.003]. Additionally, they were more frequently diagnosed with the classic motor-sensory clinical diagnosis [44 (95.7%) versus 29 (85.3%), p = 0.009], and experienced a lower treatment response in comparison to those who were not disabled [16 (34.78%) versus 25 (73.53%), p = 0.003]. However, it is worth noting that the sex, age, length of admission, rate of mechanical ventilation, and neurophysiological diagnosis were comparable between both groups (Table 3). The prevalence ratio of disability at discharge in patients with and without COVID-19 was 1.89 (CI 1.06–3.34), p = 0.030, adjusted for age, sex, and neurophysiological subtype (Table 4).



TABLE 4 Associated factors for disability on the multiple regression analysis.
[image: Table4]




Discussion

We found that there were no differences in the age, according to COVID-19 infection, which was unique when compared to the previously reported studies which had described a higher mean age for the group of patients with COVID-19 (3). Our patients were predominantly males, with a higher proportion in the COVID-19 group, possibly due to male predominance in patients with COVID-19 (16), which could predispose them to an increased risk of developing GBS.

Unlike other studies, we did not observe a significant increase in the frequency of GBS cases during the pandemic (17), due to the measures established by the Ministry of Health of Peru that led to a decrease in the flow of patients in all health facilities in the country.

Patients with GBS and COVID-19 had longer admission durations when compared to those without COVID-19, this delay in care may have been related to the longer time of isolation of patients with respiratory symptoms by COVID-19. Likewise, the time between SARS-CoV-2 infection and the onset of GBS symptoms was 9 days, which is consistent with the hypothesis of a postinfectious mechanism associated with COVID-19, rather than direct neuronal damage or a para-infectious mechanism (10). The average duration has previously been reported to be 2 weeks, like other infections associated with GBS (3, 10, 18).

According to the results of our study in patients with COVID-19, the clinical manifestations and distribution of clinical variants were like those of classical GBS, characterized by sensory-motor predominance and a neurophysiological AIDP pattern, similar to previous reports (18–20). Likewise, cerebrospinal fluid protein levels were higher in patients with COVID-19, as described previously (19, 21) which attributes more to an immune response than to an inflammatory or infectious (19).

Independent of the concomitant infection with COVID-19, participants with GBS had a disease of similar severity both at admission and nadir; this differs from the studies reported previously, where differences have been found in the severity evaluated at admission (22), during hospitalization and at hospital discharge (18, 23). However, in the multivariate analysis that resulted in disability at hospital discharge, it was determined that infection with SARS-CoV-2 is associated with greater disability, although patients admitted to our center presented with COVID-19 of mild to moderate severity. The progression of disability was found to be slower in patients with COVID-19 compared to patients without COVID-19. One reason attributed for this difference could be that most patients with COVID-19 had an electromyographic pattern corresponding to AIDP, a pattern associated with slower progression (16, 24).

Although patients admitted to our center had moderate to severe GBS, none had a fatal outcome, as reported in other countries, in which no changes in mortality associated with COVID-19 were evidenced (25).

The limitations of our study included selection bias as patients with severe respiratory symptoms from COVID-19 were referred to the general hospitals for multidisciplinary management, which can influence disability-related outcomes and severity. This situation, however, was due to the restrictions on health care and hospital admission introduced during the start of the pandemic. Despite having a significant number of cases, there was no balanced ratio between the groups with and without COVID-19. The uniformity in the diagnostic criteria for SARS-CoV-2 infection was also affected because of its modification by the Peruvian Ministry of Health in the very beginning of the pandemic. Other limitation is that on our resource limited settings, we were not able to perform serial EMGs and this could introduce wrong classifications, however, we followed Uncini criteria for the diagnosis.

It was concluded that patients with COVID-19 presented more frequently with the neurophysiological subtype AIDP, an increase in the concentration of proteins in CSF. Greater disability at discharge was associated with SARS-CoV-2 infection, despite evidence of slower progression in this group. We believe that these findings can not only be useful in the diagnostic approach aimed toward patients with a recent history of COVID-19, but also as a guide to the immediate prognosis of patients in this group.
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Andersen-Tawil syndrome (ATS) is a rare periodic paralysis caused by the KCNJ2 gene mutation. Here, we report on an ATS patient misdiagnosed with myodystrophy. A 66-year-old man presented with a 60-year history of episodic weakness in the proximal muscles of the upper and lower limbs. The man has been diagnosed with muscle pathology and has undergone genetic examinations in many hospitals since childhood. We conducted a correct diagnosis in combination with the patient’s history, electrical physiology, and genetic analysis and identified a heterozygous KCNJ2 gene variant (c.220A > G; p.T74A). Patients with ATS can develop permanent myasthenia characterized by chronic progressive myopathy. ATS patients should also pay special attention to the risks of anesthesia in surgery, including malignant hyperthermia (MH), muscle spasms affecting tracheal intubation or ventilation, and ventilator weakness. Early diagnosis and therapy could help delay the onset of myasthenia and prevent risks associated with anesthesia accidents.
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Introduction

ATS is a rare form of periodic paralysis and accounts for less than 10% of all periodic paralysis (1,500,000) (1, 2). This disease is caused by a KCNJ2 gene mutation, which encodes the inward-rectifying potassium channel known as kir2.1 (3, 4). The incorrect folding of the kir2.1 protein and the abnormal function of the channel results in a dominant negative effect on the potassium channel current, leading to decreased inward rectifying potassium current (5), impairing the repolarization process of the resting action potential of muscle fibers, affecting the excitability of skeletal and cardiac muscles, and subsequently causing periodic paralysis and arrhythmia (skeletal muscle and heart symptoms) (6). Subtle characteristic facial and skeletal abnormalities are often indicative signs used to diagnose ATS. The expression of Variant KCNJ2 leads to malfunctions in the potassium channel, affecting the spatial distribution Vmem (resting potential) and disrupting the normal pattern of membrane voltage potential regionalization, which, in turn, leads to misexpression of the craniofacial patterning genes during embryonal development in mice (7). Many studies have observed that the craniofacial features of ATS represent a spectrum of phenotypic manifestations, which include a broad forehead, low-set ears, broad nose, and maxillary and mandibular hypoplasia. Skeletal anomalies included short stature, small hands and feet, scoliosis, and clinodactyly of the fifth finger and toe (8). ATS patients also commonly exhibit symptoms such as periodic paralysis, cardiac abnormalities (including ventricular arrhythmia, prolonged Q-T interval, and inverted U wave), and myopathy (4, 9). To clinically diagnose ATS, the presence of at least two out of the following three cardinal features is typically required: periodic paralysis of skeletal muscles, characteristic dysmorphic features, or typical cardiac findings (6, 9).



Case report

A 66-year-old man presented with episodic limb weakness beginning at 2 years of age, sometimes in both lower extremities and sometimes in both the upper and lower limbs. Prolonged walking was often the predisposing factor, with seizure frequency occurring once or twice a month. With age, he appeared to have permanent muscle weakness, manifested by difficulty in running, squatting, standing up, and lifting the upper limbs. During this period, he visited many hospitals to check his creatine kinase (CK) levels, which ranged from approximately 600–1,000 U/L. Muscle biopsies of his calf, shoulder, and back were performed at the ages of 13, 20, and 26 at two hospitals. The examination results showed no abnormalities, leading to a suspicion of muscular dystrophy as a possible cause. He underwent genetic testing at the age of 26, but the diagnosis was still inconclusive. Twenty-five years ago, an electrophysiologic concentric needle examination of the iliopsoas muscle, the gluteus maximus, and the lumbar paraspinal muscles indicated the presence of myopathy in the patient. There was a suspicion of limb-type muscle malnutrition, but treatment with coenzyme Q10 was found to be ineffective. It is worth noting that he had all his teeth extracted due to difficulties during intubation during vocal cord polyp surgery and was found quadriplegic after general anesthesia 10 years ago. The doctor conducted a cervical spine magnetic resonance imaging (MRI) on the patient, but the results showed no abnormalities. The patient complained of limb weakness, which progressively worsened in the morning before admission. He fell to the ground, could not stand up, and was brought to the emergency department of our hospital. Physical examination of the patient’s proximal part of the extremities presented amyotrophy (Medical Research Council Grade 4) and decreased tendon reflexes, and negative bilateral pathological signs. The electrocardiogram of our patient showed a U-wave inversion (Figure 1), and the 24-h dynamic electrocardiogram showed 245 premature ventricular contractions (PVCs) in a total of 91,847 heartbeats. The EMG examination revealed narrow and irregular waves during the needle examination, with no pronouncement of the fibrillation. A long-term exercise test indicated a significant decrease in the compound muscle action potential (CMAP) amplitude of the right little finger abductor muscle, measuring 74.4% lower than the baseline and a 66% reduction in the area (Figure 2).

[image: Figure 1]

FIGURE 1
 The electrocardiogram showed inverted U waves (A), and the echocardiogram showed no apparent abnormality (B). Genetic analysis using sequencing chromatograms identified a heterozygous KCNJ2 gene variant (c.220A>G; p.T74A) (C). There was no noticeable abnormality in cranial magnetic resonance imaging (D–F).


[image: Figure 2]

FIGURE 2
 Long-term exercise test results demonstrated that the CMAP amplitude of the right little finger abductor muscle was 74.4% lower than it was at baseline, and the area was reduced by 66% (A,E,I). The median nerve (B), the ulnar nerve (F), and the peroneal nerve (J), and motor conduction were normal. Sensory conduction of the median nerve (C), the ulnar nerve (G), and the superficial peroneal nerve (K) was normal. Electrophysiologic concentric needle examination fibrillation and a sharp positive wave at resting potentials (D). Light contraction showed a narrow waveform (H,L).


The blood test results showed a potassium level of 2.9 mmol/L (normal value: 3.5–5.5 mmol/L). Additionally, the CK (creatine kinase) level was measured at 1,600 U/L, lactic acid level at 2.8, and lactate dehydrogenase (LDH) at 224 U/L. We considered the possibility of ATS given the patient’s characteristic physical features, including short stature, small hands and feet, clinodactyly of the fifth toe, hypoplastic mandible, and low-set ears (Figure 3). An electrocardiogram revealed slightly inverted U waves. Further genetic analysis using the sequencing system (Amplicon Gene, Inc.) identified a heterozygous c.220A > G mutation in the exon 2 region of chromosome 17 of the KCNJ2 gene. This mutation resulted in the substitution of alanine with threonine at amino acid 74 (p.T74A) (Figure 1), which was reported to be a pathogenic mutation for ATS (10). Our patient had special physical characteristics. Based on the positive results of the long-term exercise test, muscle symptoms, and the genetic testing outcome, it was determined that he was not affected by the myopathic condition but rather ATS.

[image: Figure 3]

FIGURE 3
 Short stature, facial features (AP and lateral), low-set ears, hypoplastic mandible, small hands and feet, clinodactyly of the fifth toe, and skeletal anomalies of the patient with ATS (permission was granted by the patient).




Discussion

The misdiagnosis of ATS as a muscle disease has rarely been reported before. Muscular dystrophy or other muscle disorders are often characterized by muscle weakness, muscle atrophy, and increased CK, and electromyography showed myogenic damage. These similarities in symptoms and test results can often lead to confusion and misdiagnosis in cases similar to our patients. Periodic paralysis can cause episodic and permanent weakness caused by fibrotic and fatty replacement, and the incidence of permanent weakness is 68% (11). Studies have found that the biopsy of the left rectus femoris muscle revealed the characteristic vacuolar myopathy caused by the dilation of the T-tube, accompanied by occasional degeneration and regeneration of muscle fibers in periodic paralysis (12). A morphological follow-up of a muscle biopsy showed mild vacuolar changes at the age of 12. After 17 years, a subsequent examination showed that 15% of the muscle fibers exhibited tubular aggregates and medium-grade myopathy (13). The reports above describe the relationship between muscle pathology and permanent weakness. Our case showed permanent weakness at approximately 28 years, which is consistent with the above description.

Jeong et al. conducted a whole-body muscle MRI analysis on periodic paralysis patients and found that muscle fatty infiltration and atrophy are present in primary periodic paralysis, especially in older individuals, which are suggestive of chronic progressive myopathy (14). The whole-body muscle MRI demonstrates a selective pattern of muscle involvement affecting the posterior compartment of the lower leg and the anterior thigh muscles. Moreover, fatty muscle infiltration in these areas is more frequent and increases with age (15). Horga et al. reported that a man who presented with progressive proximal muscle weakness and mildly elevated CK was diagnosed with Becker muscular dystrophy (BMD) after a muscle biopsy showed abnormal myopathy in childhood. However, it was confirmed to be ATS by electromyography and genetic testing afterward (16). This case is similar to our case, where the patient also presented chronic and persistent limb muscle weakness, muscle atrophy, and a significant manifestation of myopathy in electromyography (EMG) examination, combined with previously normal blood K values and an abnormally increased blood CK value, which led to confusion with muscular dystrophy. The history of recovering muscle weakness during childhood could distinguish ATS from muscular dystrophy. Besides, ATS patients may have special appearance characteristics and experience a decrease in CMAP amplitude after a long exercise experiment. Permanent muscle weakness significantly impacts the patient’s quality of life, underscoring the importance of improving diagnostic approaches to reduce the time between the onset of the disease and the age of diagnosis.

As a special type of periodic paralysis, ATS patients with periodic paralysis are susceptible to various anesthesia-related complications, including malignant hyperthermia (MH), muscle spasms, tracheal intubation, and extubation failure (17–19). MH is a rare pharmacogenetic disorder of the skeletal muscle, triggered by sensitivity to volatile inhalation anesthetic gasses (e.g., sevoflurane, isoflurane, and so on) and depolarizing muscle relaxants (e.g., succinylcholine), which leads to a rise in core body temperature, tachycardia, hypermetabolism, pH value (pH) imbalance (hypoxemia, hypercapnia, and metabolic acidosis), liver and kidney damage, and hypermetabolism in the skeletal muscle (20, 21). It had an estimated mortality rate of 70–80% (22). Hypokalemic periodic paralysis was easy to trigger MH during general anesthesia (23–27). In addition, the use of depolarizing neuromuscular blocking drugs in ion channelopathies patients may lead to uncontrollable skeletal muscle hypermetabolism and sustained muscle contraction (28), such as generalized muscle spasms and masseter spasms, which can thus affect tracheal intubation or ventilation. In serious cases, it may cause respiratory muscle weakness and require prolonged mechanical ventilation (29–34). In an assessment of 109 patients with genetically confirmed skeletal muscle channelopathy, 17% (10 out of 59) reported worsening symptoms after general anesthesia independent of the duration of surgery, with high potassium periodic paralysis (29%) being the most common. A few patients experienced episodes of weakness after anesthesia, and nine of these patients also experienced prolonged recovery time after general anesthesia, independent of the duration of the procedure. There were no reports of laryngospasm during anesthesia (35).

In conclusion, it can be explained why our patient experienced difficulty with tracheal intubation in anesthesia surgery and paralysis when he woke up after surgery. According to the literature, patients with periodic anesthesia are susceptible to various anesthesia-related complications. Given the presence of craniofacial malformation and the potential cardiac risks associated with ATS, it is crucial to give significant attention to the possibility of difficult airways and an increased risk of severe arrhythmia during anesthesia (36). Therefore, the administration of neuromuscular blocking agents to ATS patients is a contentious issue. In patients with ATS or related family history, we believe that the use of strong inhalation anesthetics or suxamethonium should be used with utmost caution to prevent the occurrence of MH or other severe complications (37).



Conclusion

The number of confirmed skeletal muscle channelopathy cases is increasing with the use of next-genetic sequencing, but its diagnosis remains challenging. We diagnosed an ATS patient who had been misdiagnosed with myopathy for a long time. Arrhythmias, typical craniofacial features, and a decrease in CMAP amplitude after a long exercise experiment are the key points for diagnosis. In addition, we described the anesthetic risks of ATS patients for the first time, including MH, muscle spasms, failure of tracheal intubation and extubation, and so on. More studies are needed to confirm how to diagnose ATS early, manage it, and prevent the risk of anesthesia accidents in the future.
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Introduction: Patients with mitochondrial disorders always show neurological deficits. However, the diversity of clinical manifestations, genetic heterogeneity and threshold effect caused by maternal heredity make its diagnosis very challenging.

Case presentation: A 30-year-old female presented to our neurology department with a recurrence of symmetrical weakness proximally in the lower extremities. Seven years ago, the patient had a sudden onset of persistent weakness in bilateral proximal lower extremities, along with elevated creatinine kinase (CK) and CK-MB. Given the diagnosis of Guillain-Barre syndrome, she was treated with high-dose glucocorticoid (GC) therapy at the local hospital and recovered. After admission to our hospital, laboratory analysis revealed elevated CK and alpha-hydroxybutyrate dehydrogenase in serum. Electrocardiography showed sinus tachycardia and left high ventricular voltage. Electromyography (EMG) and evoked potential (EP) suggested peripheral neurogenic damage of the upper and lower extremities with myogenic wear. Chronic inflammatory demyelinating polyneuropathy (CIDP) was initially considered, but neurological symptoms were not significantly improved with glucocorticoid shock therapy. An elevated level of lactate was found. The short-tau inversion recovery (STIR) axial magnetic resonance image (MRI) revealed mild hyperintensities, indicating muscle edema. Meanwhile, muscle biopsies suggested pathological changes in mitochondrial disorders (MIDs) and neuronal damage. Further mitochondrial genome analysis revealed a heteroplasmic m3271 T>C mutation in the mitochondrial tRNA-Leu gene (UUR). Collectively, the patient was finally diagnosed with mitochondrial disorder and apparently improved after the corresponding treatment to regulate energy metabolism.

Conclusions: To our knowledge, it's the first report about MELAS with 3271 mutation that have only shown peripheral nerve motion impairment. Proximal weakness is also common in CIDP. In the context of this patient's experience, mitochondrial genome analysis provides an auxiliary criterion for differential diagnosis between MIDs and CIDP. In the meantime, we discussed the clinical effect of GCs on MIDs.

KEYWORDS
MELAS, T3271C mutation, peripheral nerve dysfunction, glucocorticoid therapy, case report


Introduction

Mitochondrial diseases are caused by mutations in nuclear or mitochondrial genes, characterized by defects in oxidative phosphorylation (1). Mitochondrial diseases have diverse clinical manifestations, of which neurological deficits are the most common symptoms and probably make the greatest contribution to morbidity and mortality (2). However, the diversity of clinical manifestations, genetic heterogeneity and threshold effect caused by maternal heredity make its diagnosis very challenging. Mitochondrial encephalopathy with lactic acid and stroke-like episodes is one of the most common maternal mitochondrial diseases. Herein, we report the first patient of MELAS with T3271C mitochondrial mutation who presented only as impaired movement.



Patient information

A 30-year-old female presented to our neurology department with a recurrence of symmetrical weakness proximally in the lower extremities. Seven years ago, the patient had a sudden onset of persistent weakness in the bilateral proximal lower extremities. At the time, she was able to stand with assistance and walk on her own. She then visited the local medical clinic for the first time at the age of 23. The only positive finding was the elevation of creatinine kinase (CK) (236 U/L) and CK-MB (29 U/L). She was then diagnosed with Guillain-Barre syndrome and largely recovered after high-dose glucocorticoid therapy.



Clinical findings

Now the patient has been admitted to our hospital with a recurrence of neurological symptoms in the past 1 month. Neurological examination of the patient showed not only muscle weakness and hypotonia of extremities, but also muscle weakness of neck flexion [Medical Research Council (MRC) grade 4], elbow flexion (MRC grade 3) and knee extension (MRC grade 4). In addition, no tendon reflexes of the biceps brachii and triceps were found. No significant abnormalities were observed in cranial nerve examination, sensory system, autonomic nervous system, and meningeal irritation sign.



Timeline

The timeline of this case report was shown below (Table 1; Figure 1).


TABLE 1 Timeline of this case report.
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FIGURE 1
 Timeline of this case report.




Diagnostic assessment

Laboratory analysis revealed elevated CK (246 U/L) and alpha-hydroxybutyrate dehydrogenase (alpha-HBDH) (232 U/L) levels in the patient. Results of other routine serologic investigations, cerebrospinal fluid (CSF) analysis, and autoimmune antibody titers, including peripheral neuropathy antibody spectrum in both serum and cerebrospinal fluid, were within normal limits. Electrocardiography revealed sinus tachycardia and left ventricular high voltage. Electromyography (EMG) and evoked potential (EP) suggested peripheral neurogenic damage of upper and lower extremities with myogenic damage. At the moment, the diagnosis of myopathy could not be ruled out, so we completed myositis autoantibody analysis and muscle magnetic resonance imaging (MRI). No myositis autoantibody was found. Under MRI scans (Figure 2), the characteristics of muscle lesions were not remarkable, and no obvious specific change in muscle group was found. However, there was edema in short-tau inversion recovery (STIR) sequences. Just then, a slight increase of blood lactic acid (8.7 mmol/L) was found in resting state, raising the suspicion of hereditary metabolic myopathy. Based on MRI finding, the tissue involved was then subjected to a muscle biopsy. The results (Figure 3) suggested pathological changes in MIDs and neuronal damage. So we thought MID might be the final diagnosis. In order to further clarify the diagnosis, mitochondrial DNA was carried out on the muscles involved and the results showed that there was a heteroplasmic m3271 T>C mutation in the mitochondrial tRNA-Leu gene (UUR), and the proportion of mutant mtDNA reached 87.4%.


[image: Figure 2]
FIGURE 2
 Magnetic resonance imaging (MRI) changes of bilateral thigh. Axial-T1-weighted MRI (A) showed hypointensity indicating no obvious fatty infiltration of the muscles and axial STIR MRI (B) showed slightly hyperintensities indicating mild muscle oedema. No hypointense structure was observed on axial SWI MRI (C), indicating no angiogenesis.



[image: Figure 3]
FIGURE 3
 Histochemical stains of the thigh muscle biopsy specimens showed basophilic muscle fibers [(A), haematoxylin and eosin stain, black arrows, scalebar: 100 μm], ragged-red fibers [(B), modified Gomori trichrome stain, black arrow, scalebar: 50 μm], ragged-blue fibers [(C), succinate dehydrogenase stain, black arrows, scalebar: 100 μm] and increased SDH activity in the vessels [(C), succinate dehydrogenase stain, red arrow, scalebar: 100 μm], few grouping fibers [(D), NADH-tetrazolium reductase, scalebar: 100 μm], increased fat droplets in some muscle fibers [(E), Oil Red O stain, black arrows, scalebar: 100 μm], and COX-positive vessels [(F), cytochrome c oxidase, black arrow, scalebar: 50 μm].




Therapeutic intervention

According to MID diagnostic criteria in 2002, the patient met two main diagnostic indexes and could be diagnosed as MID with MELAS (3). After the diagnosis was confirmed, coenzyme Q10, vitamin B1, idebenone, and L-carnitine oral liquid were given to improve the function of the oxidative respiratory chain and regulate energy metabolism (Figure 1).



Follow-up and outcomes

After the treatment, the patient's symptoms had obviously improved and she could gradually stand and walk on her own. At 1-month follow-up, the muscle strength of neck flexion, elbow flexion and knee extension had recovered to MRC grade 5-/5.



Discussion

MELAS is one of the most common maternal MIDs. Approximately 80% of MELAS patients harbor m3243A>G mutation, while ~7 to 15% of MELAS patients carry m3271T>C mutation (4–6). Peripheral nerve dysfunction alone was extremely rare for MELAS patients. To the best of our knowledge, this is the first report of patient with MELAS with T3271C mitochondrial mutation who presented only as motor impairment movement. We believe that this case is meaningful for further understanding of MELAs with m3271T>C mutation in clinical settings.

The treatment of MELAS aims to improve mitochondrial function and regulate energy metabolism. In addition, drugs that affect mitochondrial function should be used with caution. Meanwhile, the guidelines for the diagnosis and treatment of MIDs do not recommend the use of glucocorticoid (GC), but in fact, MELAS patients appear to benefit from the use of GCs (7). In line with them, the MELAS patient in our case showed an improvement in muscle strength after GC therapy in the early stages of the disease. One possible explanation for this is that GCs are involved in mitochondrial regulation by acting directly on mitochondrial DNA through the mitochondrially localized glucocorticoid receptor (GR) or indirectly through interaction with nuclear genes (8, 9). Worth mentioning, MELAS associated with pure motor CIDP, a type of atypical CIDP, couldn't be ruled out in our case (10), which may explain the effectiveness of GCs. If necessary, a nerve biopsy may be performed to confirm the diagnosis of CIDP. Close metabolic monitoring of the patient is crucial when the patient has worsening symptoms or new symptoms of other organs. Further, first-degree relatives of the patient were recommended for lactic acid detection and genetic testing.

In conclusion, MELAS is sometimes misdiagnosed as CIDP because of similar clinical manifestations, which may lead to the delayed treatment and missed diagnosis of the patient's family. If necessary, muscle biopsy and mitochondrial DNA analyses should be performed for differential diagnosis.
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Motor nerve Segment Lat (ms) Amp (mV) CV (m/s) Dist (mm)

Medianus (L) Wrist-APB 400 36 550
Elbow-Wrist 875 36 484 230
Medianus (R) Wrist-APB 429 51 550
Elbow-Wrist 8.92 47 47.5 220
Peroneus (L) Ankle-EDB Null Null
Fib.head-Ankle Null Null
Peroneus (R) Ankle-EDB Null Null
Fib.head-Ankle Null Null
Tibialis (L) Ankle-Abd hal Null Null
alis (R) Ankle-Abd hal Null Null
Ulnaris (L) Wrist- ADM 323 44 550
Elbow-Wrist 731 49 527 215
Ulnaris (R) Wrist-ADM 3.05 50 55.0
Elbow-Wrist 679 53 56.1 210
Sensory nerve Segment Peak lat (ms) Amp (uV) CV (m/s) Dist (mm)
Medianus (L) Wrist-Dig Il 235 270 489 115
Medianus (R) Wrist-Dig Il 264 23 473 125
Radialis (L) EPL tendon-Wrist 165 209 545 900
Radialis (R) EPL tendon-Wrist 1.50 209 66.7 100
Superficial peroneal (L) Lower leg-Ankle 256 39 352 900
Superficial Peroneal (R) Lower leg-Ankle 264 54 360 950
Suralis (L) Mid lower leg-Lat Malleolus 219 14 3838 85.0
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Ulnaris (R) Wrist-Dig V 214 269 9.1 105
Fwave Segment M-Lat (ms) F-Lat (ms) Amp (uV) F (%)
Medianus (L) Wrist-APB 35 314 59.1 333
Medianus (R) Wrist-APB 41 285 153 733
Tibialis (L) Ankle-Abd hal Null Null
Tibialis (R) Ankle-Abd hal Null Null
Ulnaris (L) Wrist-ADM 26 302 156 100
Ulnaris (R) Wrist-ADM 33 284 224 100

dicates that no signal can be detected; Lat, latency; ms, millisecond; Amp, amplitude; mV, millivolt; CV, conduc
i; Abd hal, abductor hallucis; Fibhead, ibular head; ADM, abductor digiti mi

n velocity

t, distance; L, left; R, right; APB, abductor pollic
Mid lower leg, the middle of lower leg; Dig, digitus; E]

DB, extensor digitorum bre:
longus.

L, extensor
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Motor nerve Segment Lat (ms) Amp (mV) CV (m/s) Dist (mm)

Medianus (L) Wrist-APB 3.58 7.1 650
Elbow-Wrist 7.06 69 57.5 200
Medianus (R) Wrist-APB 375 85 650
Elbow-Wrist 7.54 7.9 60.7 230
Peroneus (L) Ankle-EDB Null Null
Fib.head-Ankle Null Null
Peroneus (R) Ankle-EDB Null Null
Fib.head-Ankle Null Null
Tibialis (L) Ankle-Abd hal 537 0.082 700
alis (R) Ankle-Abd hal 474 022 700
Ulnaris (L) Wrist-ADM 2.63 7.2 60.0
Elbow-Wrist 5.64 7.2 615 185
Ulnaris (R) Wrist-ADM 254 100 60.0
Elbow-Wrist 531 93 614 170
Sensory nerve Segment Peak lat (ms) Amp (uV) CV (m/s) Dist (mm)
Medianus (L) Wrist-Dig 1T 225 442 55.6 125
Medianus (R) Wrist-Dig Il 248 39.1 524 130
Radialis (L) EPL tendon-Wrist 151 267 596 90.0
Radialis (R) EPL tendon-Wrist 135 288 66.7 90.0
Superficial Peroneal (L) Lower leg-Ankle 173 14. 9.1 850
Superficial Peroneal (R) Lower leg-Ankle 1.84 131 435 800
Suralis (L) Mid.lower leg-Lat. Malleolus 187 7.6 1238 800
Suralis (R) Mid.lower leg-Lat Malleolus 1.66 17 22 700
Ulnaris (L) Wrist-Dig V 173 454 549 95.0
Ulnaris (R) Wrist-Dig V 184 438 598 110
Fwave Segment M-Lat (ms) F-Lat (ms) Amp (uV) F (%)
Medianus (L) Wrist-APB 34 267 267 769
Medianus (R) Wrist-APB 36 268 463 917
Tibialis (L) Ankle-Abd hal Null Null
Tibialis (R) Ankle-Abd hal Null Null
Ulnaris (L) Wrist-ADM 25 273 189 100
Ulnaris (R) Wrist-ADM 24 256 185 100

tance; L, left; R,
s Midlower leg, the middle of lower leg;

dicates that no signal can be detected; Lat, latency; ms, millisecon n velocity; Dist,

1 APB, abductor pollicis
Dig, digitus; EPL e

DB, extensor digitorum brevis
longus.
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Nerve Stimulation Distance Recording  Latency (ms) Amplitude (CMAP Mv; SNAP Velocity (m/s)

site (cm)  site uV)
Motor R L NL R L NL R L NL

Median ~ Wrist 25 APB 52 5 <42 03 08 >5 52 47 >50
Median ~ Elbow APB 95 98 03 09
Ulnar  Wrist 2 ADM 45 34 <42 2 43 >5 50 49 >53
Ulnar  Belbow 10 ADM 89 79 2 34 59 53 >53
Ulnar A Elbow ADM 106 98 24 39
Peroneal Fib Head EDB “NR “NR <61 “NR “NR >25 “NR “NR >40
Peroneal  Pop fossa 10 EDB “NR “NR “NR “NR “NR “NR

Ankle AHB “NR “NR <61 “NR “NR >30 “NR “NR >35

Pop fossa AHB “NR “NR “NR “NR “NR “NR

Wrist 14 Digll 4 36 <36 384 285 >10 35 39 >39

Wrist 14 DigV 41 31 <37 1n2 29 >15 34 45 >38
Radial  Forearm Wrist 22 2 <31 265 244 >15
Sural  Calf Ankle 44 46 <40 61 47 >50 32 30 >35

ADM, abductor digiti minimi; AHB, abductor hallucis brevis; APB, abductor pollcis brevis; cm, centimeters; Dig, digit; EDB, extensor digitorum brevis; Fib, fibular; L, left; mys, meters
per second; ms, millisecond; NI, normal limit; Pop, popliteal; R, right; SNAP, sensory nerve actic

, N0 response.
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No Symptoms. Concern for CMT due to patient's brother being diagnosed with the disease.
*Extensive workup done, including lumbar puncture. All tests within normal limits. No genetic testing.

Distal right lower limb weakness and paresthesia develops.
*Physical activity modification recommended.

*Worsening of right lower limb symptoms with spread to the left lower extremity. p
ePatient now unable to swim or run and has impaired gait.

*Seen by a neurologist in Hong Kong (where patient was residing). Despite high suspicion for CMT, patient
elected for no diagnostic tests.

2 months
later

*Beginning of bilateral hand and forearm atrophy, paresthesia, and weakness.

*Extensive blood work, CSF studies, and MRI brain/cervical spine which showed only scoliosis.
Electromiography and nerve conducion studies showed demyelinating disorder.

*Reported pathogenic mutation p.R120W in the GDAP1 gene.

*Episodes of apnea, sensation of chest “heaviness”, and hoarseness.
Failed video swallow test. Extensive infectious, metabolic and autoimmune workup negative.

*Worsening hypercapnic respiratory failure, fatigue, muscular weakness.

*Repeat infectious and metabolic workup negative. Placed on BIPAP due to respiratory acidosis and unable
S0 | towean off.
later *Patient elected not to be intubated. Hospice consulted.

CMT: Charcot Marie Tooth. CSF: cerebrospinal fluid. MRI: magnetic resonance imaging, GDAP1:
ganglioside-induced-differentiation-associated protein 1, BIPAP: Bilevel positive airway pressure.
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Study Kim et al. (6) Pakhrin et al. (7) Siveraetal. (8) Fuetal. (9) Pezzini et al. (5) Auranenetal. (10)  Chungetal. (11)

Country Korea China Spain China Italy Finland Korea
Number of Patients z 9 58 - 26 14 2
Mutation(s) R120W V219G RI20W RI20W RI120W HI23R QISE
Q218E Q38R R22GK C240Y R226S V7951 (MFN2)
R226K TI157P Q218E
HI23R
Argl20Gly
Age onset (mean) 197 yrs 158 yrs 238 yrs yrs 198 yrs 335yrs 245yrs
FDS Score (mean) 22 NA 13 NA NA NA NA
CMTNS 11.1/6-25 NA/3-13 7.3/0-26 12.5/12-13 NA NA NA
(mean/range)
Muscle Weakness All LL weakness (R22K Mildin LL Distal LL Distal and proximal Distal LL Distal > proximal Moderate in distal LL
> RI120W) and UL
Hand weakness (in 5/7 Severe in hands (Q38R LL> UL Distal UL (in 4/26
patients) mutation only) patients)
Wheelchair bound No Yes (1) No Yes (1) No NA No
(number of
patients)
Foot deformities. Yes Yes Yes (85.2%) Yes (80%) Yes (<50%) Yes Yes
(percentage of
patients)
Sensory loss V=P (28%) Motor only Non-specific sensory v (33%) NA Motor only Distal V and P
(57.1%)
V> P (58%)
Normal (14%)
Vocal cord paresis No No No No No Yes (1). Dysphonia (in No
diaphragmatic MEN2 mutation)
weakness
hoarseness
Electrophysiological CMAP: normal (UL), MNCYV: 40.9 m/s CMAP: decreased MNCV/CMAP in 2 CMAP: Decreased (LL > SNAP: Decreased (LL > MNCV: mildly
studies decreased (LL) patients (mean): 56.1 UL) UL) reduced/normal
MNCV: decreased (L) CMAP 2.1 mV SNAP: decreased szl MNCV: normal CMAP: mildly
SNAP: decreased (LL > MNCYV: normal reduced/normal
UL) SNCV: normal.

CMTNS, charcot maric tooth examination score; FDS, functional disability score; LL, lower limbs; UL, upper limbs; V, vibration; P, pain; NA, not available; yrs, years; CMAP, compound muscle action potential; MNCV, motor nerve conduction velocitys

INAP, sensory nerve action potential; SNCV, sensory nerve conduction velocity; m/s, meter/second; mV, millivolts.
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Nerve

Median L/R
Amplitude (uV)
CV (m/s)

Ulnar L/R
Amplitude (V)
CV (m/s)

Sural L/R
Amplitude (V)
CV (m/s)
‘Tibial L/R
Amplitude (uV)

CV (m/s)

Patient A’s values

NA/8.1
NA/58

15.1/17.3
57157

1.7/1.2
50/52

19.1/16.5

46/44

Interpretation

Abnormal

Normal

Normal

Abnormal

Abnormal

Normal

Normal

Normal

Patient B’s values

NA/2.3
NA/52

NA
NA

%1%
%1%

%/1.0

%/39

CV, conduction velocity; L/R, left/right; NA, not applicable. %, no certain response to stimuli.

Interpretation

Abnormal

Normal

No certain response

No certain response on left side. Severely reduced amplitude and CV

on right side.
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DNA Variant = Protein variant Pathogenicity prediction Splicing

prediction
LRT MutationTaste Fathmm-MKL_coding SpliceAl
Score Pred Score Pred Score  Pred

€.2749 + 2dup splicing - — - — — - — 0.99
¢.8689C>T p.R2897X 0 D 1 A 0.847 D 58 0.01

Threshold D: Deleterious; A: Disease causing automatic; D: Deleterious; >10 >0.5

N: Neutral; D: Disease causing; T: Tolerated
U: Unknown N: Polymorphism;
P: Polymorphism automatic

Score of LRT, MutationTaster, Fathmm-MKL _coding and SpliceAl 0-1.
CADD, Combined Annotation Dependent Department; threshold: 10, the higher the value, the higher the probability that the mutation site is a harmful mutation.
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Case Case 2 Case3 Case4 Case5
Average pain 0-10 (R/L)
Pre-injection (days from baseline) 717 (=19) 7/0 (=22) 3/4(=3) 6/5(—18) 17 (0)
Lst follow-up (days from baseline) 417 (7) 2/0(7) 0/0 (7) 1/2(10) 0/0 (11)
2nd follow-up (days from baseline) 517 (28) 2/0(21) 2/3(25) 4/4 (31) 0/0 (28)
3rd follow-up (days from baseline) 0/0 (74) Not collected | 0/0 (87) 6/6 (87) 0/0 (87)
Max pain 0-10 (R/L)
Pre-injection 99 9/0 4/5 8/8 18
Lst follow-up 8/7 4/0 5/5 4/4 0/0
2nd follow-up 8/8 510 2/3 8/8 0/0
3rd follow-up 5/5 Not collected 10/10 8/6 0/0
My shoulder pain keeps me from getting enough sleep at night
Pre-injection Often Sometimes Rarely Always Always
Ist follow-up Never Rarely Rarely Never Never
2nd follow-up Never Sometimes Never Never Never
3rd follow-up Never Not collected | Never Never Never
My shoulder pain limits my ability to complete daily hygiene
Pre-injection Always Often Always Always Never
Lst follow-up Often Rarely Always Never Never
2nd follow-up Sometimes | Sometimes Never Never Never
3rd follow-up Rarely Not collected | Always Never Never
My shoulder pain limits my ability to get dressed each day
Pre-injection Always Often Always Always Always
Lst follow-up Often Sometimes Always Rarely Never
2nd follow-up Sometimes | Sometimes Never Rarely Never
31d follow-up Always Not collected | Always Sometimes | Never
My shoulder pain limits me from leaving the house for other activities
Pre-injection Always Rarely Often Sometimes | Never
Lst follow-up Never Rarely Always Rarely Never
2nd follow-up Never Sometimes Never Rarely Never
3rd follow-up Never notcollected | Rarely Rarely Never
My shoulder pain has a negative impact on my quality of life
Pre-injection Always Often Always Always Never
Lst follow-up Often Sometimes Sometimes | Never Never
2nd follow-up Often Sometimes Never Never Never
3rd follow-up Always notcollected | Always Never Never
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Smith et al. Mah et al.
Number of patients in ‘Vamorolone 48 23 23 58
each group
GC 14 80 185 31
Placebo or GC naivee 31 19 N/A 28
Age (years) Vamorolone 49%09 52+£090 5.83£0.88 54+£09
GC 57+£0.7 5.9+£0.65 6.03+0.8 55+£09
Placebo or GC naivee 49+£08 5.03 £0.55 N/A 5408
‘Weight in kg ‘Vamorolone N/A 19.5£25 21.98 £3.78 19£35
GC 20.53£34 20.35£3.55 21%3
Placebo or GC naivee 183+2 N/A 203
Height in cm Vamorolone 107 £6.8 111.80 £ 6.94 26.6 +27.14
GC 109.4£58 109.86 £ 6.86 37+£29
Placebo or GC naivee 1054 £ 5.1 N/A 33£29
BMI (kg/m?) ‘Vamorolone 169+ 1.2 17£09 17.68 £ 1.23 164+£13
GC 163+ 1.7 17.1£19 16.68 £ 1.55 168 £ 1.3
Placebo or GC naivee 152+ 1.6 164 £09 N/A 168 £ 1.1
TTSTAND ‘Vamorolone M = 0.0452 (SD = 0.053) M =0.241 (SD = 0.076) M=02(SD=0.13) M =0.0448 (SD = 0.0804)
GC M =0.01 (SD = 0.068) M =0.25(SD = 0.13)
Placebo or GC naivee M = 0.205 (SD = 0.102) M= —0.01 (SD = 0.06)
TTRW Vamorolone M = 0.1604 (SD = 0.2508) M =2.061 (SD = 0.347) M =187 (SD = 0.63) M = 02212 (SD = 0.2612)
GC M = —0.01 (SD = 0.256) M =189 (SD=0.71)
Placebo or GC naivee M= 1717 (SD = 0.46) M =0.02 (SD = 0.33)
TTCLIMB ‘Vamorolone M = 0.0448 (SD = 0.0759) M =0.331 (SD =0.127) M =0.32 (SD =0.19) M =0.0619 (SD = 0.0198)
GC M =0.01 (SD = 0.062) M =0.33 (SD = 0.18)

Placebo or GC naivee

M =0.242 (SD = 0.108)

M =0.0056 (SD = —0.0078)

Height percentile for age

Vamorolone

M =35.24 (SD = 29.82)

M =37.03 (SD =31.14)

M =2.026 (SD = 8.003)

GC

M =26.14 (SD = 24.21)

M = 13.42 (SD = 18.62)

M= —1.88(SD = 8.81)

Placebo or GC naivee

M =27.16 (SD = 21.17)

BMI z score

Vamorolone

M = 0.2582 (SD = 0.5576)

M = 1.46 (SD = 0.62)

M = 1.52 (SD = 0.66)

M =0.46 (SD = 0.54)

GC

M = 0.543 (SD = 0.6646)

M = 1.068 (SD = 1.05)

M =079 (SD = 1.11)

M =041 (SD = 0.51)

Placebo or GC naivee

M =036 (SD=0.77)
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Smith et al. [16]
Mah etal. [15]
Hoffman etal. [29]

Guglieri etal. [14]

(1)
Represen
tativeness

Selection Comparability

(2) (©)) (4) (1) (1)
Selection of = Ascertainment Demonstration Comparability  Assessment
the non- of exposure  that outcome of cohorts of outcome
exposed of interest
was not
present at
start of study

Exposure

(2) Was
follow-up
long enough
for outcomes
to occur

(3)
Adequacy
of follow up
of cohorts

AHRQ
Standards
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Case

Clinical features

Acute and progressive weakness of
upper and lower limbs

Acute and progressive weakness of
upper and lower limbs

Acute and progressive weakness of
upper and lower limbs

Acute and progressive weakness of
upper and lower limbs

Acute dysphagia, followed by
weakness of neck muscles and upper
limb

Acute dysarthria followed by
dysphagia, bilateral facial paralysis,
velopharyngeal and lingual paralysis
and dyspnea.

CSF and other test

Normal CSF

CSF with increased protein level

CSF with increased protein level

CSF with increased protein level

Normal CSF. Cranial and
medullary MRI normal

Normal CSF. Cranial MRI and
MRA normal

Antiganglioside antibodies

Negative (made on day 20th after the
onset)

Negative (made on day 15th after the
onsat)

Anti-GM1 positive (made on day 10th
after the onset)

Anti-GM1 positive (made on day 11th
after the onset)

Negative (made on day 20th after the
onset)

Negative (made on day 20th after the
onset)

CSF, cerebrospinal fluid: MRI, magnetic resonance imaging; MRA, magnetic resonance angiography.

Evolution Recovery

Good evolution. Rapid recovery.
Hospital discharge after a month.

Good evolution. Rapid recovery.
Hospital discharge after a month.

Slow recovery lasting several months.

Slow recovery lasting several months.

Good evolution. Rapid recovery.
Hospital discharge after a month.

Good evolution. Rapid recovery.
Hospital discharge after a month
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Case

1st NCS: 1st-2nd week

Decreased CMAP amplitude. Normal
MCV. CBs. Preserved F-wave
latencies.

Decreased CMAP amplitude. Normal
MCV. CBs. Preserved F-wave
latencies.

Decreased CMAP amplitude. Normal
MGV, Low F-wave persistence
(<20%) with preserved latencies.

Decreased CMAP ampiitude. Normal
MCV. Low F-wave persistence
(<20%) with preserved latencies.

Decreased CMAP ampiitude in upper
limbs and Spinal accessory nerve.
Normal MCV. CBs upper limb. Low
F-wave persistence (<20%) with
preserved latencies in the 1st week in
upper limbs. Absence of F- waves in
the 2nd week in upper limbs. Normal
repetitive nerve stimulation.
Decreased CMAP ampiitude in upper
limbs, both facial nerves, and right
phrenic nerve. CBs in upper fimb.
Normal MCV. Preserved F-wave
latencies.

2nd NCS and EMG: 3rd week

Decreased CMAP amplitude. Normal
MCV. CBs. Preserved F-wave
latencies EMG: mild acute
denervation in lower limbs.

Decreased CMAP amplitude. Normal
MCV. CBs. Preserved F-wave
latencies. EMG: absent acute
denervation.

Decreased CMAP amplitude. Normal
MGV, Low F-wave persistence
(<20%), with preserved latencies.
EMG: severe acute denervation in
upper and lower limb muscles.

Decreased CMAP amplitude. Normal
MCV. Low F-wave persistence
(<20%), with preserved latencies.
EMG: severe acute denervation of
severe in upper and lower imb
muscles.

Decreased CMAP amplitude in upper
limbs and Spinal accessory nerve.
Normal MCV. CBs in upper limb.
Absence of F-waves in upper imbs.
EMG: mild acute denervation in upper
limbs muscles.

Decreased CMAP amplitude in upper
limbs, both facial nerves, and right
phrenic nerve. CBs in upper limb.
Normal MCV. Preserved F-wave
latencies. EMG: mild acute
denervation in orbicularis oris bilateral
and upper limbs muscle

3rd NCS and EMG: 1nd-3rd month

Normal NCS. Normal F-waves.
Reversible CBs or RCF. EMG: normal

Normal NCS. Normal F-waves.
Reversible CBs or RCF. EMG: normal

Persistent decreased CMAP
amplitude. Normal MCV. EMG: severe
acute denervation in upper and lower
limb muscles.

Absence or persistent decrease of
CMAP ampiitude. Normal MCV. EMG:
severe acute denervation in upper
and lower imb muscles.

Normal NCS. Normal F-waves.
Reversible CBs or RCF. EMG: normal

Normal NCS. Normal F-waves.
Reversible CBs or RCF. EMG: normal.

Diagnosis

Nodopathies AMAN

Nodopathies AMAN

Classic AMAN

Classic AMAN

Nodopathies Regional AMAN
(PCBY).

Nodopathies Regional AMAN
(PCBY).

NCS, nerve conduction studies; CMAR, compound muscle action potential; MCV, motor conduction velocities; CBs, conduction blocks; RCF, reversible conduction failure.
To summarize table content, only motor NCS are indicated (sensory NCS were normal).
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AMAN (Acute Motor Axonal Neuropathy)

Median nerve Ulnar nerve Peroneal nerve
CMAP-A CMAP-A CMAP-A

Case Day (p/d ratio) LDM CMAP-D VCM WaveF (p/d ratio) DML  CMAP-D veMm Wave F (p/d ratio) LDM CMAP-D vCcM Wave F

1 5 07/47°04P 35 49 48 2 14/4.4° 020 25 44 51 30 1.4/41° (03P 35 47 43 48
21 09/29° (03 3.4 46 53 22 09/39°(0.2° 22 45 51 31 23/62 0.0 42 49 44 a5
31 4.8/4.1 (1.1 38 43 51 22 3.6/4.2 (0.8)° 24 5.0 60 30 6.1/11,1 (0.5)° 4.1 4.8 42 48

2 5 052°(02° 48 6.7 51 27 02/24°(0.09° 38 48 51 32 2139 (05P 42 49 41 49
21 2.5/6.1 (0.4)° 38 48 50 28 0.4/0.8° (0.5°) 39 46 56 32 2.3/3.5° (0.6)° 49 59 40 48
3?2 556.109° 87 49 51 27 23/28 (0.8° 87 45 54 31 3.4/2.9° (1.0° 42 49 41 49

3 6 1/1.4% (0.7) 38 486 47 26 0.5/0.7% (0.7) 35 49 56 27 1.1/1.42(0.7) 5.4 43 47 47
22 131.6°08 83 46 48 27 0.6/0.7° (0.8) 3 59 55 28 05/0.7°(0.7) 48 49 a7 48
48 0.9/1.4% (0.6) 34 47 48 29 0.5/0.7’(0.7! 32 58 49 30 0.7/0.8%(0.8) 6.5 48 47 48

4 7 09M.2°07) 34 42 49 29 07/09° 0.7) 3.4 42 50 29 0.9/1.2° 0.7) 32 43 45 48
21 0507007 48 44 49 30 05/0.7°07) 89 43 49 31 0.4/0.4% (1.0) 4 7.2 45 49
49 04/02°05 49 49 48 31 A A A A A A A A A A

Pharyngeal-cervical-brachial variant (vPCBv)

Median nerve Axillar nerve Spinal accessory nerve Facial nerve Phrenic nerve
CMAP-A
Case Day (p/d ratio) DML CMAP-D McCV W CMAP-A DML CMAP-D CMAP-A DML CMAP-D CMAP-A DML CMAP-A DML
5 5 1.9/3.9°(0.4)° 20 42 59 29 222 26 3.9 0.3 41 36 ND ND 09 46
21 18/38 (040 21 41 50 A 072 27 38 03* 42 37 ND ND 08 a7
32 4.6/4.7 (0.9° 29 47 54 29 4.7 26 3.7 4.6 41 36 ND ND 09 46
6 6 0.7/1.52 (0.4)° 26 43 52 & 45 32 341 39 241 32 0.5% 12 0.42 37
22 0.9/1.9% (0.4)° 27 42 51 28 4.8 Al 3.0 39 20 31 0.7% 13 0.1% 37
39 4.5/4.8 (0.9° 26 41 52 Zr 52 341 341 4.2 241 3.1 1.1 1.2 08 37

A, absent; CMAP-A p/d, amplitude of compound muscle action potential, proximal/distal (m\); LDM, distal motor latency (ms); CMAP-D, CMAP duration (ms); F-wave, F-wave latency (ms); MCV, motor conduction velocity (m/s); ND,
not done.

Abnormal motor nerve conduction parameters: *dCMAP-A <80% LLN. ®BCs or amplitude ratio pCMAP/ICMAP <0.7 in first or second test. ©That improves more than 0.2 in the lest test (RCF). CMAP-D (nerves, median >7.6ms;
ulner >8.0ms; and peroneal >8.5 ms).

Bold indicates abnormal values that meet (16, 17, 30). To shorten the content of the table, only motor nerve conduction studies are indicated (sensory conduction velues were normal). Reference values adepted from Chen et al. (33),
Gutierrez- Rivas et al. (34), and Preston and Shapiro (35).
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Gender

Patient 1

M

Patient 2

Patient 3
M

Patient 4
M

Patient 5

Age (years) at onset

Time (months), onset to

admission

Clinical presentation

Fever
MRC

Joint movement
disorder

ESR/CRP
Eosinophilia
CK level at onset (U/L)

Cytokine

Anti-nuclear antibody
MAAs and MSAs.
Rheumatoid factor
Diagnosis

“Treatment

Outcome

45

08

Myalgia and fever

ESR 55 mm/h
No
32

1L-68.21 pg./mL;
TNF-a, IL-8, IL-10,
IL-2R normal

Negative
Negative
36
Myofasciitis
GC

Improved

Full-circumference
swelling and induration

of the distal limbs
No
5

Wrist joint

ESR4mm/h
No
2
IL-6 18.86 pg./mL; TNF-a
17.8pg/mL; IL-2R
1762U/m; 1L-8, 1L-10

normal
Negative
Negative
Normal
Myofasciitis
G

Improved

55

Hardness of the proximal
and distal extremitis, and

swelling pain
No
5

Radio-ulnar joint; wrist

joint; hip joint; knee joint
CRP 14.5mg/L.
Yes
48
1L-6 24.96 pg./ml; TNF-ox
13.0pg/mL; IL-2R
1,605 U/mL; 1L-8, 1L-10

normal
1:100
PM/Scl-75
Normal
Eosinophilic fascitis
GC+FK506

Improved

30

Myalgia and muscle weakness

No

ESR 13mg/L.
No
3,169

IL-6, TNF-0q IL-2R, IL-8, and

IL-10 normal

Negative
Jo-1, Ro-52
Normal
Myofasciitis
GG+ cyclophosphamide
Improved

Myalgia and fever

ESR 46 mm/h
No
63

IL-2R 1,042 U/ml; 1L-6
19.94pg./mL; TNF-a
443pg/mL

1:3200; SS-A
RO-52
2751U/mL (< 20)
myofasciitis
GC

Improved

CK, creatine kinase; R, C reactive protein; ESR, erythrocyte sedimentation rate; GC, glucocorticoids; , female; FK506, tacrolimus; M, male; MAAs, myositis-specific autoantibodys MSAs,
myositis-associated antibody; MRC, Medical Research Council; No,, number; IL-6, interleukin-6; IL-2R, interleukin.-2 receptor; IL-8, interleukin-8; IL-10, interleukin-10; TNE-q, tumor

necrosis factor-o;
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Major criteria:
Myalgia, swelling pain or symmetrical subcutaneous sclerotic induration on limbs

Minor criteria 1:

Fascial thickening with infiltration of lymphocytes and macrophages with or without eosi

Minor criteria 2:
Hyperintense fascia on MR fat suppression T2-weighted images

Exclusion criteria: system sclerosis,idiopathic inflammatory myopathy, infection, and malignancy

A diagnosis with myofasciits will be made if a patient has the major criterion and one or two of the minor crieria
MR, magnetic resonance.
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References Country Cases(n) Treatment Significant findings
Shaetal. (17) China 1 6 Girl 3 years = Huangqi-Guizhi-Wuwu decoction: Hughes: 3-0; 16 months | Case report
Huangqi 60 g; Guizhi 10 g; Baishao 15 g; Danggui 15 g; Baizhu 20 g; Barthel Index: 20-95;
Gegen 10g; Sangzhi 6 g; Yingyanghuo 6 g; Yanggqishi 6 g; Ziheche muscle strength (upper limbs):
3g; Dihuang 20g; Gancao 15g. 4-5;
= Acupuncture muscle strength (lower limbs):
= Course of treatment: 3 months 3-5
Jinliang et al. China T: 58 T:37.1 T: 23/31 T:17.1 = T: MCV/SCV/latency were 3 months RCT
(18) C:57 C:34.7 C:28/32 months o Guilongtongluo capsule: Huangqi, Dihuang, Jixueteng, Guizhi, improved
C:15.2 Sangzhi, Dilong, Wushaoshe, etc. Six capsules (0.38 g) tid Hughes:
months Motor T/C:
o Prednison, 15mg, qd 123+ 1.22/2.13 £ 1.32;
> C: Prednison, 15mg, qd Sensory T/C:
= Course of treatment: 3 months 0.59 £ 1.02/1.02 + 1.28;
Barthel Index < 40 (%): T/C:
6.9%/21.1%
Kuang and Liu China 1 14 Boy 3 months = Buzhongyiqi-mahuangfuzixixin decoction: Clinical symptoms were 6 months Case report
(19) Huangqi 30g; Fuzi 30 g; Dangsheng 15 g; Xianlingpi 15 g Tufuling | full-recovery. Muscular strength
15 g; Shangyao 20 g; Chenpi 9 g; Tusizi 9 g; Baizhu 10 g; Danggui and tendon reflex all turned to
10 g Ganjiang 10g; Jixueteng 45 g; Mahuang 5g normal
= Maqianzi 2 capsules (0.2 g), bid
= Course of decoction: 6 months
= Huanggi injection, 40 ml, ivgtt, qds and shenfu injection, 30 ml,
ivgtt, qd
= Acupuncture
= Course of other TCM: 1 month
Wei etal. (20) China 18 4063 10/8 14045 = TCM Decoction: Prineas (>1): 100% to 33.3%; 6 months to Case series
year Huangqi 30 g; Huangjing 15 g; Yinyanghuo 15 g; Sangjisheng 30g; | ADL (independence): 0 to 78% 12 months
Niuxi 15 g; Gegen 15g
= Acupuncture and tuina
= Course of treatment: 1 month
No immunotherapy
Yuetal. 21) China 7 55.8 £5.05 4/3 3-26 = Bu-Yang-Huan-Wu decoction: Muscular strength increased Not report Case series
months Huangqi 60 g; Danggui 10 g; Chuangxiong 10 g; Chishao 20 g; (>2) 71.43%; (>1) 100%
Dilong 15 g Qinjiao 50 g; Baizhu 15 g; Duhuo 15 g; Niuxi 15g;
Jixueteng 30g; Yujin 15 g; Ruxiang 5 g; Huangbo 10 g
= Acupuncture
= Course of TCM: 1 month
= Prednosone
Liuetal. (22) China 1 33 Woman 1 year = Buzhongyiqi decocotion: Muscular strength was from 2+ Not report Case report
Huangqi 30 Renshen 10 g; Baizhu 10 g; Danggui 10 g; Shengma to 5-; Numbness and tendon
10 g; Chaihu 10 g Chenpi 10 g Duzhong 10 g; Niuxi 10 g; Suoyang reflex all turned to normal
10 g; Gancao 6g
= Acupuncture and moxibusion
= Course of TCM: 1 month
= Corticosteroid
Hueetal. (23) China T: 30 T:358452 | T:18/12 T:11.1£4.5 = T: MCV/SCV/latency were 3 months RCT
C:30 C:36.6% C:20/10 months o Guilongtongluo capsule: Huangqi, Dihuang, Jixueteng, Guizhi, improved
7.3 C:103 + Sangzhi, Dilong, Wushaoshe, etc. Six capsules (0.38 g) tid Hughes:
48months | e Prednison, 15 mg, qd Motor T/C:
= C: Prednison, 15 mg, qd 1.27 & 1.25/2.06 & 1.43;
= Course of treatment: 3 months Sensory T/C:
0.63 £ 0.93/1.28 + 1.37;
Barthel Index < 40 (%): T/C:
109%/20%
Liand Fan (24) China 15 20-70 10/5 = Bu-Yang-Huan-Wu decoction: Prineas (=1): 100% to 26.7% 6 months Case series
Huanggi 30 g; Danggui 12 g; Chuangxiong 9 g; Chishao 12.g;
Dilong 12 g Taoren 12 g; Gouji 20 g; Gegen 20 g; Honghua 9 g;
Quanxie 9g, 2 Wugong
= Course of treatment: 4 weeks
Lin etal. (25) China 11 11-65 6/5 1.5 years = Bu-Yang-Huan-Wu decoction: Prineas (>1): 100% to 9.1% 6 Case series
Huangqi 45 g; Danggui 12 g; Chuangxiong 9 g; Chishao 12 g; Dilong months—12
12 g; Taoren 12 g; Gouji 15 g Mugua 6 g; Honghua 5 g Gancao 5g months
= Course of treatment: 6 months
= Intravenous inmmunoglobulin 0.4 mg/kg, ivgtt, qd, 5 days
Ren et al. (26) China T: 20 T:12/8 T:3-8 =T Muscular strength increased 12 months RCT
C:20 C:11/9 months o Buzhongyiqi decocotion: Huangqi 30 g; Renshen 15 g; Baizhu 10 g; (=2) 65%/30%;
C:25-7 Danggui 10g; Shengma 10g; Chaihu 10 g; Chenpi 10g; Gancao 6 g (1) 90%/70%;
months o Corticosteroid Relapse rate:

= C: Corticosteroid
= Course of treatment: 3 months

T/C: 11.1%/42.9%
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Patient  Transcript hg38 Codon Aminoacid  POPmax In silico ACMG-AMP classification
reference variant change prediction*

Patient1 ~ NM_218599.3 1122221215  ¢.294+5G>A  pAad8ins4”  NR - Pathogenic (PVS1, PM2, PP1)

Patient2  NM_213599.3  11:22250310  ¢.952G>C pAa318Po  NR DDD Variant of uncertain significance (PM2, PM3, PP3)
NM_213699.3  11:22221107  c.191dupA p.Asn4fs 0.0021 - Pathogenic (PVS1, PS4, PP5)

ACMG-AMP = Americen College of Medical Genetics and Genomics - Association for Molecular Pathology (version: 8.4.7 from Varsome), hg38 = human reference genome,

NR = allele not previously reported, POPmax = maximum allele frequency in each reference population from 1000GP, EXAC, gnomAD, and ESP.

* = Meta SVM, Meta LR, and M-CAP in silico prediction (‘D" = deleterious, “T"

tolerated).
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Scoliosis angle (°)
Height (cm)
Inclination of pelvis (°)

Height difference of
shouiders (cm)

Height difference of
crista iaca (cm)

Perpendiculer distance
of $1 and convex point
(om)

Weight (kg)

BMI (kg/m?)

Operation time (min)
Antihepatic time (min)
Operative position
Fusion level

Intraoperative blood
loss (ml)
Heterogenous blood
transfusion (m)
Autologous blood
transfusion (m)
Number of pedicle
scrows

Preoperative  Intraoperative

records
63
140
95
23
15
38
353
18.01
437
565
Prone position
T3-52 (52
alar-iliac)
750

400 (RBC) / 200
(Plasma)
668

30

Postoperative

18
149
05
05

38
17.1
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Nusinersen intrathecal injection
and assessment scale

Guidance mode

Operation time (min)
Time of puncture (min)

VAS score after injection
Intraoperative lidocaine dose (mi)
MFM32

RULM

HFMSE

Preoperative

57
34
33

1stinjection

Ultrasound-
quided

65
30
3
10
58
36
31

2nd injection

Ultrasound-
quided
49
40
5
10
58
36
31

3rd injection

CT-guided

15

59
36
31

4th injection

CT-guided

15
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References Population = Gender Number of L144S SOD1 Age of onset Site of onset Clinical Survival (years)

cases/Type of mutation (if presentation
specified)
Nel etal. (10) South African N/A (n=1) N/A N/A ALS N/A
Gagliardi etal. (1) Iranian 1 FALS family (n = 3) ALS
F Homozygous 31 Lower limb Paresthesia of the toes, 2
followed by painful paresis of
upper and lower limbs,

dysarthria, dysphagia

M Homozygous 18 Lower limb Lower limb paresis, followed 9
by upper limb paresis,
dysphagia, respiratory failure

F Heterozygous 64 Lower limb Asymmetric-onset, proximal 1+
paraparesis with UMN signs
predominance, followed with
ataxia and numbness of the
lower limbs

Chen etal. (12) Chinese 1FALS (= 1), 1 SALS
F Familial 50 Lower limb LMN-dominant ALS of 2.6+
symmetric onset
F Sporadic 48 Lower limb Classic ALS of asymmetric 3.8+
onset
Kuzma-Kozakiewicz etal. (9) | Polish 79%E 21% M | 5 FALS families (n = 17), 2 SALS 39.8 £ 11.0 (meanSD) | Lower limb (n=16) | 50% classic ALS, 50% PMA 10.34 +£5.77
(n=9 (n=8) (mean=£SD) (n = 14)
Chadi etal. (13) Brazilian 3 FALS families (n = 3)
F 31 Upper limb UMN-dominant ALS -
M 40 Lower limb UMN-dominant ALS 25+
F 22 Lower limb UMN-dominant ALS 5+
Alavi etal. (14) Iranian 1 FALS family (n = 2), 1 SALS
M Heterozygous, familial 28 Lower limb ALS 11+
F Heterozygous, familial 27 Lower limb ALS 8+
M Heterozygous, sporadic 45 Lower limb ALS 11+
Cudkowicz etal. (15) us N/A 1 FALS family (n = 2) 4254106 (mean£SD) | N/A ALS 12.3 & 3.7 (mean£SD)
Sapp etal. (16) us 1 FALS family (1 = 2) 25(n=2)
N/A ALS 9

N/A ALS 13+
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Case No.

Gender

Mutation/date of
genetic testing

Agelyear at
symptoms’
onset

Symptoms at onset

Duration of
symptoms’
confinement to
lower limbs

ALS
phenotype

Diagnostic
delay

Time from
disease onset to
bulbar
symptoms’ onset

Survival

bt M Heterozygous L144S 46 yo. (2020) Asymmetric, distal onset 2 years - ongoing Flail leg syndrome 1,5 year s 2 years - ongoing
SODI mutation lower limb paresis with
(02.2022) predominant LMN signs and

needle-like pain

2 F Heterozygous L144S 61 yo. (2007) Asymmetric-onset, spastic 11 years - 15 years 14 years 15 years - ongoing
SODI mutation paraparesis with absent
(05.2022) patellar and Achilles DTRs

3 M Heterozygous L144S 46 yo. (2017) Asymmetric, distal onset 5 years Flail leg syndrome 3years - 5 years - ongoing
SODI mutation lower limb paresis with
(06.2022) predominant LMN signs

4 F N/A (deceased) 35 yo. (1998) Distal lower limbs paresis 4 years Flail leg syndrome 4 years 5 years 12 years

with predominant LMN signs,
needle-like thigh pain
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(Treatment Left upper extremity  Left lower extremity = Right upper extremity = Right lower extremity
time/muscle

strength)

Proximal Distal Proximal Distal Proximal Distal Proximal Distal
2021.1021 v II-1IT il i v TI-111 I+ 0
2021.1027 v i 1+ 1 v il - 0
(IVIG treatment for 3 days)
2021.10.30 v I+ Iv- I v i+ I 0
(Hormone therapy for 3 days)
2021.11.04 v i+ Iv- i v I+ s 0
2021.11.14 v I+ 1v- 1 v I+ 1 0
2021.12.15 \4 v Iv- i v Iv- I+ I-11
2021.12.22 v v v i v IV+ v 1-11
(Rituximab treatment for 1
day)
2021.12.27 v v+ v+ 1 v v+ v i

2022.09.05 v v+ v+ 11T v v+ v+ it
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Time of onset Normal values

4 months after onset of 6 months after onset of 11 months after onset

disease (Left/right) disease (Left/right) of disease (Left/right)
Median nerve
CMAP (mV) 1.291%/1.491%) ND/1.0 93%. 3.573%1/3.176%. >7.0
DML (ms) 22.40/21.20 ND/19.43 10.57/10.89 <41
MCV (m/s) 18.869%./18.8 69%, ND/20.1 67% 40.2 33%/36.5 39%., >51.0
SCV (m/s) ND/32.0 42% 34.7 34%/ND 26.552%,/30.0 40%., >418
SNAP (pV) ND/5.0 86% 2.6 93%)/ND 1.595%1/2.293%| >12.7
F-wave latency (ms) 12.3/ND ND/27.4 36.4/37.6 <310
F-wave occurrence rat (%) 0/0 ND/25 85/75 =73
Ulnar nerve
CMAP (mV) 5.6 67%/4.375%, ND/2.6 80%. 5.058%/5.4 55%.. >7.0
DML (ms) 4.58 76%1/6.09 89%1 ND/10.78 5.31/5.83 <32
MCV (m/s) ~I- ND/18.173% 40.0 40%/38.0 43% =56.0
SCV (m/s) ND/- -/ND 37.631%/35.2 35%, >44.2
SNAP (RV) ND/- NR/ND 2.388%1/1.592%| =69
F-wave latency (ms) 71.8/269 ND/24.9 ND/36.4 -
F-wave occurrence rat (%) 90/0 ND/45 ND/90 -
Tibial nerve
CMAP (mV) ND/0.397%} ND/ND NR/0.3 98% >4
DML (ms) ND/ 34.53 ND/ND ND/6.41 64% <51
MCV (m/s) ND/20.6 64%. ND/ND ND/ND >40.5
SCV (ms) ND/ND ND/ND ND/ND >35.1
SNAP (V) ND/- ND/ND NR/NR >04
F-wave latency (ms) 17.1/65.4 ND/ND ND/ND <510
F-wave occurrence rat (%) 10/35 ND/ND ND/ND >80
Peroneal nerve
CMAP (mV) ND/- ND/ND 1.291%1/0.7 95%1 >36
DML (ms) ND/NR ND/ND 5.42/6.04 <4.75
MCV (m/s) ND/- ND/ND -I- >368
SCV (ms) ND/- ND/ND ND/ND 246.5
NAP (nV) ND/- ND/ND NR/NR >0.8
Skin sympathetic reflexes
DML (ms, Upper limb) 1,350/1,412 NR/NR NR/NR -
DML (ms, Lower limbs) NR/NR NR/NR NR/NR -
Transient reflex
DML (ms) 5.0/5.94 3.65/6.51 2.34/2.92 -
CMAP (mV) 0.24/0.1% 021703} 0.7/0.7 -

ND, not examined; NR, not elicited; CMAP, compound muscle action potential; DML, motor terminal latency; MCV, motor nerve conduction velocity; SCV, sensory nerve conduction velocity;
SNAP, sensory nerve action potenti: igher than normal; |, lower than normal; -, none.
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Functions assessed

Upper extremity: wrist flexion, forearm flexion, shoulder abduction

Lower extremity: ankle dorsiflexion, knee extension, hip flexion

Score for each movement

0—No visible contraction

1—Visible muscle contraction, but no limb movement

2—Active movement, but not against gravity

3—Active movement against gravity

4—Active movement against gravity and resistance

5—Active movement against full resistance

Maximum score: 60 (four limbs, maximum of 15 points per limb)

Minimum score: 0 (quadriplegia)
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First hospital First appearance of muscle weakness in the lower
admission in 2012, extremities.

Diagnosed with Guillain-Barre syndrome and
treated with glucocorticoid therapy.

Symptoms were largely recovered.

Second hospital Recurrence of muscle weakness in the lower
admission in 2019 extremities.
(Figure 1). Misdiagnosed with Guillain-Barre syndrome and

treated with glucocorticoid therapy.
Diagnosed with mitochondrial disorder and
treated with corresponding therapy to regulate
energy metabolism.

Symptoms were gradually recovered.
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Neurological Cardiological

Patient Age (Y) Sex Clinical MD on SET room Genetic tests Clinical Baseline Ajm Brs EPS  Genetic ICD
findings nEMG temp/ cooling. findings ECG diagnosis result
Al 53 M MS + All tested Typell/II  HZcof Palpitations NI Type 1 pattern  Confirmed NI SCN5A:WT +
myalgiaWUP  muscles NM_000083.3(CLCN1): syncope BRSGP: WT
MH €2287C> A, p(GIn763Lys)
UN4A: WT DMPK: WT
ZNE9: WT
A2 60 E o MS,WUP + Alltested Typell/l  HZcof as NI NI No Br§ NP NP
muscles NM_000083.3(CLCN1): diagnosis
€2287C> A, p(GIn763Lys)
IN4A: WT
A3 56 EooaSp - Type Il CLONI: WT SCN4A: WT Aborted SCD NI Type I pattern  Confirmed NP SCN5A:WT +
DMPK: WT
A4 24 M as - NP CLCN1: WT as N1 Type 1 pattern ~ Confirmed NI BRSGP: WT -

Ajm, Ajmaline challenge test; aS, asymptomatic; aSp, aspecific muscular symptoms; BrS, Brugada syndrome; BRS
study; F, female; HZ ‘gous carrier; ICD, implantable cardioverter defibrillators M, male; MD, myotonic
cardiac death; short exercise test of Fournier; VUS, variant of unknown sign
*Muscle cramp in intrinsic hand muscle, not in the other

> Brugada syndrome gene panel; DMPK, Myotonic Dystrophy Protein Kinase gene; ECG, electrocardiogram; EPS, electrophysiological
charges; MH, muscle hypertrophy; MS, muscle stiffness; needle-electromyography; NI, Normal; NP, not-perform
icance; WUP, warm-up phenomenon; W'T, Wild Type; Y, Years.

D, sudden
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Study

ayctal. (6)

Vereb etal. (9)

Wang et al. (10)

Caballero (11)
Anderson (12)

8

17

Muscular features

none, sporadic muscle stiffness at the thumb, sporadic cramps calf at night

Myotonia, myalgia, cramps, paresis, muscle hypertrophy

Muscle stffness, muscle hypertrophy, warm-up phenomenon

Myotonia, transient weakness, muscular hypertrophy

Myotonia of grip and percussion

Cardiac features

+ Ajm:
RBEB, VE

6 of 48 patients: RBBB (2), cardiac arthythmia (2),
AV-block II, AV-block I11, pacemaker

implantation (3)

ne test in 5 patients: asymptomatic,

9 of 17 patients: Sinus tachycardia (2), atrial
premature beats (2), ventricular premature beats
(2), sinus arrythmia (2)
Wolf-Parkinson-White-Syndrome

AV- block IT with Wenckebach conduction

disturbance
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Bivariate analysis

1C 95%

Mutiple regression
IC 95%

Sex
Male
Female

Age

Neurophysiological diagnosis
Axonal

Denmielinizating

COVID-9

No

Yes

*Adjusted by age, sex, and neurophysiological diagnosis
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Ref.
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0117
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Characteristics Disability No disability

n =46 (57.50%) 4 (42.50%)
Age (years), mean (SD) 48.4(154) 442(147) 0.225
Sex, n (%)
Male 28 (60.87) 22(64.71) 0726
Female 18(39.13) 12(35.29)
Duration illness (days)* 5(2-9) 106-7) 0477
Hughes score at admission, median (IQR) 406-9) 30-4) 0,003
Time to nadir (days)* 7@-11) 5(4-9) 0131
Hughes score at nadir 40 350-4) <0.000
Clinical diagnosis, n (%)
Classic motor-sensory 44(95.65) 29(85.29) 0.009
Miller-Fisher syndrome 0(0) 4(11.76)
Bickerstaff encephalitis 2435 0
Facial diparesis 0(0) 1299
Progression type, 1 (%)
Ascendent 16 (3478) 14(48.28) 0.245
Descendent 30(65.22) 15(51.72)
Previous infection history, 1 (%)
Gastrointestinal 19.(50.0) 13(54.17) 0.663
Respiratory 9(23.68) 7(2917)
No previous infection 7(18.42) 4(16.67)
CSF Characteristics*
Glicemia (mg/dl) 61(58-67) 59.5(56-70) 0.464
Proteins (mg) 64(39-112) 67 (41-133) 0.627
Cells 2(1-3) 231-8) 0122
Albuminocytological dissociation, 7 (%) 27(67.50) 22(78.57) 0317
Neurophysiological pattern *, 1 (%)
AMAN 17 (41.46) 16(53.33) 0429
AIDP 20 (48.78) 9(30.0)
AMSAN 2(4.88) 2(6.67)
Normal 2(488) 3(10.0)
Brighton criteria, n (%)
1 27(58.70) 17(50.0) 0640
2 13(28.26) 13(3824)
3 6(13.04) 4(11.76)
Length of admission (days)* 15.5(10-23) 13 (8-17) 0116
Mechanical ventilation, (%) 7(15.22) 1294) 0070
‘Time to the treatment onset (days)* 6(-9) 6(5-115) 0.289
“Treatment, n (%)
Immunoglobulines 40 (88.89) 26(76.47) 0249
Plasmatic exchange 2(4.44) 3(8.82)
None 3(6.67) 5(14.71)
Treatment response, 1 (%) 16 (34.78) 25(73.53) 0.003

SD, standard deviation; IQR, interquartile range; CSE, Cerebrospinal fluid; AMAN, Acute axonal motor neuropathy; AMSAN, Acute sensory-motor axonal neuropathy; AID, Acute idiopathic
demyelinating polyneuropathy; EMG, Electromyography: (*) 10 patients did not have electromyography:
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Characteristics lanuary 2019—February March 2020-April

2020 2021
n =50 (61.73%) n =31 (38.27%)

Age (years), mean (SD) 48(163) 48(13.1) 0365
Sex, n (%)
Male 19(38.0) 12(387) 0919
Female 31(620) 19(61.3)
Duration illness (days)* 4(2-6) 7(4-10) 0006
Hughes score at admission, mean (SD) 4(3-4) 4(3-4) 04257
“Time to nadir (days)* 55(3-8) 9(5-15) 0002
Hughes score at nadir* 4(3-4) 4(3-4) 0474

Clinical diagnosis, 1 (%)

Classic motor-sensory 45 (90.0) 29(93.6) 079
Miller-Fisher syndrome 2(40) 2(65)

Bickerstaff encephalitis 2(40) 0

Pharyngocervicobraquial 0 0

Facial diparesis 120) 0

Progression type, 1 (%)
Ascendent 23 (48.9) 8(276) 0.066
Descendent 24(5L1) 21(724)

Previous infection history, 1 (%)

Gastrointestinal 16(432) 16.(61.5) 0.243
Respiratory 12(324) 5(19.2)

No previous infection 6(16.22) 5(19.2)

‘Time of symptoms onset to the CSF sample* 9(4-15) 8(5-13) 0497
CSF Characteristics*

Glicemia (mg/dL) 59 (55-64) 64.5(59-72) 0.006
Proteins (mg) 54(39-86) 83 (42-153) 0.152
Cells 25(1-8) 101-2) 0.001
Albuminocytological dissociation, 1 (%) 26(56.5) 23(742) 0.036
Time of symptoms onset to the EMG* 11(8-17) 22(14-33) 0.009

Neurophysiological pattern *, (%)

AMAN 27 (61.4) 6(22.2) 0,007
AIDP 11(250) 18 (66.7)

AMSAN 2(46) 2(74)

Normal 2(46) 167)

Brighton criteria, 1 (%)

1 22(44.0) 2(71.0) 0059
2 20 (40.0) 6(19.4)

3 80160) 397

Length of admission (days)* 16 (9-26) 12(7-18) 0033
Hughes score at discharge, 1 (%) 3(2-3) 302-4) 0212
Mechanical ventilation, 7 (%) 7(14.0) 2(143) 0978
‘Time to the treatment onset (days)* 6(4-9) 5(5-10) 0582

Treatment, n (%)

Immunoglobulines 38 (76.0) 29(83.8) 0046
Plasmatic exchange 6(12.0) 1(33)

None 6(12.0) 0

Disability at discharge, n (%) 26(53.1) 20(645) 0313
Treatment response, 1 (%) 27(55.1) 15 (50.0) 0,659

SD, standard deviation; IQR: interquartile range; CSF: Cerebrospinal fluids AMAN: Acute axonal motor neuropathy; AMSAN: Acute sensory-motor axonal neuropathy; AIDP: Acute
diopathic demyelinating polyneuropathy; EMG: Electromyography. (*) median (IQR) (**) 10 patients did not have electromyography.
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Characteristics Total COVID-19 No COVID-19

n =81 (100%) n =18 (22.22%)

Age (years), mean (SD) 4658 (152) 439(136) 47.6 (15.6) 0370
Sex, n (%)

Male 50(61.73) 13(7222) 37(58.73) 0299
Female 31(38.27) 5(27.78) 26 (41.27)

Duration illness (days)* 4(3-8) 9.5 (7-18) 402-6) <0.000
Hughes score at admission, mean (SD) 35(09) 36(09) 34(09) 0519
Time to nadir (days)* 7(4-10) 10(7-19) 6(4-9) 0002
Hughes score at nadir* 40-4) 4(4-4) 46-9) 0930

Clinical diagnosis, 1 (%)

Classic motor-sensory 74(91.36) 18 (100.0) 56 (88.89) 0799
Miller-Fisher syndrome 4(499) 00 4(633)
Bickerstaff encephalitis 2(247) 0(0) 2(317)
Facial diparesis 101.23) 00 1(159)

Progression type, n (%)
Ascendent 31 (10.79) 0(0) 31(53.45) <0000
Descendent 45(59.21) 18 (100.0) 27 (46.55)

Previous infection history, 1 (%)

Gastrointestinal 32(50.79) 13(72.22) 19(42.22) 0.168
Respiratory 17(26.98) 3(16.67) 14 (31.11)

No previous infection 11(17.46) 2(1111) 9(20.0)

Duration of symptoms onset to the CSF sample (days)* 8(4-15) 105 (8-21) 7(4-14) 0034

CSF Characteristics

Glicemia (mg/dL) 61(57-67) 66 (59-72) 59 (56-66) 0046
Proteins (mg) 64 (41-124) 133.1 (72.9-188) 53 (38-86) 0005
Cells 2(1-4) 10-2) 2(1-6) 0.006
Albuminocytological dissociation, n (%) 49(63.64) 15 (83.33) 34(57.63) 0.180

me of symptoms onset to the EMG* 14(9-28) 28(19.5-47.5) 11(8-23) 0003

Neurophysiological pattern®®, 1 (%)

AMAN 33 (46.48) 1(588) 32(59.26) <0.000
AIDP 29 (40.85) 14/(82.35) 15.(27.78)

AMSAN 4(563) 1(588) 3(556)

Normal 5(7.05) 1(5.88) 4(741)

Brighton criteria, 1 (%)

1 44(54.32) 15 (83.33) 29/(46.03) 0020
2 26(32.10) 2(11.11) 24(38.10)
3 11(13.58) 1(5.56) 10 (15.87)
Length of admission (days)* 149-21) 115 (7-18) 15(9-22) 0157
Hughes score at discharge* 302-3) 3(-4) 25(2-3) 0016
Mechanical ventilation, 7 (%) 9(14.06) 1(555) 8(12.70) 0013

“Treatment, 1 (%)

Immunoglobulines 67 (83.75) 17 (100) 50 (79.37) 0.123
Plasmatic exchange 6(7.50) 0(0) 6(9:52)
None 7(875) 0(0) 7(11.11)
Disability at discharge, n (%) 46 (57.50) 15 (83.33) 31(50.0) 0012
“Treatment response, n (%) 41(50.62) 7(38.89) 34(5397) 0389

SD, standard deviation; IQR, interquartile ranges CSF, Cerebrospinal fluid; AMAN, Acute axonal motor neuropathy; AMSAN, Acute sensory-motor axonal neuropathy; AIDP, Acute idiopathic
demyelinating polyneuropathy; EMG, Electromyography. (*) median (IQR) (*#) 10 patients did not have electromyography.
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Patient1 Patient2 Patient3 Patient4 Patient5 HC1 HC2 HC3 HC4 HC5
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Cp146
Inflammatory

cells + ++ ot ++ + - - = - B

VCAM-1, vascular cell adhesion molecule 1; VLA-4, integrin alpha 4/CD49D; ICAM-1, intercellular adhesion molecule 1; PECAM-1, platelet-endothelial cell adhesion molecule
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Author,

Gender/

year of publication
age
Marie (3)/1999 M7
Desai (4)/2002 F23
Zhao (5)/2008 M/60
L1(6)/2009 Fl62

“All the cases are in line with Yamaguchi criteria, CSE, cerebrospinal flui

Clinical symptoms

High fever, sore
throat, myalgia,

headache

Joint pain, rash,

fever

High fever, joint

pain

High fever, joint

pain, skin sheal

Case characteristics

Peripheral nerve lesion and the

time of onset
Left facial nerve palsy and
weakened
tendon reflex occurred three

weeks after onset

Miller-Fisher syndrome occurred
three years after the onset, and

tendon reflexes were weakened

Five months after the onset of

illness, bilateral limb weakness

Numbness and pain in both lower
limbs occurred more than two

weeks after the onset

Electrophysiological examination
and pathological biopsy
NA

Prolonged F wave latency of right

tibial nerve

Sensory nerve conduction velocity
slows down, and sural nerve
biopsy shows axonal damage with
mild demyelination changes
Electromyography suggests
peripheral nerve damage in both

lower limbs

CSF examination

White blood cell
count 25 x 10°/L,
Protein

quantitative 1g/L

Cell countis
negative; protein
quantification is

041g/L

No positive

findings

NA

Treatment

aspirin 3 g/d

Intravenous
injection of
immunoglobulin,2
mg/kg'd, for three
days

Intravenous
‘maintenance dose
of prednisone, 20
mg/d

Low-dose
glucocorticoids and

tripterygium

glycosides, ete.

Prognosis/follow-up

All symptoms disappeared after

an

flammatory treatment / no
recurrence after seven months of

follow-up

After

one week of immunotherapy,
Miller-Fisher syndrome disappeared,
and there was still persistent fatigue.
IThe follow-up results were not

reported.

‘The right muscle weakness disappeared
after cight days of hormone shock/All
symptoms disappeared after four
months of follow-up.

After hormone and
immunosuppressive treatment, the skin
lesions, fever, joint pain, and skin
lesions subsided, and the

remaining symptoms were numbness of

the lower limbs. No further follow-up

was reported.
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Mutation

Inheritance

Gender

Age

Early
developmental
delay

Hypotonia
Spasticity

Dystonia

Seizures

Peripheral
neuropathy
Feeding
difficulties/failure to
thrive

Ataxia

Nystagmus

Optic nerve atrophy
Facial dysmorphism
Microcephaly

Brain MRI

anomalies

Scoliosis.
Other

Trujillano et al. (12)

€.607G>A p.(Val2031le)

de novo
female
8 months

+

NA
"
Z

+ (unspecified)

+

NA

+

NA

NA

Abnormal myelination, cerebral

white matter atrophy

NA

Areflexia, Tongue fasciculations,
Craniosynostosis, Chorea,
Recurrent respiratory infections,

Bilateral vocal cord paralysis

Whitley etal.
13)

€95G>C
pAGly32A1a)
de novo
female

7 years

+

NA

+ (sensory)

ot o+ o+ o+

+

aphthous ulcers

Verrigni etal. (14) Longo etal.
(15)

C668G>T p.(Gly223Val)  c436G>A

P-(Asp146Asn)
denovo de novo
female female
Syears 5 years
- +
- ++
NA +
NA NA
++(>25y)

Na ++ (axonal,
sensory)

NA +

+ +

NA .

NA -

NA NA

NA -

T2 hyperintensities in

the posterior white

matter regions and in the
cortical areas. Global
cerebral and cerebellar
atrophy

NA -

Keller et al. (9)

c115A>G
p(Ser39Gly)
de novo
male

10 years

+

%

4
+(>8y)

+ (axonal, sensory)

++

NA

+
4

Left cerebellar
venous angioma

(non specific)

Mitral valva

insufficiency

Liuetal. (10)

c116G>A
p(Ser39Asn)
de novo
male

3years

+

NA

NA

NA

NA
NA

NA

NA

+

T2 hyperintensity
of basal ganglia,

ventriculomegaly

Wei etal. (16)

€445G>A p.(Gly149Ar)

denovo
male

45 years
+

NA

+ (axonal, sensory)

NA

NA
NA
Delayed myelination,

thin corpus callosum

NA

Strabismus, mild
cognitive impairment,
dysarthria, equinous foot

deformity

This study

€176C>A
pAThr59Asn)
denovo
female

32 years

+

+
++

+
+(>18y)
++ (axonal,
sensory)

+

+ o+ o+ o+

+
Insensitivity to
pain, dysarthria,

delayed menarche
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No

BN =

No

4
5
1
7

Source

Our hospital
Our hospital
Our hospital

J Neurol Neurosurg
Psychiatry, 1999, 66(3):408.

Clin Lab, 2017,

63(9):1507-1511.
J Environ Ocoup Med

(China), 2007,
24(3:325-326

J Binzhou Med College
(China), 1998, 21(6):562

BP (mmHg)

96/43

92/46

87/36

86/30
NA

141/85
NA

Protein CONC
in CSF (/)

0.47~1.82

0.62~0.88

1.09

0.48~73
0.732
1.005
285

MoD
(Yes/No)

NA
WBC in CSF
(10%/L/mm?)

0.6

3.4

6

6
NA

3

Year Location

2020 China
2018 China
2021 China

1909 Germany

2017 China
2007 China
1998 China
HS
to quadriplegia
(day)
8
13
16
12
NA
15
15
Antibody in
CSF
None
19G (59 mg/L)
IgA (2.55 mg/L)
None
1gM (500 U/)
NA
NA
NA

Background ~ Age  Gender Tc(°C)  Degree of Durationof  GCS scale
Diseases. coma coma (day)
Hypertension 57 Male 42 deep 7 3
None M Male 425 light 6 10
None 56 Male 42 deep 8 3
Drug addict 28 Male 425  deep 4 NA
NA 49 male 4.3 moderate 5 NA
None 35 male 42 Deep NA NA
NA 25 female 308 deep 3 NA

Pseudo- Cranial nerve injury Both upper limbs. Both lower limbs
recovery strength (MRC strength (MRC
period (day) grades) grades)
1 Dysphagia, facioplegia, o 0
dysarthria
11 Dysphagia, facioplegia, 2~3 0
dysarthria
6 Dysphagia, facioplegia, 0 0
ophthaimoplegia
8 Dysphagia, facioplegia 2~3 1~2
NA Dysphagia, right 2 2
blepharoptosis, dysarthria
NA Dysphagia, dysarthria o 5}
12 facioplegia o~1 0~
Treatment Prognosis/time The Barthel
index
Plasma exchange; VIG; Upper limb strength (MRC grades 3/5); 10
Immune-modulating. Lower limb strength (MRC grades 2/5); /day 90
MIG; Extremities strength (VRC grades 4/5); /day 90 30
Immune-modulating.
MIG; Immune-modulating Upper limb strength (MRC grades 2/5); 15
Lower limb strength (MRC grades 4/5); /day 90
IVIG; plasma exchange. Chair-bound /14 months later NA
MG; Immune-modulating. Recovered /3 months later 100
Immune-modulating. Extremity muscles weakness /NA, NA
Immune-modulating. Extremity strength (MRC grades 3/5) /day 35 NA

MOD, multiple organ damage; BR, blood pressure; MRC, Medical Research Council: CONC, concentration; IVIG, intravenous immunoglobulin.





OPS/images/fneur-13-910596/fneur-13-910596-t002.jpg
Nerve Sensory nerve Motor nerves

Latency Amplitude  Conduction velocity Latency Amplitude  Conduction velocity
(ms) V) (m/s) (ms) (mv) (m/s)
Case1  Right median nerve 352 195 479 835 045 466
Left median nerve 3.49 171 48.4 838 058 463
Right ulnar nerve 3.02 22 487 667 069 537
Left uinar nerve 0 o 0 665 087 542
Right tibial nerve 0 0 0 13 061 405
Left tibial nerve o o 0 129 083 41
Right common peroneal nerve 4 0 0 105 043 456
Left common peroneal nerve 0 0 0 105 043 5.4
Case2  Right median nerve 323 59 55.1 9 1.42 46
Left median nerve 321 49 55.4 878 1.42 46.4
Right ulnar nerve 263 6.6 516 7.45 1.02 48.3
Left uinar nerve 269 45 512 7.03 36 492
Right tibial nerve o 0 0 204 0.48 336
Left tibial nerve 0 0 0 20 062 344
Right common peroneal nerve 0 0 0 14.7 051 369
Left common peroneal nerve 0 0 4 145 039 365
Case3  Right median nerve 345 1.75 434 12.35 043 378
Left median nerve 3.08 1.75 495 16.31 051 40.1
Right ulnar nerve 3.56 185 453 10.7 0.52 423
Left uinar nerve 358 1.80 429 9.81 056 416
Right tibial nerve 0 0 0 12.08 035 378
Left tibial nerve 0 0 0 13.73 039 355
Right common peroneal nerve 0 0 0 876 0.40 433
Left common peroneal nerve 0 o 0 12.58 038 409

The conduction velocity of motor nerves of median nerve and ulnar nerve was recorded through the stimulation from elbow to wrist. The conduction velocity of motor nerves of tibial
nerve and common peroneal nerve was recorded through the stimulation from knee to ankle.
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Before treatment with salbutamol

P1
Facial involvement Severe bilateral ptosis and ophthalmoplegia.
Muscle weakness Global muscle weakness.
Walking abilty Very restricted ambulation.
Myasthenic score (pts) ~ 60/100
BMWT (mts) Not able to walk more than 6 steps.
Diaphragm involvement  Present.
FVC Sitting () 1,640 (89%)
FVC Supine (m) 1,060 (59%)

Yo, years old: mo, months old: FVC, forced vital capacity.

P2

Blateral ptosis and ophthalmoplegia.

Proximal and axial muscular weakness.

Able to walk with mild restrictions.
70/100

448

Absent.

1,330 (84%)

1,900 (70%)

After treatment with salbutamol

Pt

Mild bilateral ptosis.
Mild muscle weakness.
Able to walk.

711100

390

Absent.

2,530 (94%)

2,560l (95%)

P2

Mid ophthalmoplegia.
Normal

No restrictions to walk.
85/100

486

Absent.

1,640 (103%)

1,460 (92%)
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El Escorial criteria (2) Awaji criteria (3) Gold Coast criteria (4)

Progressive spread of symptoms or signs AND Progressive motor impairment AND
Possible ALS UMN and LMN signs in 1 UMN and LMN signs in 1 region UMN and LMN signs in at least
region 1 region or
LMN signs in at least 2 regions
Probable ALS UMN and LMN signs in 2 UMN and LMN signs in 2 regions
regions
Probable ALS (iaboratory supported) UMN signs in 1 region +

electrophysiologic evidence
of LMN signs in 2 regions
Definite ALS UMN and LMN signs in 3 UMN and LMN signs in 3 regions
regions
Mandatory: Exclusion of other etiologies explaining ciinical symptoms

In Awaji criteria, ENMG can substitute clinical evidence of LMN involvement on each diagnostic level. Regions are defined as: bulbar, cervical, thoracic, and lumbar.
UMN, upper motor neuron; LMN, lower motor neuron.
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Parameters Result Normal range

Complete blood count

Hb (g/dl) 17 13.5-165
MV (f) 847 78.1-95.3
MCH (pg) 255 25.3-31.7
MCHC (GrvdlL) 302 30.3-34.4
Total leukocyte count (/L) 10,500 4,600-10,800
Lymphooytes (%) 22 17.5-45
Neutrophils (%) 678 34.9-76.2
Platelets count (counts/uL) 263,000 154,000-450,000
Inflammatory markers

CRP (mg/dL) 319.4 <10
ESR (mmvh) 76 <20
Biochemical profile

Sodium (MEQ/L) 150 135-145
Potassium (mEq/L) o 35-50
Chloride (mEa/L) 115 95-105
Calcium (MEq/L) 89 85-10.2
Magnesium (mg/dl) 19 1.6-2.0
Phosphorous (mg/d) 55 30-45
BUN (mg/dL) 39 6-24

Cr (mg/d) 63 06-12
Urine direct report

pH 6 45-8
Specific gravity 1.08 1.005-1.025
Protein (mg/day) + <150
Glucose (mmol/L) . 0-08
Blood (RBCs) ++ <3
RBCs (per hpf) 20 <2

Pus cells 23 04

Yeast cells +++ none





OPS/images/fneur-13-937989/fneur-13-937989-t002.jpg
Motor nerve conduction study

Nerve Recording CCMAPS amplitude (mV) Distal latency (m/s) Proximal latency (m/s) Conduction velocity (m/s)
site
Lt. Normal Lt. Normal Lt. Normal value Lt. Normal
value value value
Median APB 12 >4 32 <45 80 503 45-55
Utnar ADM 17 >4 28 <42 84 489 45-55
Radial EP >5 1929 55-67
Peroneal EDB NR >2 NR <65 NR 40
Tibial AHB NR >3 NR <6.5 NR NR 40
Peroneal TA >2 <3 NR 40

Sensory nerve conduction study

Nerve Latency Snaps Amplitude UV
Recording value Normal range Recording value Normal range

Left Median 30 2985 73 >15

Left Ulnar 28 29-35 70 >15

Left Radial 1.9-28 >10

Left Sural NR <4.2 NR >5

Electromyography study
Muscles Insertion activity Spontaneous activity Motor unit potential

Amplitude (W) Duration (m/s) Morphology

Left Biceps . Nill Normal Normal Bitri
Left FDI - Fibs+ve Few MUAPS
Left Quadriceps - Nill Normal Normal Bi,Tri
Left. TA. - Fibs+ve Few MUAPS

APB, Abductor policis brevis; ADM, abductor digiti minimi; EIF, extensor indicis proprius; EDB, extensor digitorum brevis; AHB, abductor halluces brevis; TA, tibialis anterior; FDI, (first
dorsal interrossei: TA, tibialis anterior; MUAP, motor unit action potential: fibs, fibrillation.
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Age, gender

Seventy years,
Female
(10

Sixty years, Male
an

Sixty-five years,
Meale (12)

Fifty-five years,
Female (13)

Seventy-seven
years, Female (14)

Twenty-three
years, Male (14)

Fifty-seven years,
Male (15)

Seventy-six years,
Male (16)

Fifty-four years,
Male (17)

Thirty-six years,
Female (17)
Sixty-six years,
Meale (18)

Fifty-five year,
Female (19)

Sixty-one year,
Male (20)

Onset of disease

Ten days after
COVID-19 symptorms

Day 20 of
hospitalization

Two weeks after
hospitalization

Day 26 of
hospitalization

Seven days after
COVID-19 symptoms

Ten days after
COVID-19 symptoms

Twelve days after the
resolution of COVID-19
symptoms

Five to Seven days after
COVID-19 symptoms

Afebrile

Twelve days after
COVID-19 symptoms
One month after the
COVID symptoms

Twenty-six day after
hospitalization

Amonth after
COVID-19 symptorms

N.A, Not available; CSF, Cerebrospinal Fluid.

Clinical Features

Quadriplegia, hypotonia,
areflexia and bilateral
positive Laségue sign

Acute weakness in lower
limbs with distal distribution
Foot drop on the right side.
Gastroplegia, paralytic ileus,
and loss of blood pressure
control

Acute progressive
symmetric ascending
quadriparesis

Acute progressive lower
limb weakness

Tetraplegia, areflexia,
paresthesia in upper limbs,
facial diplegia, dysphagia,
tongue weakness, and
respiratory failure.

Facial diplegia, areflexia,
lower limbs paresthesia,
and ataxia

Numbness and tingling in
the hands and feet.

Over 10 days, the patient
developed distal imb
weakness and severe gait
impairment

Diarrhea, coughing, and a
history of 1-week common
cold.

Unable to move lower limbs
and not able to stand or
walk

Ascending progression of
‘weakness. afebrile and
severe dysautonomia
Ascending progression of
weakness

Progressive ascending
weakness

Decreased muscle strength
inlower limbs

Flaccidity in all of the upper
and lower limb muscles

CSF findings

Increased protein level at
1gL

Normal white blood

call count

Oligoclonal bands seen.
Increased ratio IgG/albumin
in CSF (170)

Normal total protein level

NA

Average glucose, cell count,
and protein (57 mg/dL
protein)

Albuminocytological
dissociation

Albuminocytological
dissociation

Protein level: 123 mg/di
no cells

negative PCR assay

for SARS-CoV-2
Normal cell count and
norml proteins

Normal CSF/serum
albumin ratio

Absence of

oligoclonal banding

High Protein: 76 mg/dL

No albumino-cytological
dissociation in CSF

Albuminocytological
dissociation

High protein 0.6 g/L
(0.15-0.45g/L)

High glucose 8.97 mmol/L
(2.2-3.9 mmol/L) Normal
cell counts

Glucose: 78 mg/dL.

Protein: 48,4 mg/dL (normal
value: < 50 mg/dL),

No white blood

cells WBCs).

NA

Treatment

Intravenous
immunoglobuiin (2 g/kg
for 5 days)
Hydroxychloroquine
(600mg per day) and
Aithromycine
Intravenous
immunoglobulin (0.4
g/kg/day)

Intravenous
Immunoglobulin (0.40
g/kg/day) for 5 days
The patient started on
intravenous
immunoglobuiin (20g
IV daily for 5 days)
Two cycles of
intravenous
immunoglobulin

Intravenous
immunoglobulin
received

Intravenous
immunoglobuiin cycle
at 0.4 g/kg/day over 5
days

Intravenous
immunoglobuiin (20
glday for 5 days
concomitant anti-
COVID treatment

Intravenous
immunoglobulin and
invasive ventiation
Intravenous
immunoglobulin
Started on intravenous
immunoglobuiin at (0.4
o/kg V) once day for 5
days

Intravenous
immunoglobulin

Started on intravenous
immunoglobulin (400
mg/kg body weight
daily, for 5 days)

‘Outcome

No significant neurological
improvement was seen after
1 week of treatment.

After 5 days, the vegetative
symptomatology
significantly improved, with
the remission of
gastroplegia and recovery of
intestinal functions.
Persistence of
osteotendinous hyporeflexia
but slight improvement in
the right foot drop.

NA

On the third day of IVIG
treatment, she developed
acute respiratory distress
syndrome (ARDS).
Persistence of severe
upper-imb weakness,
dysphagia, and lower-imb
paraplegia

Had improvements,
including decrease in ataxia
and mild decrease in facial
weakness.

Significant improvement of
the weakness in the upper
limbs and the left foot but a
poor benefit on the right
foot and gait ataxic.

Slowly improvement by
physiotherapy and, after 1
month, able to walk without
aid and was discharged.

Discharged to home with
good recovery.

Passed away

Discharged with good
improvement.

Improved ciinically, with
power 4/5 in the upper
extremities and 3/5 in of the
lower extremities. The
patient was discharged.

Passed away due to acute
respiratory distress
syndrome (ARDS) before
the medication could start
its effect.

Significant clinical alleviation
of symptoms with
improvement in respiratory
functions, oxygen
saturation, and return of
muscle power, recovering to
4/5 power in the upper and
lower limbs on both sides.
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