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Editorial on the Research Topic
 Imaging of Neuromuscular Diseases



The heterogeneity of clinical presentation and the rarity of many neuromuscular diseases make it often difficult to achieve the correct diagnosis which is therefore delayed over time.

Recent years have seen a renewed interest in neuromuscular diseases especially due to the emerging innovative therapies, such as molecular therapies, gene therapies, enzyme therapies, already available for some of them such as Duchenne Muscular Dystrophy, Spinal Muscular Atrophy, transthyretin amyloid neuropathy and Pompe disease.

New and exciting therapeutic frontiers await us in the near future and, consequently, early diagnosis has become absolutely necessary for treating patients in the early stages of the disease.

Diagnosis of neuromuscular diseases is historically carried out on the basis of the clinical picture, electromyographic and electroneurographic examination and pathological study by means of a muscle or nerve biopsy.

In recent years, technological development has made available innovative imaging methods that have made it possible to study muscle structures in detail, analyze the severity and distribution of damage and identify specific patterns of damage distribution.

Similarly, ultrasound and MR have become essential tools to support the clinician in diagnosing both peripheral mono- and polyneuropathies (Neurography MR) as well as motor neuron pathology (DTI tractography).

The aim of this Topic Issue was to provide novel original findings on the role of imaging in diagnosing neuromuscular diseases. Several researchers contributed interesting experience and point of views on this subject that is under continuous development.

This topic issue has collected contributions that can be summarized in four macro areas: development of new methods, applications of imaging to muscle diseases, study of peripheral nerve diseases, and evaluation of muscle damage secondary to central nervous system diseases.


NOVEL METHODS

In general, neuromuscular diseases are rare diseases. For this reason, a higher level of standardization is required in order to compare results across different patients, who are often examined at different imaging centers. To achieve this, standardized quantification and evaluation approaches as well as innovative acquisition methods have emerged.

As regards to the acquisition, the functional aspect of the skeletal muscle is acquiring a prominent role in MR imaging. Mazzoli et al. reported a diffusion-sensitive sequence based on oscillating-gradient spin echo (OGSE) instead of the more common pulsed-gradient spin echo (PGSE) for the acquisition of the water diffusion tensor during muscle contraction. The authors demonstrated fewer artifacts and more reliable quantitative values due to the inherent robustness of this gradient pattern to motion.

On the post processing/analysis aspect, Santini et al. proposed an efficient method for the extraction of quantitative T2 values from multi-echo spin-echo images by using an efficient implementation based on GPU processing. By including an external fat fraction measurement into the processing, the authors demonstrated that it is possible to reduce the acquisition protocol to clinically acceptable times. The fitting method was released as an open source software, an important step toward reproducibility.

When specialized acquisitions are not available, Akinci D'Antonoli et al. demonstrated the utility of texture analysis and machine learning methods to assist the diagnosis of cerebral palsy (CP) cases. Texture analysis extracts quantitative features from qualitative images (in this case, in-phase gradient-echo images) and it potentially improves objectivity and reader-dependency. In their paper, the authors demonstrated the superiority of their texture analysis approach with respect to simple fat fraction for the diagnosis of paretic muscles in CP.

All quantitative evaluations of the imaging features in neuromuscular diseases, however, depend on an accurate and reliable segmentation of the muscle groups. This is a challenging task because of deformable geometry, different appearance due to pathological processes, and the limited number of cases available for each site. Ogier et al. gave a detailed overview of the state-of-the-art methods for muscle segmentation including different algorithms and strategies. Atlas-based and conventional image analysis methods are currently being replaced by deep-learning-based methods. While these methods are showing promising results, the availability of large amounts of labeled data is a limit that needs to be addressed for the building of accurate models.



IMAGING APPLIED TO THE STUDY OF MUSCLE DISORDERS

Muscle MR has already demonstrated to be an useful tool for the diagnosis and follow-up of patients with a wide variety of primary muscle disorders including both acquired and inherited myopathies. There are a large number of studies using conventional MR sequences such as T1-weighted and STIR describing the changes in muscle structure of patients at different stages of disease progression. T1w imaging is useful as it identifies fat tissue in the skeletal muscles and allows to describe the so-called patterns of muscle involvement which could guide the diagnosis. But as T1w allows to quantify fat replacement, these data have been successfully used to study correlation with results of muscle function.

Here, Reyes-Leiva et al. described the correlation between the amount of fat replacement in respiratory accessory muscles and the results of the spirometry in a large cohort of patients with late onset Pompe disease, confirming that fat replacement of these muscles could be used as a biomarker of disease progression. In this sense quantification of fat through muscle MR can also be used to classify patients as severely or moderately affected leading to the identification of risk factors that can be associated to one or the other group.

Moore et al. studied a large cohort of patients with dysferlinopathy and identified that performing exercise during adolescence was associated with a more severe fat replacement on the pelvis, thigh and leg muscles and to worse results on muscle function tests. Quantification of muscle fat replacement by means of Dixon sequences has proven to be more powerful to identify changes over time in muscle fat content than semi quantitative methods. Moreover, in most of these studies, muscle function tests are stable over short periods of time although fat content increases as detected by quantitative sequences, suggesting that subtle changes in muscle structure, which are a sign of disease progression, are not always translated into changes in muscle function.

Sheikh et al. included 16 Becker muscular dystrophy patients in 1 year longitudinal study where axial and lower limb muscles were imaged using Dixon MRI and their strength was assessed using Biodex. The authors observed that frat fraction was higher in paraspinal muscles in Becker patients compared to controls and that there was an inverse significant correlation between the fat fraction and muscle strength of the paraspinal muscles. Moreover, they also observed significant differences in fat replacement over 1 year period of time in the paraspinal muscles using Dixon in those patients that were less affected at baseline while there were no differences in their muscle strength suggesting that MRI can be a stronger biomarker for disease progression than muscle function test in clinical trials or natural history studies.

Detection of fibrosis is one of the unmet needs of muscle MRI. Although there have been several attempts to identify fibrotic tissue, so far there is not any reliable MRI sequence able to identify and/or quantify collagen in the skeletal muscles. Murphy et al. successfully used EP3533, which is a novel MRI contrast agent with an affinity to collagen 1 that correlates to ex vivo fibrosis quantification, to study response to treatment of mdx mice treated with halofuginone, a well-known anti-fibrotic compound. They were able to observe an increase in fibrotic tissue in the non-treated animals that was statistically higher than the treated group. Histological findings were in agreement with EP35333 imaging. Although further studies in humans are needed, this study opens the door to use contrast agents to detect and quantify fibrotic content in muscles of patients with muscular dystrophies. Other components of the skeletal muscles can also be detected using specific sequences such as glycogen. However, these innovative sequences are generally not available in hospitals.

With the aim to identify indirect changes on muscle MRI conventional sequences of glycogen, Nuñez-Peralta et al. studied a cohort of patients with late onset Pompe disease with magnetization transfer sequence which analyzed the transfer imaging that exploits the interaction between bulk water protons and protons contained in macromolecules. Authors observed a decreased magnetization transfer ratio (MTR) in skeletal muscles of patients with Pompe disease that correlated with fat content measured using Dixon suggesting that MTR is a good marker of loss of muscle fibers and substitution by fatty tissue. Authors however were not able to see any changes in muscles with low levels of fat replacement, suggesting that if glycogen is accumulated in these muscles this is not inducing any change in MTR.



IMAGING APPLIED TO THE STUDY OF PERIPHERAL NERVOUS SYSTEM

The diagnostic workup of peripheral neuropathies is traditionally based on clinical history, physical examination and electrophysiological studies. In the last few years, novel MR and ultrasound (US) imaging techniques have been developed for studying the peripheral nervous system which have increased the diagnostic rate in this field of neurology.

Ultrasound is very suitable for evaluation of superficial peripheral nerves and MR is especially useful in studying deeply located nerves.

Carpal tunnel syndrome (CTS) is one of the most common upper limb compression neuropathies which is usually diagnosed by clinical history and examination and electrophysiological studies. Ultrasonography is commonly used to confirm diagnosis after electrodiagnostic testing and a median nerve CSA increase at the carpal tunnel inlet is usually observed. Fixed values for the upper limit of normal (ULN) with a broad range of 8.5–15 mm2 are reported.

In a first study Dubbelink, De Kleermaeker, Beekman et al. showed that the use of a wrist-circumference dependent cut-off value for the CSA of the median nerve at the wrist has a higher sensitivity than using a fixed cut-off of 11 mm2 or an intraneural flow related cut-off and may be especially useful in patients with a smaller wrist circumference.

In a second study, Dubbelink, De Kleermaeker, Meulstee et al. measured CSA and wrist circumference in a prospective cohort of 253 clinically defined CTS patients and 96 healthy controls and developed an equation for the ULN for CSA by means of univariable regression analysis. They found an augmented diagnostic accuracy of this newly developed equation with a corresponding sensitivity and specificity of 75% compared to a sensitivity of 70% by using a fixed cut-off value of 11 mm2 and therefore improving diagnostic accuracy of ultrasonography in patients with CTS.

Nerve ultrasound is useful in differential diagnosis of polyneuropathies.

Du et al. evaluated whether ultrasound is suitable for differentiating Transthyretin familial amyloid polyneuropathy (TTR-FAP) and chronic inflammatory demyelinating polyneuropathy (CIDP) because misdiagnosis is frequent as of similar phenotypes. By performing consecutive ultrasonography scanning in six pairs of nerves of bilateral limbs with 30 site and comparing CSAs and CSA variability data in 18 patients with TTR-FAP, 13 patients with CIDP and 14 healthy controls, they showed that both TTR-FAP and CIDP present larger CSAs at most sites of both upper and lower limbs than in control groups but the CSA variability of median nerves is significantly higher in CIDP than in TTR-FAP and control groups with high sensitivity and specificity to differentiate CIDP from TTR-FAP, therefore suggesting that nerve ultrasound can be a potential auxiliary tool to help differentiate the two polyneuropathies.

Imaging can also be a very useful tool in detecting involvement of peripheral nervous system when clinical and electrophysiological assessments are inconclusive.

Kim and Sung studied by MR two cases of neurogenic thoracic outlet syndrome (N-TOS) which is a chronic compressive brachial plexopathy involving the C8 and T1 roots, and/or lower trunk. Although patients showed typical neurological symptoms of N-TOS and structural abnormalities of the thoracic outlet (cervical rib and anomalous first rib), no neurological deficit at the neurologic examination and no abnormalities in the electrophysiological studies were observed. Diagnosis was achieved by CT angiography showing abnormalities of the subclavian artery and root-plexus MR revealing anomalies of nerve root or lower trunk.

Mandelli et al. studied paraspinal muscles by MR in patients with symptomatic Lumbar spinal stenosis in order to compare paraspinal muscle fatty infiltration as assessed using the Goutallier classification vs. quantitative MR measurements. They found that the Goutallier classification is a reliable tool for assessing fatty infiltration of paraspinal muscles in this group of patients and suggest taking body height as a reference for normalization.



CNS DISEASES

Muscles can also be secondly involved in different disorders such as cerebral palsy (CP) or spinal muscular atrophy (SMA).

Muscles from patients with CP are usually spastic and present contractures that limit the range of motion. Weidensteiner et al. assessed by MR the effect of botulinum toxin A (BTX) over time on calf muscle properties in pediatric CP patients. BTX induced increase in extracellular space and a simultaneous decrease of muscle fiber diameter and MRI showed limited spatial distribution of these BTX-induced effects, being a promising non-invasive tool for future studies in order to test BTX treatment protocols.

On the other hand, in muscles of patients affected by SMA3 treated with nusinersen Savini et al. found a progression of fat fraction (FF) in thigh muscles and a concurrent slight reduction of water T2 over time, despite therapy. Current advances in morphometric MRI development also allow gray (GM) and white matter (WM) quantification in the spinal cord (SC), which may help in improving the in vivo characterization of neurodegenerative SC diseases or lower motor neuron disorders such as SMA. These advanced MR techniques have been applied together with muscle quantitative MR in the pilot study of Savini et al. on three adult SMA3 patients under treatment with nusinersen to characterize SC volumes and microstructure (GM and ventral horns) as well. The authors demonstrated that quantitative cervical SC MR sequences derived from the consensus acquisition protocol produced by a consortium of SC researchers (1) including 3D T1- and T2 weighted (w), DWI, MT and T2*-w sequences were able to capture microstructural changes induced by SMA in vivo and are a candidate methodology for monitoring the effects of this treatment.

Different SC imaging approaches are also appearing on the horizon, such as radially sampled averaged magnetization inversion recovery acquisition (rAMIRA), which is a novel approach to perform SC imaging in clinical settings with favorable contrast. These approaches need to be tested on healthy subjects (HS) to understand the sources of inter-subject variability in different SC levels as well as their relation to age and sex to facilitate the detection of pathology-associated changes. Kesenheimer et al. identified effective normalization strategies for inter-subject variability reduction in total SC area and SC GM area on a broad aged cohort of HS using rAMIRA.

Taken together, the papers collected in this Issue present several interesting and original findings which may contribute to the knowledge on the role of imaging in neuromuscular disorders and offer novel perspectives for future studies and clinical applications.
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Introduction: In diagnosing carpal tunnel syndrome (CTS) there is no consensus about the upper limit of normal (ULN) of the cross-sectional area (CSA) of the median nerve at the carpal tunnel inlet. A previous study showed wrist circumference is the most important independent predictor for the ULN. In this study we optimised a wrist circumference-dependent ULN equation for optimal diagnostic accuracy and compared it to the generally used fixed ULN of 11 mm2.

Methods: CSA and wrist circumference were measured in a prospective cohort of 253 patients (clinically defined CTS) and 96 healthy controls. An equation for the ULN for CSA was developed by means of univariable regression analysis. We calculated z-scores for all patients and healthy controls, and analysed these scores in a ROC curve and a decision plot. Sensitivity and specificity were determined and compared to fixed ULN values.

Results: We found augmented diagnostic accuracy of our newly developed equation y = 0.88 * x −4.0, where y = the ULN of the CSA and x = wrist circumference. This equation has a corresponding sensitivity and specificity of 75% compared to a sensitivity of 70% while using a fixed cut-off value of 11 mm2 (p = 0.015).

Conclusion: Optimising the regression equation for wrist circumference-dependent ULN cross-sectional area of the median nerve at the wrist inlet might improve diagnostic accuracy of ultrasonography in patients with carpal tunnel syndrome and seems to be more accurate than using fixed cut-off values.

Keywords: carpal tunnel syndrome (CTS), ultrasonography, diagnostics, cross-sectional area (CSA), median nerve, wrist circumference


INTRODUCTION

Carpal tunnel syndrome (CTS) can be diagnosed by taking accurate medical history in combination with clinical assessment (1). Ultrasonography (US) is the most commonly used test after electrodiagnostic testing (EDX), in confirming the clinical diagnosis of CTS. Especially when surgical decompression is considered, EDX or ultrasonography assessment is performed for confirming the diagnosis. The AAOS Clinical Guidelines recommend EDX testing for CTS patients when surgery is being considered (2) while the Dutch consensus CTS guideline states no additional studies are needed in case of classical CTS (3). An earlier study showed that only a minority of surgeons would perform surgery without electrodiagnostic confirmation of CTS (4).

For ultrasonography, alteration of the shape of the median nerve is evaluated and an enlarged cross-sectional area (CSA) of the median nerve at the carpel tunnel is frequently used to confirm CTS diagnosis (5). Currently, using ultrasonographic evaluation of increase in size of the median nerve at the carpal tunnel, fixed values for the upper limit of normal (ULN) with a broad range of 8.5–15 mm2 are reported (6–14). This broad range of the normal values may be affected by morphometric factors, as well as age and sex as described in the literature (15–18). An earlier study reported similar diagnostic accuracy of sonography to that for EDX studies (11). Because of comparable sensitivity and patient-friendliness, ultrasonography is recommended as the first line diagnostic test for CTS in The Netherlands.

There is, however, no consensus about the upper limit of normal of the CSA of the median nerve at the carpal tunnel inlet. We previously showed a strong correlation between wrist circumference and CSA of the median nerve at the carpal tunnel inlet in subjects without signs or symptoms of carpal tunnel syndrome (15). Furthermore, we developed an equation for the ULN of the CSA which has a relatively low sensitivity (53.4%) but a very high specificity (95%) (19). It is the low sensitivity that hampers the clinical applicability of this equation. We hypothesize that, by optimising the sensitivity and specificity of this equation, an individualised upper limit of normal of the CSA based on wrist-circumference has an higher sensitivity than a fixed upper limit of normal does. We analysed a decision plot based on a receiver operating characteristic (ROC) curve of the healthy controls to augment diagnostic accuracy and we compared this to the generally used fixed ULN of 11 mm2 (11).



MATERIALS AND METHODS


Methods

We prospectively enrolled patients and healthy control subjects in this observational study. We obtained written informed consent from each patient and healthy control. Approval from the local Medical Ethics Committee was obtained.



Study Population and Sonography Assessment

We recruited 96 healthy control subjects without signs and symptoms of CTS. All 96 healthy controls underwent medical history taking and physical examination (WV, FC). Controls with a history of diabetes mellitus, rheumatoid arthritis, wrist trauma or BMI >35 kg/m2 were excluded. Controls with bifid median nerves were excludes as well. Both wrists were measured, we randomly included only one wrist and CSA because we did not find any differences in earlier studies (15).

A total of 253 clinically defined CTS patients were included if they had pain and/or paraesthesia in the territory innervated by the median nerve. Two or more of the following clinical CTS criteria had to be fulfilled: (1) nocturnal paraesthesia, (2) aggravation of paraesthesia by activities such as driving a car, riding a bike, holding a book, or holding a telephone, (3) positive Flick sign (paraesthesia relieved by shaking the affected hand). For patients with bilateral CTS only the most severely affected hand was included.

Exclusion criteria were age under 18; history or clinical signs of polyneuropathy or known hereditary neuropathy with liability to pressure palsies; previous trauma or surgery to the wrist; history of rheumatoid arthritis; diabetes mellitus; thyroid disease; alcoholism; arthrosis of the wrist; pregnancy; severe atrophy of the abductor pollicis brevis muscle; bifid median nerve or significant language barrier.

We measured weight, height and wrist circumference at the level of the distal wrist crease using plastic measuring tape. CSA of all subjects was measured at the inlet of the carpal tunnel (Philips Diagnostic Ultrasound System model iU22, 5–17-MHz linear transducer) using the direct trace method. Electrodiagnostic technicians took the measurements, and patients underwent US and EDX according to the protocol of our previous study (15, 20). The used US parameters were: frequency 17 MHz, acoustic power 100%, dynamic range 77 dB, deepness 1.5 cm, focus position 2 cm, gain 80. US was performed by two experienced US technicians, EDX studies by a clinical neurophysiologist (JM). The cross-sectional area of the median nerve was determined by outlining the nerve contour using the inner margin of the hyperechoic rim. The CSA was calculated by the area measurement software (continuous contour trace) of the ultrasound system, rounding all measurements to the nearest 0.01 cm2. The mean of three separate measurements was taken as CSA at the inlet of the carpal tunnel.



Z-score

We calculated a Z-score specific for an individual wrist circumference according to:

[image: image]

X being the mean of three actual CSA measurements, μ the expected CSA calculated from the wrist circumference and σ the standard deviation.

Ergo:

[image: image]

This enables us to generate a “new” upper limit of normal based on wrist circumference (maximum CSA expected from wrist circumference).



Statistics

Statistical analysis was performed using SPSS Statistics 26.0. Baseline characteristic for healthy controls and patients were described as mean ± SD and frequency (%). Unpaired T-tests were used for continuous variables with normal distribution, and the Mann–Whitney test in case of non-normal distribution for group comparisons of baseline data. McNemar's test was used for paired categorical data. We used univariable regression analyses to create equations for the ULN for CSA. We used z-scores, a receiver operating characteristic (ROC) curve and a decision plot to develop a new equation with optimal diagnostic accuracy. Normal distribution of data was assessed visually by plotting a histogram, using a Q–Q plot and the Kolmogorov–Smirnov test. The level of significance was set at 0.05 for all analyses.




RESULTS

In Table 1 the characteristics of the included healthy controls and patients are presented. The data of the 96 healthy controls were normally distributed. In the healthy controls the mean CSA was significantly smaller in women (n = 49); 8.8 mm2 (SD 1.9), compared to 10.2 mm2 (SD 1.9) in men (n = 47; p = 0.001).


Table 1. Healthy controls and patient characteristics (standard deviation between brackets).

[image: Table 1]

253 patients were consecutively enrolled in our study. In the patient group mean CSA was 13.4 mm2 (SD 4.4) in women (n = 202) and 14.0 mm2 (SD 4.1) in men (n = 51) with no statistically significant difference (p = 0.132).

Figure 1 is a scatter plot showing the results of the regression analysis of the 96 healthy controls for determining the upper limit of normal of the CSA depending on wrist circumference. The values for expected CSA, μ, were calculated by filling in the wrist circumference in the regression equation for median values. This was used to determine the Z-scores for all patients and healthy controls. The difference between the upper limit of normal (upper grey dashed) line and the median value (red) line is 3.25 and equals 1.96 times the standard deviation.


[image: Figure 1]
FIGURE 1. Regression analysis of the 96 healthy controls for determining the upper limit of normal (ULN) of the cross-sectional area depending on wrist circumference. Regression equations for median values (0.88 * x −5.25, red line), and for the upper limit of normal (0.88 * x −2.0, grey upper dashed line); x being the wrist circumference. The blue dashed line represents our optimised equation for the new ULN (y = 0.88 * x −4.0), adding 1.24 for each y.


By plotting the earlier mentioned Z-scores of all individuals (patients and healthy controls) in a receiver operating characteristic (ROC) curve we can determine the optimal coefficients for the formula for the ULN of wrist circumference-dependent CSA (Figure 2). To help determine the optimum decision level (maximum number of CTS patients correctly diagnosed as positive by ultrasonography in relation to maximum number of healthy controls correctly diagnosed as negative) we made a decision plot (Figure 3).


[image: Figure 2]
FIGURE 2. ROC curve of the calculated z-scores (healthy controls and clinically defined carpal tunnel syndrome patients). AUC = 0.854, 95% confidence interval: 0.815–0.893.



[image: Figure 3]
FIGURE 3. Decision plot showing that a z-score of 0.75 (dotted vertical line) represents the optimal cut-off point for the highest sensitivity and specificity.


The discrimination between healthy controls and patients with clinically defined CTS is optimal when using a z-score of 0.75, as can be seen in Figure 3. Rewriting and filling in:

[image: image]

results in

[image: image]

Accordingly, the maximum wrist circumference related CSA is 1.24 higher than previously calculated while using y = 0.88 * x −5.25. This means that we have to add 1.24 for each y. As a result, and taking into account rounding errors, the optimised equation becomes y = 0.88 * x −4.0. At this z-value, the corresponding sensitivity is 75% and the specificity for this optimised equation is 75%.

When applying the wrist circumference-dependent CSA equation and the aforementioned fixed cut-off value in the group of patients, we found the results as presented in Figure 4. Abnormal US results were found in 177 (70.0%) patients while using a fixed cut-off value of 11 mm2 compared to 190 (75.1%) patients when applying our optimised equation. The ultrasound was considered abnormal most often in the wrist circumference-dependent upper limit of normal formula group, with a statistically significant difference compared to the general fixed ULN (p = 0.015).


[image: Figure 4]
FIGURE 4. Ultrasound results of the 253 patients. The red bars represent the number of patients with abnormal ultrasonography results and the blue bars normal ultrasonography results. Using a wrist-circumference dependent upper limit of normal (ULN), 190 patients (75.1%) had abnormal US results vs. 177 patients (70.0%) using a fixed ULN of the cross-sectional area of the median nerve of 11 mm2 (p = 0.015). The mean CSA of these 190 and 177 patients with abnormal US results were 14.9 (±4.1) and 15.2 (±4.1), respectively, without a statistically significant difference (p = 0.201).


Furthermore, 54/253 (21.3%) of the clinically defined CTS patients had normal EDX results. Eighteen of these 54 (33.3%) patients had an ULN >11 mm2. Using our new equation (y = 0.88 * x −4.0), 23 of the 54 (42.6%) CTS patients with normal EDX results, would have an abnormal US result.



DISCUSSION

We found that our new equation, y = 0.88 * x −4.0 (x = wrist circumference in centimetres), has a corresponding sensitivity of 75% and a specificity of 75%. As presented in Figure 4, the sensitivity of our optimised equation is higher than this fixed cut-off value (75.1 vs. 70.0%, p = 0.015). By using the data from the ROC approach, increasing sensitivity and decreasing the specificity, it seems that our simple optimised equation is more valuable in daily practice when determining the upper limit of normal of the CSA at the wrist inlet and confirming the clinical suspicion of CTS. Accordingly, wrist circumference-dependent CSA upper limits of normal could be used for better diagnostic accuracy.

Diagnostic accuracy of US in CTS patients depends on the upper limit of normal of the measured CSA of the median nerve at the carpal tunnel inlet. We previously showed, by performing multivariable linear regression, that wrist circumference is the most important independent predicting factor for CSA (15), accounting for 37% of the variation in this parameter (19). We also showed an equation for the ULN of the CSA with a relatively low sensitivity but a very high specificity. In this study we improved the diagnostic accuracy of this equation in order to use US in CTS patients as a screening test. The sensitivity and specificity are rather low at 75% but in line with literature where sensitivity ranges mostly from 70–88% and specificity from 57–97% (21, 22). Earlier studies showed high positive predictive values for ultrasonography: if ultrasonography is abnormal, EDX studies were abnormal in 96.7–100% (20, 23). In daily practice, taking in account the lower costs of ultrasonography and patient-friendliness, we would suggest to perform ultrasonography as the first diagnostic test in conforming the diagnosis CTS. If ultrasonography is normal, EDX studies could be used as second diagnostic test if clinical suspicion of CTS still exists.

The additional value of ultrasonography compared to EDX studies includes detection of anomalies such as structural abnormalities at the wrist, bifid median nerves and persistent median arteries (24). As stated before US is less time consuming and more comfortable (pain-free) (25). However, not all patients with CTS do have an enlarged median nerve, maybe in part due to a short duration of symptoms (11). EDX studies can quantify nerve damage, have high sensitivity (26) and can be used to differentiate CTS from more proximal median nerve neuropathy or other conditions, for example a C6/C7 radiculopathy.

There are several limitations to our study that should be addressed. First of all, we included CTS patients with sensory symptoms in the fifth finger. We ruled out an ulnar neuropathy in these patients by medical history only, not by nerve conduction studies. However, as stated in a previous study, symptoms in the fifth finger are often reported by CTS patients, and treatment outcome does not differ compared to CTS patients with a classic presentation (27). Secondly, the electrodiagnostic technicians who performed ultrasonography investigating the healthy controls were not blinded. They may have anticipated to find no enlargement of the median nerve and this possibly influenced the measurements. The controls did not have any signs or symptoms of CTS; however, this does not always imply a normal ultrasonography result. This may have influenced the measurements the other way around. We did not calculate intra- and interobserver agreement of the CSA measurements of the median nerves in this study but we found good agreement in an earlier study (15). Furthermore, we excluded healthy controls with a BMI > 35kg/m2 for a representative univariable regression analysis. We hypothesised that including obese controls could result in a higher ULN of the CSA, leading to more false negatives. 14 of the 253 (5.5%) patients had a BMI >35 kg/m2 with the expected significantly higher wrist circumference (mean 17.5, p = 0.019) but non-significantly higher CSA (mean 14.9, p = 0.397) compared to the other patients. In addition, we excluded patients and healthy controls with bifid median nerves so our equation is not valid for these patients.

In the future, evaluating our optimised equation in populations with other morphometric features and less specific populations (not fulfilling all criteria that we used, but a clinical suspicion of CTS) would be interesting, as well as comparing this equation with other parameters, for example an intraneural flow related upper limit of normal (28). In literature, numerous possible ultrasonography parameters have been investigated. The cross-sectional area of the median nerve remains the best single criterion (5) and seems to be related with neurophysiological severity (29). The diagnostic value of wrist median nerve CSA vs. wrist-to-forearm ratio showed inconsistent results in literature (30, 31). A cross-sectional study published in 2019 by Chang et al. suggests the ulnar nerve compared to the median nerve at wrist level could serve as internal control by using median-to-ulnar-nerve difference instead of the median-to-ulnar-nerve ratio (32).

To conclude, this study shows that optimising the regression equation for wrist circumference-dependent ULN cross-sectional area of the median nerve at the wrist by fine tuning its coefficients by ROC curve analysis inlet might improve diagnostic accuracy of ultrasonography in patients with carpal tunnel syndrome and seems to be more accurate than using fixed cut-off values.
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Intensive Teenage Activity Is Associated With Greater Muscle Hyperintensity on T1W Magnetic Resonance Imaging in Adults With Dysferlinopathy
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Practice of sports during childhood or adolescence correlates with an earlier onset and more rapidly progressing phenotype in dysferlinopathies. To determine if this correlation relates to greater muscle pathology that persists into adulthood, we investigated the effect of exercise on the degree of muscle fatty replacement measured using muscle MRI. We reviewed pelvic, thigh and leg T1W MRI scans from 160 patients with genetically confirmed dysferlinopathy from the Jain Foundation International clinical outcomes study in dysferlinopathy. Two independent assessors used the Lamminen-Mercuri visual scale to score degree of fat replacement in each muscle. Exercise intensity for each individual was defined as no activity, minimal, moderate, or intensive activity by using metabolic equivalents and patient reported frequency of sports undertaken between the ages of 10 and 18. We used ANCOVA and linear modeling to compare the mean Lamminen-Mercuri score for the pelvis, thigh, and leg between exercise groups, controlling for age at assessment and symptom duration. Intensive exercisers showed greater fatty replacement in the muscles of the pelvis than moderate exercisers, but no significant differences of the thigh or leg. Within the pelvis, Psoas was the muscle most strongly associated with this exercise effect. In patients with a short symptom duration of <15 years there was a trend toward greater fatty replacement in the muscles of the thigh. These findings define key muscles involved in the exercise-phenotype effect that has previously been observed only clinically in dysferlinopathy and support recommendations that pre-symptomatic patients should avoid very intensive exercise.

Keywords: dysferlinopathy, Magnetic Resonace Imaging (MRI), Miyoshi myopathy, LGMDR2, limb girdle muscle dystrophy, exercise


INTRODUCTION

Dysferlinopathy is an autosomal recessively inherited form of muscular dystrophy caused by mutations in the DYSF gene. It usually presents in early adulthood and is characterized by progressive weakness and wasting of skeletal muscles (1).

Unlike many other forms of muscular dystrophy, patients with dysferlinopathy often report performing a large amount of physical activity as children and young adults, before their symptoms first present (2, 3). This intensive exercise appears to be detrimental and we have previously demonstrated that higher levels of exercise before symptom onset is associated with both earlier patient reported symptom onset and earlier subsequent wheelchair requirement (4).

The association of exercise and disease progression in dysferlinopathy has been investigated in mouse models, with interesting results. Eccentric muscle contractions (such as running) cause more rapid progression of muscular dystrophy pathology and greater functional weakness, while concentric muscle contraction (such as swimming) appeared to be protective against both general disease progression and in mitigating the myofiber damage caused by subsequent eccentric muscle contraction (5, 6). This finding clearly has implications for patients in terms of the type or intensity of exercise that should be recommended. However, murine models of dysferlinopathy are not particularly good mimics of the human phenotype, being much less severe, and it is not certain if these findings can be generalized (6). In humans with dysferlinopathy, pathological differences depending on exercise type or intensity have not been assessed and it is not clear if early influences of exercise would remain detectable after many years of symptomatic disease.

Magnetic resonance imaging (MRI) can be used to non-invasively and objectively measure increases in intramuscular fat, acting as marker for muscle pathology. T1W sequences clearly delineate fat and muscle and are used to produce images for visual inspection to determine the degree of the muscle that has been replaced by fat. This method is used to determine both the pattern and severity of muscle involvement in neuromuscular disorders, and is widely used to support genetic diagnosis (7, 8). T1W MRI has been used to characterize a distinctive pattern of muscle involvement in dysferlinopathy, with certain muscles consistently demonstrating greater, or earlier, fat replacement than others (9).

In this study we use T1W images from this previously described cohort, in combination with questionnaire derived information about pre-symptomatic activity levels to objectively assess the impact of teenage exercise on muscle fat replacement. We review if this supports the patient reported earlier onset and more rapid loss of ambulation in intensive exercisers, if exercise has differential effects in muscle, such that some muscles are more impacted than others and if conclusions can be reached about the types of exercise that may be detrimental in dysferlinopathy.



METHODS


Study Subjects

This investigation reviews MRI imaging from the Jain Foundation's international longitudinal Clinical Outcomes Study for Dysferlinopathy (COS). This study included 201 patients with genetically confirmed dysferlinopathy from 15 sites internationally (10). This study received ethical approval in all participating countries. MRI was not mandatory for inclusion in the study and some sites could only perform lower limb MRI (not including the pelvis). Overall, 182 patients had a baseline MRI, including 84 patients with a whole body scan and 98 patients with only lower limb scans. Imaging from 22 patients did not produce adequate images for visual scoring to be applied (see below) and were excluded. This investigation therefore reviews MRI imaging from 160 patients.

This report uses the questionnaire based exercise information (Supplementary Material) and the MRI images collected from the patients screening and baseline visits, respectively. These visits also involved medical interview and examination, physiotherapy assessment, blood sampling, cardiac, and respiratory investigations. A cross-sectional description of the baseline cohort demographic and functional information (10), and pattern of muscle involvement on T1W MRI at baseline (9) have been previously published.



Semiquantitative MRI Assessment

Semiquantitative assessments of MRIs were performed by a blinded neurologist (RF-T) and radiologist (JL), who independently evaluated axial T1-weighted sequences with the Lamminen-Mercuri visual scale, with an inter-rater agreement kappa of 0.93 (95% CI 0.91–0.96), as previously reported (9). For the 4% of scans where observers scores did not match, observers reviewed the muscles together and agreed a final score (9). All 160 patients had complete Lamminen-Mercuri score results for the lower leg muscles—Tibialis anterior, extensor digitorum, peroneus longus, peroneus brevis, gastrocnemius medialis and lateralis, soleus, flexor digitorum, and tibialis posterior. Complete imaging of adductors was not included in some patients, leaving 106 of these 160 patients who also had a complete set of Lamminen-Mercuri scores for thigh muscles (Adductor brevis, longus an major, quadratus femoris, rectus femoris, vastus lateralis, vastus intermedius and vastus medialis, sartorius, gracilis, semimembranosus, semitendinosus, long, and short head of biceps femoris). Full pelvic muscle Lamminen-Mercuri scores were available for 67 of the 160. Pelvic muscles were psoas, pectineus, piriformis, iliacus, gluteus medius, gluteus maximus, gluteus minor, tensor fasciae latae, obturator internus, and obturator externus.



Exercise Scoring

At the screening visit, patients reported the type and frequency of all regular activities performed as children and teenagers (Supplementary Material). Exercise was coded based on the maximum patient reported frequency between the age of 10 and 18 years, and the metabolic equivalent (MET) of the activities described, as previously reported (4). Group 0 reported no physical activity, group 1 reported vigorous activity occasionally/monthly, or moderate activity once a week, group 2 reported moderate activity multiple times a week or vigorous activity once weekly, and group 3 reported vigorous activity multiple times per week.



Statistical Analysis

Age at MRI and symptom duration were not normally distributed and so were compared in a stepwise fashion between exercise groups using the Wilcoxon-Mann-Whitney test for non-parametric unpaired samples (i.e., group 0 vs. group 1, group 0 vs. group 2 and so forth for comparison between all groups).

A mean Lamminen-Mercuri score for the distal leg was calculated from the sum of scores of each individual muscle (n = 160). This was repeated to generate a mean Lamminen-Mercuri score for the thigh (n = 106) and the pelvis (n = 67). Muscles included are listed above.

To determine if there was any difference in Lamminen-Mercuri scores between exercise groups, mean Lamminen-Mercuri scores of the a. leg, b. thigh and c. pelvis were compared between exercise groups using type III ANCOVA, using the “Anova” function from the package “car” in the programme R. Age at MRI and symptom duration were assessed as covariates. Firstly, age was considered as a covariate to determine if patients in a particular exercise group at any given age had a different Lamminen-Mercuri score than those in another group. Secondly, symptom duration and age were combined as covariates to determine if fat replacement on MRI progressed more rapidly (from the onset of symptoms) in one exercise group than another. Post-hoc analysis of significant (p < 0.05) ANCOVA results was completed using the “lsmeans()” function, from the package “lsmeans.” This was to identify which exercise groups were significantly different from each other, and thus causing the significant ANCOVA result.

For visual representation of the exercise dependent effects, linear modeling was used. A linear model of Lamminen-Mercuri score was generated with age and exercise group as covariates. This allowed calculation of the mean model predicted Lamminen-Mercuri score for each exercise group as if all patients were of the same age (39 years—the mean age of the cohort). This was repeated with disease duration as an additional covariate (along with age) to produce model predicted Lamminen-Mercuri scores as if all patients had had the same disease duration (17 years—the mean disease duration of the cohort) and age.

Muscle groups showing significant differences between exercise groups were then further reviewed with additional ANCOVA of the Lamminen-Mercuri scores of the individual muscles within that group and compared in the same way as for the muscle groups.

In order to review if results differed in a subset of patients with a shorter disease duration, we repeated this analysis of pelvic, thigh and leg muscle groups in patients with symptoms for <15 years at the time of assessment.

Post-hoc review of p-values using Bonferonni correction for multiple comparisons was performed. No power calculations were conducted to determine group size as data was from an existing study.




RESULTS


Demographics

Patient reported age of symptom onset was later in the inactive group 0 than in all of the other exercise groups (Table 1). Patients in group 0 were significantly older at the time of assessment than those in the extremely active group 3, who were in turn older than those in group 2 (p < 0.05) (Table 1). Overall, patients in the moderately active group 2 had a shorter median symptom duration at the time of assessment than those in group 0 or in group 3 (p < 0.05). Number of patients in group 1 was small (17 patients in distal leg MRI group) with variable age and disease duration, which was not significantly different from those in other exercise groups.


Table 1. Table showing demographic factors of patients in each exercise group at baseline.

[image: Table 1]

In the groups of patients who had pelvic or thigh imaging, the median age of onset, age at assessment and symptom duration in each exercise group did not differ significantly from that in the larger cohort.



Age Adjusted Mercuri Score

There were significant differences between exercise groups in the mean predicted Lamminen-Mercuri score of the pelvic muscles (p ≤ 0.0001), when controlling for age as a covariate. This was driven by a significantly higher predicted Lamminen-Mercuri score in exercise group 3, compared to group 1 (3 vs. 1, p = 0.0018) and group 2 (3 vs. 2, p = 0.0002). There was no significant difference between group 0 and any of the other exercise groups. There was no difference in mean predicted Lamminen-Mercuri score of thigh or leg muscles between groups (Figure 1).


[image: Figure 1]
FIGURE 1. ANCOVA predicted Lamminen-Mercuri scores for each exercise group. The top row (A) shows predicted score in each exercise group (0, 1, 2, or 3) adjusted for age—i.e., as though all patients were the cohort mean age of 39 years. The bottom row (B) shows predicted score in each exercise group (0, 1, 2, or 3) adjusted for disease duration and age—i.e., as though all patients had an age of 39 years and the cohort mean symptom duration of 17 years. Bars show the 95% confidence interval. Red text denotes groups showing significant differences on ANCOVA (p < 0.005).


Modeling using age and teenage exercise level could account for one third of the observed variability in Lamminen-Mercuri score in the whole leg (adjusted R2 = 0.33), while using age alone produced an R2 value of 0.14.

The individual muscles in the pelvis showing a significant difference (p < 0.05) in age normalized Lamminen-Mercuri score between exercise groups were psoas, piriformis, pectineus, iliacus, and gluteus medius (Figure 2). However, after correction for multiple comparisons, this only remained significant for psoas (p = 0.0004), which showed a significantly higher predicted Lamminen-Mercuri score in exercise group 3 compared to groups 0 (p = 0.03), 1 (p = 0.0032), and 2 (p = 0.007).


[image: Figure 2]
FIGURE 2. ANCOVA predicted Lamminen-Mercuri scores of the pelvis muscles, adjusted for age. Bars show the 95% confidence interval. Red text denotes groups showing significant differences on ANCOVA (p < 0.005). Patients are split into exercise groups 0, 1, 2, or 3.


In the smaller subset of patients (n = 73) with symptoms for <15 years, there was a trend toward greater Lamminen-Mercuri score in groups 3 than 2 and in group 2 than 1 in the pelvis and thigh. However, there was no longer a significant difference in pelvic muscles by exercise group and although there was a difference between groups in the thigh muscles (p = 0.044), this did not remain after correction for multiple comparisons (Figure 3).


[image: Figure 3]
FIGURE 3. ANCOVA predicted Lamminen-Mercuri scores for each exercise group in those with <15 years of symptoms. The top row (A) shows predicted score in each exercise group (0, 1, 2, or 3) adjusted for age—i.e., as though all patients were the cohort mean age of 31 years. The bottom row (B) shows predicted score in each exercise group (0, 1, 2, or 3) adjusted for disease duration and age—i.e., as though all patients had an age of 31 years and the cohort mean symptom duration of 8 years. Bars show the 95% confidence interval. Red text denotes groups showing significant differences on ANCOVA (p < 0.005).




Symptom Duration and Age Adjusted Mercuri Score

In ANCOVA of Lamminen-Mercuri score with symptom duration, age and exercise group as covariates, symptom duration was always a stronger predictor of Lamminen-Mercuri score than age and age was not an independent predictor of Lamminen-Mercuri score.

Symptom duration was a strong predictor of Lamminen-Mercuri score and modeling using symptom duration alone accounted for 38% of the variation in Lamminen-Mercuri score (adjusted R2 = 0.38) in the whole leg. Adding exercise group to the model improved the adjusted R2 value to 0.47, which was not bettered by the further addition of age to the model (adjusted R2 = 0.47). When accounting for symptom duration and age, there remained significant differences in mean predicted Lamminen-Mercuri score of the pelvic muscles (p = 0.0015) between exercise groups. Again, this was driven by a significantly higher predicted Lamminen-Mercuri score in exercise group 3, compared to group 2 (3 vs. 2, p = 0.0029) and group 1 (3 vs. 1, p = 0.0148). There was no significant difference between group 0 and any of the other exercise groups in the pelvis. There were no differences between exercise groups in thigh or leg muscle groups (Figure 1).

The muscle in the pelvis showing the greatest difference in age and symptom duration adjusted Lamminen-Mercuri score between exercise groups remained psoas (p = 0.016) (Figure 4, example MRI images in Figure 5). However, differences between groups in psoas Lamminen-Mercuri score were not significant on ANCOVA after correction for multiple comparisons.


[image: Figure 4]
FIGURE 4. ANCOVA predicted Lamminen-Mercuri scores of the pelvis muscles, adjusted for age, and disease duration. Bars show the 95% confidence interval. Red text denotes groups showing significant differences on ANCOVA (p < 0.005). Patients are split into exercise groups 0, 1, 2, or 3.



[image: Figure 5]
FIGURE 5. T1W MRI images from age and duration matched patients. T1W MRI images of the lower abdomen and pelvisfor a representative patient from each exercise group (0, 1, 2, and 3) of a similar age and symptom duration. GMa, gluteus maximus; GMe, gluteus medius; GMi, gluteus minimus; I, Iliacus. Representative patients from groups 0, 2, and 3 were all aged 36 years with symptom duration 18 or 19 years at the time of the MRI. Group 1 patient was aged 33 years with a symptom duration of 21 years.


In the smaller subset of patients with symptoms for <15 years, there was no longer a significant difference between exercise groups in any of the muscle groups.




DISCUSSION

We have demonstrated an association between intensive teenage exercise and a subsequent more severely affected MRI appearance of pelvic musculature in adult patients with dysferlinopathy, long after their teenage years. Psoas, pectineus, and piriformis were the most differentially affected muscles. Patients who performed intensive exercise as teenagers generally demonstrated a higher (worse) Lamminen-Mercuri score at a given age and disease duration, suggesting a more rapid progression of fat replacement from symptom onset.

We did not demonstrate any association between exercise group and the muscle groups of the thigh or distal leg in the overall group, but there was a trend toward a higher Lamminen-Mercuri score in the thigh muscle of intensive exercisers with <15 years symptom duration. The thigh and leg muscles generally have a higher Lamminen-Mercuri score in this cohort than the muscles of pelvis (9), suggesting earlier or more significant involvement of these muscles in the disease process. It may be that no difference was demonstrated between exercise groups in the thigh and distal leg overall because too many patients are already at a stage where these muscles are severely affected, essentially reaching a ceiling of the maximum Lamminen-Mercuri score of 4 relatively early in the disease process. The finding of potential differences in the thigh muscles in less advanced disease suggests that there may have been differences in all muscles at some point in progression of the disease.

In earlier work, we showed that symptom onset and age of part and full time wheelchair use is significantly earlier in intensive than moderate exercisers (4). While this MRI study adds objective evidence to this observation, we did not observe the previously described “dose” type of association with exercise—with non and very light exercisers (groups 0 and 1) having a significantly later age of onset and wheelchair requirement than those in group 2. We had anticipated that when investigating the MRI, this may translate to differences in Lamminen-Mercuri score between exercise group 0, group 2, and group 3. However, this was not seen and the key differences in Lamminen-Mercuri score were between exercise groups 2 and 3 and not group 0. There are several possible explanations for this. Firstly, this may be related to the possible ceiling effect of the Lamminen-Mercuri score, as patients in group 0 were significantly older and had had symptoms for significantly longer than patients in group 2 and 3, making them more likely to have reached this plateau. It is also possible that, the more time that intervenes between teenage years and subsequent assessment the less marked the effect of exercise on imaging results—this would again dilute any effect in the older group 0. Finally, while the majority of non-exercisers had a relatively late onset of symptoms, some had a younger onset and probably did not exercise precisely because they had already started to experience symptoms. The muscle MRI of these more severely affected patients may “skew” the results of the non-exercising group 0.

The method used here to quantify the “amount” of exercise performed used the relative metabolic equivalents of the sports performed, giving an estimate of the intensity of the exercise. However, research in mice suggests that it may be the type of muscle contraction, rather than the metabolic cost, which determines the effect on dysferlin deficient muscle (5, 6). Unfortunately we were not able to assess this here because, as anticipated in an observational study, none of our participants had performed exclusively concentric exercise (such as swimming) without also reporting frequent eccentric sports (such as running).

We have identified specific muscles in the pelvis that were more affected in intensive exercisers in this cohort. This raises the question of why these particular muscles are affected while others are not. This may in part be due to differences only being observable in less affected muscle, as discussed above. However, there were some muscles which are not extensively involved across exercise groups (such as gluteus maximum) and yet still do not demonstrate differential involvement. It seems reasonable that sports that preferentially use specific muscles could affect these muscles more than others, and as many intensive sports involve a significant amount of running, intensive exercisers may see proportionally greater damage in muscles involved heavily in running—such as psoas (11, 12). We did attempt to review this in our cohort, comparing Lamminen-Mercuri scores for individual muscles between patients who reported different activities (e.g., predominantly running vs. predominantly swimming). We did not find differential Lamminen-Mercuri scores between the most frequently performed activities, however this analysis is likely significantly confounded by the multiple activities performed by each patient.

Muscle MRI offers the possibility to analyse the impact of exercise in muscle structure. In our opinion, the results of this study should encourage further research in muscle MRI biomarkers in dysferlinopathy patients performing different types of exercise. Muscle MRI sequences that could be helpful include but are not limited to STIR, T2 imaging, sodium MRI, and P31-spectroscopy (13–15). All of these previous imaging sequences have identified early changes in muscle structure, that in the case of dysferlinopathy patients, could help to elucidate which program of exercise is less harmful for the skeletal muscles.

This analysis confirms that T1W imaging demonstrates more severe fat replacement in muscles of patients with dysferlinopathy who performed intensive, rather than moderate, exercise as teenagers. This adds pathological evidence to the previous report linking symptom onset and earlier wheelchair use to intensive teenage exercise. For patients who receive a diagnosis before symptom onset, such as through family screening or detection of high CK, this evidence would support a recommendation to avoid very intensive exercise regimens before symptom onset, while maintaining a healthy lifestyle.
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Introduction: With the advent of emerging molecular therapies for muscular dystrophies, the need for knowledge about natural history course of such diseases is of utmost importance in the preparation for future trials. However, for Becker muscular dystrophy such knowledge is scarce.

Objective: In this 1-year follow-up study, we examined disease progression in Becker muscular dystrophy by monitoring changes in MRI-assessed muscle fat fraction (FF) in axial and lower limb muscles and quantitative muscle strength of axial muscles.

Methods and Materials: Sixteen patients with Becker muscular dystrophy were investigated by (1) muscle strength of the trunk using a Biodex dynamometer and (2) Dixon muscle MRI of paraspinal and lower limb muscles. Quantitative MRI data was analyzed in two parts: The first part consisted of all participants (N = 16). The second analysis assessed two separate groups comprising lesser affected participants (N = 5) and more severely affected patients (n = 11).

Results: Trunk extension and flexion strength remained stable from baseline to follow-up. MRI did not show any significant increase in muscle FF % from baseline to follow-up in all patients, except for multifidus at the spinal level T12 (p = 0.01). However, when we analyzed the two subgroups, according to disease severity, FF% increased in the lesser severely affected group at L4/L5 erector spinae (p = 0.047), sartorius (p = 0.028), gracilis (p = 0.009), tibialis anterior (p = 0.047), peroneals (p = 0.028), and gastrocnemius medialis (p = 0.009), while the severely affected group only increased significantly at T12 multifidus (p = 0.028) and T12 erector spinae (p = 0.011). No difference in muscle strength was observed in the two subgroups.

Conclusion: Our results add to the existing knowledge about the natural rate of disease progression in BMD. As quantitative MRI was able to identify changes where strength assessment was not, MRI could be a strong biomarker for change in BMD. However, our findings show that it is important to stratify patients with BMD according to phenotype for future clinical trials.

Keywords: Becker muscular dystrophy, quantitative muscle MRI, muscle strength, fat fraction, outcome measure


INTRODUCTION

With the advent of emerging molecular therapies for muscular dystrophies, there is a need to know how the natural history of these diseases is, but for Becker muscular dystrophy such knowledge is scarce, especially with regard to axial muscles.

Previous imaging studies examining the lower limb muscles, using visual rating scales in studies of patients with BMD, have shown distinctive patterns of muscle involvement of the hamstrings, quadriceps, and gastrocnemius (1, 2). To quantify pathological changes and to monitor disease progression in myopathies, quantitative MRI (qMRI) technique is superior to visual rating scales to show change (3, 4). Quantitative strength assessment of the lower limb muscles and the muscles of the trunk using Biodex has been established to be a reliable method in previous studies (5, 6). With this 1-year follow-up study, we wish to gain knowledge on how axial muscle involvement progresses over time in BMD using quantitative muscle MRI.



METHODS AND MATERIALS


Study Design and Participants

This prospective longitudinal study was conducted from April 2018 to June 2020 at Copenhagen Neuromuscular Center, Rigshospitalet, Copenhagen, Denmark, in accordance with the declaration of Helsinki and was approved by the Danish National Committee on Health Research Ethics (approval number: H-16030358).

We recruited 16 participants with genetically verified Becker muscular dystrophy from our Neuromuscular Center (Table 1). All 16 participants had previously participated in a cross-sectional study. Thirteen participants were able to ambulate without walking aid, while three were dependent on wheelchair for most functions. All participants were evaluated at baseline and at follow-up for trunk muscle strength and qMRI of the paraspinal and lower limb muscles. Muscle strength measure and qMRI were completed on the same day.


Table 1. Demographics of the 16 participating Becker muscular dystrophy patients.
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Quantitative Muscle Strength Measure

Maximal voluntary isometric contraction of the trunk was acquired using Biodex (Biodex System 4 Pro, Biodex Medical Systems, Shirley, NY) with a Dual position back Extension/Flexion attachment (model number 830-450). The anterior iliac spine was aligned with the attachment's fixed axis of rotation, and back support was set at 100 degrees of hip angle. To minimize the influence of muscles from other parts of the body, chest and thighs were immobilized with Velcro straps, and the participants were asked to cross their arms in front of their chest during the test. Each participant was instructed to perform a maximal isometric trunk extension and trunk flexion. One contraction lasted 5 s. To ensure maximal contraction, two submaximal test trials were performed to familiarize the participants with the testing protocol for each position followed by three trials of maximal contractions (interchangeably between extension and flexion) with 30 s of rest in between each contraction. Standardized verbal encouragement was provided to each participant during testing.



MRI Data Acquisition and Processing

Images were acquired on a Siemens 3.0 Tesla Magnetom Verio scanner (Erlangen, Germany) at the Department of Radiology at the National University Hospital, Rigshospitalet in Copenhagen, Denmark. Each participant was examined in head-first supine position. The MRI protocol composed of a three-plane localizer sequence followed by a T1-weighted sequence (field of view (FOV), 400–450 mm; slice thickness, 6.0 mm; distance factor, 20%; repetition time (TR)/echo time (TE), 19/650 ms), and a 2-point Dixon sequence (FOV, 400–450 mm; slice thickness, 3.5 mm; distance factor, 0%; TE/TR, 2.45 and 3.675/5.59 ms). Two body matrix coils and a peripheral leg coil were used for signal detection. Total scan time was approximately 40 min. Five cross-sectional slices were chosen for the investigation of disease progression (Figure 1). Dixon sequences were used to quantify fat fraction (FF) by defining a region of interest (ROI). Twenty-two ROIs were mapped bilaterally using Horos software v. 3.3.6 and consisted of the following muscles: Erector spinae (ES) was mapped at spinal level C6, Th12, and L4/L5 and multifidus (M) at spinal levels T12 and L4/L5. Abdominal muscles were not mapped but instead inspected visually due to motion artifact from respiration. Iliopsoas (P) was mapped at spinal level L4/L5, and muscles of the thigh were mapped at mid-thigh, corresponding to 50% of the length of femur: Rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), vastus intermedius (VI), Sartorius (SA), gracilis (GR), the adductor muscles (AM) (adductor magnus and adductor longus), and hamstring muscles: semimembranosus (SM), semitendinosus (ST), and biceps femoris (BF). At the widest section of the lower leg, corresponding to about 1/3 of tibia from the knee down, the following muscles were mapped: Tibialis anterior (TA), peroneals (PER), tibialis posterior (TP), soleus (SOL), gastrocnemius lateralis (GL), and gastrocnemius medialis (GM).
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FIGURE 1. Cross-sectional MR images at baseline and at follow-up. Images of the cross-sectional slices at baseline (left column, A–E) and at follow-up (right column, F–J). Images are shown at spinal levels C6 (A,F), T12 (B,G), and L4/L5 (C,H), thighs (D,I), and lower legs (E,J). A visual inspection of the images shows some progression of the right medial head of gastrocnemius from baseline, (E) to follow-up (J), while changes in other muscles from baseline are indiscernible. Blue arrows show the abdominal muscles (C,H).


The cross-sectional area was determined from the mapping followed by quantitative fat fraction estimation. Mean FF % was expressed as percentage fat (0–100%) = signal fat/(signal water + fat). Bilateral mean FF % was used in the analysis. Baseline visit, follow-up visit, including mapping of ROIs was performed by the same examiner.

We analyzed our MRI data in two parts: First analysis consisted of all participants (N = 16). Based on the total mean muscle FF % per participant, we divided the participants in two groups that were analyzed separately: One group consisted of lesser-affected participants (N = 5, FF % < 35%) and the other of more severely affected participants (n = 11, FF % > 35%). In addition, based on direct observation, the participants with FF % < 35% displayed the least difficulty with ambulation such as rising from chair and walking, while participants with FF % > 35% displayed much greater ambulation difficulty.



Statistical Analysis

Statistical analysis was performed using SPSS v22. All values are mean ± SD, unless otherwise stated. The Mann–Whitney test was used to test the null hypothesis of no difference in FF% from baseline to follow-up and trunk strength from baseline to follow-up. The level of significance was set at p ≤ 0.05.




RESULTS

The 16 participants with genetically verified Becker muscular dystrophy were 37.1 ± 11.9 years old and had a BMI of 27.5 ± 6.3 at follow-up. The mean follow-up interval was 398.4 ± 32.1 days (range of 365–478 days).


Trunk Muscle Strength From Baseline to Follow-Up

Mean trunk muscle strength did not differ from baseline to follow-up in the whole cohort (Figure 2) or the two subgroups.


[image: Figure 2]
FIGURE 2. Trunk muscle strength at baseline and at follow-up. Trunk extension and flexion strength at baseline and at follow-up. Nm, Newton-meter. All values are mean ± SD.




Fat Fraction From Baseline to Follow-Up

The first analysis showed no significant change in muscle FF% of the measured muscles of the back, thighs, and lower legs from baseline to follow-up, except for multifidus at spinal level T12 (Figures 3A–C), but all muscles showed a nominal increase in fat fraction from baseline to follow-up (3A–C). Abdominal muscles did not show any progression in fat replacement visually inspected at follow-up (Figure 1). The subgroup analysis showed a significant increase in FF% in the less affected group at L4/L5 ES (p = 0.047), SA (p = 0.028), GR (p = 0.009), TA (p = 0.047), PER (p = 0.028), and GM (p = 0.009) while the severely affected group increased significantly only at T12 M (p = 0.028) and T12 ES (p = 0.011).
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FIGURE 3. (A–C) Fat fraction % at baseline and at follow-up. Fat fraction % of muscles of the back and iliopsoas (A), muscles of the thighs (B), and muscles of lower legs (C) at baseline (black bars) and at follow-up (gray bars). Missing value for spinal level C6 (n = 1, due to phase-shift artifact), and missing value for thighs and lower legs (n = 1, due to positioning difficulty in scanner). Asterisk * indicates a significant difference (p = 0.01). All values are mean ± SD.





DISCUSSION

This is the first study to examine longitudinal changes in disease progression in BMD using qMRI of the paraspinal muscles, lower limb muscles, and trunk muscle strength assessed by dynamometry. We found no significant change in trunk extension and flexion strength from baseline to follow-up, and qMRI on group level only identified a significant increase in FF% in the multifidus at spinal level T12. However, when we separately analyzed the lesser severe and severely affected participants, the FF% increased significantly in the lower back, sartorius, gracilis, and some of the lower leg muscles in the lesser affected individuals, while the severely affected participants only increased in FF% in their paraspinal muscle at spinal level T12. Irrespective of the significant changes in muscle FF%, muscle strength did not differ in the two subgroups.

We quantified trunk extension and flexion strength with a Biodex dynamometer. A previous study has established that strength measure reliability is excellent for trunk extension and moderate for trunk flexion (7). The absence of any change in trunk strength at follow-up, suggests that qMRI, which showed numerical increase in muscle FF%, is a more sensitive marker of change than strength. This discrepancy between qMRI progression and maintained muscle strength is in line with findings in other muscular dystrophies (8, 9) and is likely explained by the fact that the paraspinal muscles work as a whole unit and that muscle strength of a subset of the paraspinal musculature cannot be measured clinically.

On group level, we did not find any significant difference in FF% from baseline to follow-up, except at spinal level T12 multifidus. In contrast, a significant difference in muscle FF% has been found in 1-year follow-up of other muscular dystrophies (8, 9). One study found a significant difference in all measured muscles of the back, hip flexors, knee extensors and flexors, and lower leg muscles at 1-year follow-up in patients with facioscapulohumeral muscular dystrophy (8), and Willis et al. found a significant increase in FF% in 9 of 14 investigated muscles, including the hamstrings, sartorius, gracilis, vastus lateralis, rectus femoris, and calf muscles in limb–girdle muscular dystrophy type R9 (9). This could suggest that the rate of disease progression in BMD is slower than these other muscular dystrophies and that a 1-year follow-up therefore may be too short to show change. However, our participants had a higher FF% at baseline and therefore there could have been a ceiling effect for change in FF%. In support of this notion, the lesser-affected group of BMD participants significantly increased their muscle FF% in 6 of 22 assessed muscles at follow-up, while the severely affected participants only increased in FF% in one. This suggests that disease progression in BMD may not be much different from FSHD and LGMDR9, when patients with the same disease severity are compared. It also highlights the importance of stratifying patients with BMD according to phenotype for future clinical trials. In addition, the small number of participants in our study may partly explain the lack of significant progression in FF% on a group level.

Another limitation to our study may be the use of 2-point Dixon imaging. Two-point Dixon has shown to be sensitive to phase-shift artifacts in comparison with 3-point Dixon (10); however, we only experienced this with one subject at spinal level C6 and those images were not included in the analysis.

A recent study reported that increases in T2 heterogeneity were observed in fat-replaced muscles in relation to increased disease activity (11). Therefore, it may be of interest to add T2 to MRI protocols in future studies to expand the understanding of disease activity.

In conclusion, we recommend that for future trials patients with BMD should be stratified according to phenotype because they evolve differently and that there is an emphasis on including mild to moderately affected patients, because capturing a change in disease progression in severely affected patients may not be as evident as the lesser affected patients.
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Background: Atherosclerotic disease of the internal carotid artery (ICA) is a common reason for ischemic stroke. Computed tomography angiography (CTA) is a common tool for evaluation of internal carotid artery (ICA) stenosis. However, blooming artifacts caused by calcified plaques might lead to overestimation of the stenosis grade. Furthermore, the intracranial ICA is more vulnerable to calcification than other ICA segments. The proposed technique, dual-energy computed tomography (DECT) with a modified three-material decomposition algorithm may facilitate the removal of calcified plaques and thus increase diagnostic accuracy.

Objectives: The objective of the study is to assess the accuracy of the modified three-material decomposition algorithm for grading intracranial ICA stenosis after calcified plaque removal, with digital subtraction angiography (DSA) used as a reference standard.

Materials and Methods: In total, 41 patients underwent DECT angiography and DSA. The three-material decomposition DECT algorithm for calcium removal was applied. We evaluated 64 instances of calcified stenosis using conventional CTA, the previous non-modified calcium removal DECT technique, the modified DECT algorithm, and DSA. The correlation coefficient (r2) between the results generated by the modified algorithm and DSA was also calculated.

Results: The virtual non-calcium images (VNCa) produced by the previous non-modified calcium removal algorithm were named VNCa 1, and those produced by the modified algorithm were named VNCa 2. The assigned degree of stenosis of VNCa 1 (mean stenosis: 39.33 ± 19.76%) differed significantly from that of conventional CTA images (mean stenosis: 59.03 ± 25.96%; P = 0.001), DSA (13.19 ± 17.12%, P < 0.001). VNCa 1 also significantly differed from VNCa 2 (mean stenosis: 15.35 ± 18.70%, P < 0.001). In addition, there was a significant difference between the degree of stenosis of VNCa 2 and conventional CTA images (P < 0.001). No significant differences were observed between VNCa 2 and DSA (P = 0.076). The correlation coefficient (r2) between the stenosis degree of the VNCa 2 and DSA images was 0.991.

Conclusions: The proposed DECT with a modified three-material decomposition algorithm for calcium removal has high sensitivity for the detection of relevant stenoses, and its results were more strongly correlated with DSA than with those of conventional CTA or the previous non-modified algorithm. Further, it overcomes CTA's previous problem of overestimating the degree of stenosis because of blooming artifacts caused by calcified plaques. It is useful to account for calcified plaques while evaluating carotid stenosis.

Keywords: dual-energy computed tomography, internal carotid artery, calcified plaque, calcified stenosis, blooming artifacts, modified algorithm


INTRODUCTION

The incidence of ischemic cerebrovascular disease has increased alongside the increasing numbers of patients with hypertension, hyperglycemia, and hyperlipidemia (1). It is a major cause of death and disability, and it seriously reduces patients' quality of life (2). Internal carotid artery (ICA) atherosclerotic disease is a common cause of ischemic stroke (3). The intracranial ICA has a narrower lumen than the extracranial ICA, and it is more prone to calcification (4). Thus, it might be more vulnerable to blooming artifacts generated by calcified plaque. Such blooming artifacts of calcification in the intracranial ICA might lead to overestimation of vascular stenosis. Recently, for patients with intracranial ICA stenosis, standard drug treatment has been the first-line therapy. However, ischemic cerebrovascular events still occur frequently in some patients. Invalid patients with symptomatic severe intracranial ICA stenosis are suitable for interventional therapy according to the Warfarin and Aspirin for Symptomatic Intracranial Disease (WASID) study. Thus, it is necessary to evaluate the degree of vascular stenosis so that the optimal treatment can be chosen. Further, choosing between different treatments according to the degree of vascular stenosis is important for patients' prognosis (5, 6).

Digital subtraction angiography (DSA) is the gold standard for evaluation of the degree of ICA stenosis, but it is invasive and has periprocedural risks (7). Compared with DSA, some other methods are less invasive and used more prevalently, such as transcranial color-coded duplex sonography (TCCD), magnetic resonance arteriography (MRA), and computed tomography arteriography (CTA). TCCD relies more on the experience and expertise levels of the sonographer. Hence, that method has low repeatability. Another non-invasive method, CE-MRA or TOF-MRA, is limited by contraindications such as claustrophobia and cardiac pacemakers, and it takes a long time to perform. In addition, patients complicated with dysphoria cannot stay still for a long time during scanning, so it is also not suitable for such patients. Besides, TOF-MRA has low spatial resolution and high vulnerability to artifacts caused by blood flow (8). Another widely accepted technique for evaluating ICA stenosis is CTA, which has the advantages of three-dimensional volumetric data analysis, better visualization of distal arteries, and shorter time cost (9). The results of CTA correlate well with those of DSA, and have high diagnostic accuracy (3). However, CTA may be hampered by calcified plaques, which may cause blooming artifacts and lead to overestimation of vascular stenosis (10). Nevertheless, information about the degree of vascular stenosis can be used to select the best treatment for patients (5, 11).

Dual-energy CT (DECT) has been used with increasing frequency in recent years. This modality allows the simultaneous acquisition of low- and high-energy images in a single examination and thus avoids interscan motion. It also reduces the radiation dose and scan time (12). In previous research, the CT value of iodine increased much more than those of bone and calcification when the X-ray tube voltage was decreased (13, 14). Thus, DECT may also have the ability to distinguish between medium-contrast volumes and calcified plaques and then remove the influence of calcified plaques. Some studies have investigated the usefulness of DECT angiography for removing calcified plaques and bone (15). Uotani et al. performed plaque and bone removal to assess the degree of carotid stenosis and concluded that DE hard plaque removal is useful for the evaluation of ICA stenosis with calcification (16). Werncke et al. applied plaque and bone removal to assess the degree of stenosis of peripheral arteries. They observed that DE hard plaque removal is highly effective for heavily calcified plaques (17). However, when Thomas et al. (5) performed plaque and bone removal on 25 patients' images, the results indicated that although DECT had a stronger correlation with DSA than conventional CTA, it frequently overestimated the degree of stenosis. However, distinguishing the degree of stenosis is clinically necessary (5, 18). Thus, a modified technique is needed. Recently, Mannil et al. used a novel modified DECT material-differentiating algorithm to evaluate the degree of stenosis of the extracranial ICA and found that their algorithm removed calcified plaques more accurately (19). However, patients with severe stenosis were not included (19), and research only applied the modified method to detect stenosis of the extracranial ICA.

Therefore, the purpose of this study is to evaluate the accuracy of the novel modified DECT material-differentiating algorithm for detecting the degree of stenosis of the intracranial ICA.



MATERIALS AND METHODS


Patients

A single-center, prospective trial was conducted from January 2018 to March 2019. We collected patients' data from the Department of Neurosurgery, and all patients' medical history was assessed. Physical examinations, laboratory testing, and imaging examinations were also conducted.

The inclusion criteria were patients with intracranial ICA stenosis who underwent both intracranial and extracranial DSA and DE-CTA, the intracranial ICA stenosis was caused by calcified plaque, and there was a <2-week interval between DSA and DE-CTA. The exclusion criteria were unstable clinical conditions. Each patient signed a written consent form, and this research conformed to the principles outlined in the Declaration of Helsinki. We acquired ethical approval from Xuanwu Hospital of Capital Medical University.



CTA Data Acquisition and Postprocessing

The CTA data were acquired with a 128-row multidetector CT scanner (Somatom Force®, Siemens, Munich, Germany). All patients were scanned from the aortic arch to the supraventricular white matter. The scan parameters were tube voltages of 150 and 90 kV, automatic adjustment of tube current according to patient size, pitch 1, slice thickness of 0.75 mm, layer spacing of 0.4 mm, rotation time of 0.5 s, FOV of 19–22 cm, and matrix size of 512 × 512.

The enrolled patients received 65 ml of contrast (Ultravist 370®, BayerSchering Pharma, Berlin, Germany) at a flow rate of 5 ml/s. The precise timing of the injection was determined using a test-bolus technique.

The conventional mixed CTA images were reconstructed with a weighting factor of 0.5, which resulted in a mixture of images from the 150- and 90-kV scans that resembled single-energy CTA. Then, the CTA data were transferred to a workstation (syngofastView®, Siemens Healthineers, Erlangen, Germany) for postprocessing. Virtual non-calcium (VNCa) images were generated according to the previous non-modified calcium removal DECT technique (VNCa 1) and the modified DECT algorithm (VNCa 2) using dedicated prototype software (eXamine, Version 0.9.10; Siemens).



Qualitative Evaluation

Two experienced radiologists evaluated the results, and each was blind to the other's results. The image quality of conventional CTA and VNCa images was assessed on the following scale: 1 = perfect; 2 = not perfect, but could diagnose; 3 = non-diagnostic.



Quantitative Evaluation

The stenosis measurements of the intracranial ICA on DSA, conventional CTA, and VNCa images were evaluated according to the criteria established by the North American Symptomatic Carotid Endarterectomy Trial. The formula: (the diameter of the normal artery beyond the stenosis–the diameter of the narrowest lumen)/the diameter of the normal artery beyond the stenosis × 100%.

Mean intraluminal attenuation values (Hounsfield units, HU) were measured in matched locations on conventional CTA and VNCa 2 images using a standardized circled region of interest. Two different experienced radiologists evaluated the DSA results, and they were blind to the CTA results.



Statistical Analysis

Continuous variables were expressed as means ± standard deviations, and categorical variables were expressed as frequencies or percentages. Differences between stenosis measurements on conventional CTA, VNCa, and DSA were tested using analyses of variance. The differences in mean intraluminal attenuation values between VNCa 2 and conventional CTA were compared by a paired-samples t-test. Then, Pearson correlation was used to assess the relationship between DSA and VNCa 2. P < 0.05 were considered significant. Intrareader and interreader agreement regarding the degree of stenosis and qualitative imaging parameters was determined by intraclass correlation coefficients and Goodman and Kruskal's gamma, respectively.




RESULTS

This prospective study included data from 41 patients (29 men, 12 women) with 64 instances of calcified plaque on the intracranial ICA. Detailed information is found in Table 1.


Table 1. Descriptive statistics.
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Qualitative Analysis

The image quality of the conventional CTA and VNCa was almost perfect. Only one patient's image with two instances of calcified plaque on the intracranial ICA was not perfect, and that result was influenced by a metal artifact. So in the next analysis, we removed the patient's data.



Quantitative Analysis

The mean levels of carotid artery stenosis in DSA, conventional CTA, and VNCa 1 and 2 images were 13.79 ± 17.12%, 59.03 ± 25.96%, 39.33 ± 19.76%, and 15.35 ± 18.70%, respectively. Significant differences in stenosis level were observed among these four methods (P = 0.001; Table 1). The VNCa 1 results showed significant differences from those of conventional CTA, DSA images. VNCa 1 also significantly differed from VNCa 2. In addition, the stenosis level in conventional CTA images was significantly different from that in VNCa 2 and DSA images. There was no difference in stenosis levels between VNCa 2 and DSA images (P = 0.076; Table 2, Figures 1, 2). Representative examples of calcified carotid stenosis in DSA, conventional CTA, and VNCa 1 and 2 images are depicted in Figures 3, 4.


Table 2. Comparison of CTA, VNCa, and DSA stenosis measurements.
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FIGURE 1. The dot-line graph showed the degree of calcified stenosis in virtual non-calcium images produced by the previous non-modified calcium removal algorithm (VNCa 1) tend to overcome the degree of calcified stenosis compared with digital subtraction angiography (DSA).



[image: Figure 2]
FIGURE 2. The dot-line graph showed that virtual non-calcium images produced by the modified algorithm (VNCa 2) had good consistency with DSA. Novel three-material decomposition dual-energy computed tomography (DECT) algorithm improves the diagnostic accuracy of computed tomography angiography (CTA).



[image: Figure 3]
FIGURE 3. A 54-year-old man with calcified severe stenosis on the right intracranial internal carotid artery (ICA). (A) Axial conventional CTA at the location of calcified carotid artery stenosis (arrow). (B,C) Axial VNCa 1 and MIP at the location of calcified carotid artery stenosis (arrow). (D,E) Axial VNCa 2 and MIP at the location of calcified carotid artery stenosis (arrow). (F) DSA in sagittal projection indicated the severe stenosis (arrow). VNCa 2 had good consistency with DSA, and VNCa 1 tend to overcome the severe stenosis to occlusion.



[image: Figure 4]
FIGURE 4. A 60-year-old man with calcified plaque on the left intracranial ICA. (A) Axial conventional CTA at the location of calcified plaque (arrow). (B,C) Axial VNCa 1 and MIP at the location of calcified carotid plaque (arrow). (D,E) Axial VNCa 2 and MIP at the location of calcified plaque (arrow). (F) DSA in sagittal projection indicated the no stenosis at the location of calcified plaque (arrow). The VNCa 1 still had residual calcification, and it tends to overcome the degree of calcified stenosis. Then VNCa 2 had good consistency with DSA.


The mean intraluminal attenuation on conventional CTA images was 435.3 ± 83.6 HU, and the corresponding value at matched locations on VNCa 2 images was 399.37 ± 84.24 HU. The mean intraluminal attenuation on VNCa 2 images was significantly lower than that on conventional CTA images (P < 0.001; Table 1).

We selected four examples of DSA images for stenosis quantification, and they were evaluated as 30, 90, 75, and 50% stenosis. The same four lesions were quantified as 70, 100, 90, and 70% stenosis, respectively, on conventional CTA images; 50, 100, 90, and 50%, respectively, on VNCa 1 images; and 40, 90, 80, and 50%, respectively, on VNCa 2 images (Table 3). Among these lesions, conventional CTA and VNCa 1 tended to overestimate severe stenoses as occlusions or overestimate mild stenoses as moderate–severe stenoses. However, VNCa 2 and DSA had good consistency. The correlation coefficient (r2) of stenosis grading between the VNCa 2 and DSA images was 0.991.


Table 3. Patients with moderate to severe stenosis on DSA.
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DISCUSSION

Our results indicate that the modified DECT algorithm is capable of removing calcified plaques and bone. Thus, it achieves improved quantification of intracranial ICA stenosis with DSA as the reference standard.

One of the innovations of DECT is that it overcomes mis-registration, which may occur in the conventional CTA method as a result of pulsations or neck movements during pre- and post-contrast scanning (20, 21). It has the advantages of low radiation dose and short scan time (22, 23), and it can remove the influence of calcified plaques and increase the accuracy of diagnosis of the degree of vascular stenosis.

Some studies have investigated the usefulness of the early DECT algorithm for removing calcified plaques and bone. For example, Uotani et al. (16) and Werncke et al. (17) applied DE plaque and bone removal to assess the degree of stenosis of carotid or peripheral arteries, finding that the technique was highly effective for heavily calcified plaques. However, some studies have also found that this technique has a disadvantage: it frequently leads to overestimation of the degree of vascular stenosis (5). Standard drug treatment is the first-line therapy for patients with intracranial ICA stenosis. However, some patients with severe intracranial ICA stenosis might fail to respond to medication, and interventional therapy could be suited for such patients, according to the WASID study. Further, interventional techniques may be unsuitable for patients with occlusion of the intracranial ICA. Hence, distinguishing the degree of stenosis is clinically important to choose suitable treatments for patients (5). Because of the above disadvantage, Mannil et al. applied a modified DECT algorithm to evaluate stenosis in the extracranial ICA and indicated that this new algorithm might improve the technique's accuracy (19). However, that study neglected to investigate intracranial ICA stenosis and did not compare the modified DECT algorithm with previous calcium removal DECT techniques.

In the present study, we applied this modified DECT algorithm to evaluate the degree of stenosis of the intracranial ICA. The intracranial ICA has a smaller lumen than the extracranial ICA. The tortuosity of the intracranial ICA makes it more prone to calcification of the vessel walls (24, 25). The influence of blooming artifacts in the intracranial ICA is more obvious than that in the extracranial ICA. The intracranial ICA is located at the base of the skull. Sometimes, the skull base bone can also interfere with judgment of vascular stenosis (26). Our results indicate that the modified DECT algorithm is more accurate than conventional CTA and previous non-modified calcium removal DECT technique, and its results are strongly correlated with those of DSA. This modified DECT algorithm has the potential to effectively increase the clinicians' ability to test the degree of vascular stenosis. Besides, the previous non-modified calcium removal DECT technique had higher diagnostic accuracy than conventional CTA but also tended to overestimate the degree of vascular stenosis.

In addition, we enrolled some patients with moderate–severe stenosis of the intracranial ICA in this study, providing a necessary complement to previous studies. Distinguishing between severe stenosis and occlusion or between mild–moderate stenosis and severe stenosis is clinically important, as the treatments for those conditions are different. For example, occlusions are not appropriate for stenting. If treatable stenoses are categorized as occlusions, treatment could be denied to patients (5, 18). Further, interventional therapy is not recommended for mild–moderate intracranial ICA stenosis. Thus, the assessment of the degree of vascular stenosis could affect patients' prognosis. In this study, the modified DECT algorithm and DSA produced consistent results, but conventional CTA and the previous non-modified calcium removal DECT technique tended to overestimate vascular stenosis. Thus, the modified DECT algorithm could improve the clinicians' diagnostic ability.

In this study, the modified DECT algorithm successfully removed calcified plaques from the intracranial ICA in almost all cases (96.88%). Only two calcified plaques were removed insufficiently (i.e., large residual calcifications were present). Serious metal artifacts might lead to undesirable results. Also, the level of intraluminal attenuation on VNCa 2 was significantly lower than that on conventional CTA images, indicating that the modified DECT calcium removal algorithm could partially remove iodine as well, which implies that the modified algorithm still has limitations in its current form.

Our study has the limitation of a small sample size. Larger trials need to be conducted to test our results.

The novel three-material decomposition DECT algorithm removed the calcified plaques on intracranial ICA in CTA images effectively and improved image quality. Its results were strongly correlated with those of DSA and overcame CTA's previous problem of overestimating degree of vascular stenosis. Thus, it has the potential to improve the diagnostic accuracy of CTA.
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Introduction: In confirming the clinical diagnosis of carpal tunnel syndrome (CTS), ultrasonography (US) is the recommended first diagnostic test in The Netherlands. One of the most important parameters for an abnormal US result is an increase of the CSA of the median nerve at the carpal tunnel inlet. An earlier study showed that a wrist-circumference dependent cut-off for the upper limit of normal of this CSA might be superior to a fixed cut-off of 11 mm2. In this study we compared three ultrasonography (US) parameters in three large Dutch hospitals.

Methods: Patients with a clinical suspicion of CTS and with reasonable exclusion of other causes of their symptoms were prospectively included. A total number of 175 patients were analysed. The primary goal was to compare the number of wrists with an abnormal US result while using a fixed cut-off of 11 mm2 (FC), a wrist circumference-dependent cut-off (y = 0.88 * x−4, where y = ULN and x = wrist circumference in centimetres; abbreviated as WDC), and an intraneural flow related cut-off (IFC).

Results: The WDC considered more US examinations to be abnormal (55.4%) than the FC (50.3%) did, as well as the IFC (46.9%), with a statistically significant difference of p = 0.035 and p = 0.001, respectively. The WDC detected 12 abnormal median nerves while the FC did not, and 18 while the IFC did not. The wrist circumference of the patients of these subgroups turned out to be significantly smaller (p < 0.001) when compared with the rest of the group.

Conclusion: According to these study results, the wrist-circumference dependent cut-off value for the CSA of the median nerve at the wrist appears to have a higher sensitivity than either a fixed cut-off value of 11 mm2 or cut-off values based on intraneural flow, and may add most value in patients with a smaller wrist circumference.

Keywords: carpal tunnel syndrome, ultrasonography, cross-sectional area (CSA), median nerve, cut-off


INTRODUCTION

Carpal tunnel syndrome (CTS) is the most common peripheral mononeuropathy with a prevalence ranging from 1 to 6% in the general population (1, 2). CTS is caused by compression of the median nerve as it travels through the carpal tunnel, and can be diagnosed clinically. The symptoms classically include pain and paraesthesia in the territory of the median nerve, increasing during the night, and provocation by flexing or extending the wrist (3). Case history evaluation is the most important part of consultation for the clinical diagnosis of CTS (4). Nevertheless, in The Netherlands, most surgeons require a confirmation by an electrodiagnostic or ultrasound test (5).

As of 2017, ultrasonography (US) is the recommended first diagnostic test in The Netherlands because it is easily accessible and painless. Moreover, US and nerve conduction studies (NCS) have a similar sensitivity and specificity, according to the Dutch CTS guideline (6). In literature, several ultrasonography parameters for confirming the diagnosis CTS are suggested, the most important being (7, 8):

- An increase in the cross-sectional area (CSA) of the median nerve at wrist level;

- Flattening ratio of the median nerve at the hamate level;

- Swelling ratio; increase in the CSA at the wrist level compared to the CSA at distal radius level (9);

- Palmar bowing of the flexor retinaculum;

- And hypervascularisation (10).

In a previous study we found that a wrist circumference-dependent cut-off value of the CSA could lead to increased diagnostic accuracy (11). In this study we used the increase of the CSA of the median nerve at wrist level as parameter and evaluated which of three ultrasonographic cut-off values can confirm the clinical diagnosis of CTS the most accurately. These three parameters include a cut-off value of the maximum CSA based on (1) a fixed cut-off value, (2) a wrist circumference-dependent cut-off value, and (3) an intraneural flow-dependent cut-off value (the presence or absence of increased nerve vascularisation).

In earlier studies (12) we used more rigid clinical criteria for diagnosing CTS. Patients were included if they experienced paraesthesias and/or pain in the median nerve-innervated territory, and two or more of the following clinical signs: (1) nocturnal paraesthesias, (2) aggravation of paraesthesias by driving, holding a book or telephone, and (3) a positive Flick sign. However, in our experience, confirmation of presumed CTS is often required by the clinician for patients who do not fulfil all these criteria. In this study we analysed data from three large Dutch teaching hospitals with less strict, but in daily practice more commonly used, inclusion criteria for CTS, as mentioned in paragraph Study Population and Sonography Assessment. Compared to earlier studies, waking up at night due to the symptoms was not mandatory in this study and we did not specify the different types of aggravating activities.

The primary goal of this study was to investigate in how many patients clinical CTS conformation could be achieved by using these three cut-off values and compare performance of these cut-off values. The clinical diagnosis, as defined in the inclusion criteria in the next section, was used as the gold standard.



MATERIALS AND METHODS


Methods

Patients with a clinical suspicion of CTS were referred by their general practitioners between 2018 and 2020. Neurologists in one Dutch university hospital (Radboud university medical centre, Nijmegen) and two Dutch teaching hospitals [Zuyderland hospital, Heerlen and Canisius-Wilhelmina hospital (CWZ), Nijmegen] took the history and included patients if they met the criteria as mentioned in the next paragraph. Ultrasonography was performed and the cross-sectional area (CSA) for the median nerve was measured in all hospitals. The circumference at the distal wrist crease [affected side(s)], height, weight, age, gender and the duration of symptoms were documented. Ultrasonography studies were performed on the same day for each patient and by experienced electrodiagnostic technicians.

The study was approved by the local ethics committee.


Study Population and Sonography Assessment

Patients were included if they met all of the following inclusion criteria:

- Over 18 years old;

- Paraesthesia (possibly accompanied by hypaesthesia and/or pain) in the territory of the median nerve;

- Aggravation of complaints by certain activities or wrist movements;

- Reasonable exclusion of other causes based on history-taking and examination.

In patients with bilateral complaints only one side was randomly included. We excluded patients with clinical signs of polyneuropathy, previous surgery or trauma to the wrist and bifid median nerves. Also, pregnant patients and patients with a history of rheumatoid arthritis, diabetes mellitus, hereditary neuropathy with liability to pressure palsies, thyroid disease or alcoholism were excluded.

US studies were performed by neurophysiology technicians with at least 5 years of nerve ultrasound experience. The studies were performed with a Hitachi Aloka Arietta 850 ultrasound system in the Canisius-Wilhelmina hospital (5–17 MHz linear array transducer) and in the Zuyderland hospital (5–18 MHz linear array transducer). In the Radboud university medical centre (Radboudumc) a Fujifilm Sonosite Xporte (5–16 MHz linear array transducer) was used. The main settings of the US machine were: frequency 17–18 MHz, acoustic power 100%, deepness 1.5 cm and focus position 2 cm. Patients were examined in a sitting position with their forearm in supination resting on an examination couch. The median nerve ultrasonography was performed in longitudinal and transverse planes. The inner margin of the hyperechoic rim was outlined by the technicians, as was learned in specialised ultrasound training. The CSA was calculated by the software of the ultrasound system, rounding all measurements to the nearest 0.01 cm2. Colour Doppler sonography with no extra manual compression was used to depict potential intraneural blood vessels. The power Doppler box was placed over the nerve with the focus point adjusted to the nerve depth. The colour gain was set to the maximum level for higher sensitivity to flow signals. Intraneural flow was defined as pulsatile focal colour flow signals. Ultrasonographic protocol in the Radboudumc included measurements of both distal and proximal carpal tunnel CSA; we included the largest measured CSA only.

A fixed cut-off value of >11 mm2 for the CSA of the median nerve at the wrist level was compared with wrist circumference-dependent cut-off values and cut-off values based on increased nerve vascularisation in the median nerve. In the Dutch CTS guideline (6) a fixed cut-off of 11 mm2 for the median nerve CSA at wrist level is mentioned based on a study from Visser et al. (13). The wrist circumference-dependent cut-off value was calculated by an equation, y = 0.88 * x−4.0, where y is the upper limit of normal of the CSA and x = wrist circumference in centimetres, as described in a previous study (11). If intraneural flow was present a cut-off value of > 12.4 mm2 was used, and if absent, the cut-off value was >11.2 mm2. These cut-off values were based on the CSA upper limit of normal 95th percentiles in a healthy population (14).

For readability purposes we abbreviated the cut-off values in the rest of this paper as FC for the fixed cut-off value, WDC for the wrist circumference dependent cut-off value and IFC for the intraneural flow related cut-off value.




Statistics

Statistical analyses were performed using SPSS Statistics Version 26.0. The type of distribution of the data was checked by performing visual analysis of the histograms, the Kolmogorov–Smirnov test and Q-Q plots. Group comparisons for patient characteristics were performed by Chi–Square test (nominal unpaired data), one-way ANOVA analysis for numerical, normally distributed, unpaired data and for non-parametric data the Mann–Whitney U (2 groups) or Kruskal–Wallis (>2 groups) test. The categorical data of the three hospitals combined was analysed using McNemar's test for paired data. p < 0.05 was considered to be statistically significant.




RESULTS

Table 1 shows the patient characteristics. A total number of 175 patients were included. There were no statistically significant differences between the hospitals in gender, age, side of included wrist, height, weight, BMI, or the duration of symptoms. Particularly, wrist circumference did not differ between these patient groups. The CSA of the median nerve at wrist was significantly smaller in the Zuyderland hospital compared with CWZ (p < 0.001) and compared with the Radboudumc (p = 0.042). This value did not differ between CWZ and the Radboudumc (p = 0.318).


Table 1. Patient characteristics.
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Patient Data

In order to assess the primary goals of this study, data of the three hospitals was combined. We compared the total number of abnormal ultrasonography results using the three different parameters as discussed. In Table 2 the results are presented.


Table 2. Combined results of ultrasonography of the three hospitals for the fixed cut-off, the wrist circumference-dependent cut-off (WDC) and the cut-off based on intraneural flow (IFC).
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As shown in Figure 1, ultrasonography was significantly more often abnormal while using the WDC compared with the FC (p = 0.035) or the IFC (p = 0.001).


[image: Figure 1]
FIGURE 1. Data of three hospitals combined showing the number of patients with abnormal ultrasonography (US) results. Comparison of the fixed cut-off value (FC), the wrist circumference-dependent cut-off value (WDC) and the flow-dependent cut-off value (IFC). US results were more often abnormal both with the FC (p = 0.031) and the WDC (p = 0.001) compared with the IFC. P-values calculated with McNemar's test.


The following paragraphs give insight in the hospital-specific data.


Zuyderland Hospital

We collected data from 75 patients. Ten bifid median nerves in nine patients led to four exclusions. We eventually included 71 patients. Table 3 shows the data of the performed tests of the Zuyderland hospital. Interestingly, ultrasonography was abnormal in only 28.2% of the examined wrists when using the IFC, while 40.8% were considered abnormal when the WDC was used.


Table 3. Results of ultrasonography in the Zuyderland hospital for the fixed cut-off (FC), the wrist circumference-dependent cut-off (WDC) and the cut-off based on intraneural flow (IFC).
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Radboud University Medical Centre

Data from 48 patients was collected. We excluded one patient because of missing data points, two patients with bifid median nerves, two posttraumatic CTS patients and two patients because of prior wrist surgery. Forty-one patients were included. Table 4 shows the hospital-specific results. 56.1–61.0% of the 41 examined wrists showed abnormal US results.


Table 4. Results of ultrasonography in the Radboudumc for the fixed cut-off (FC), the wrist circumference-dependent cut-off (WDC) and the cut-off based on intraneural flow (IFC).
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Canisius-Wilhelmina Hospital (CWZ)

Data of 72 patients was obtained. Seven patients were excluded because of bifid median nerves, Two patients had a medical history of wrist arthrosis. Sixty-three patients were included. In Table 5 the results of CWZ are presented. Ultrasound test results were abnormal in 61.9–69.8%.


Table 5. Results of ultrasonography in the Canisius-Wilhelmina hospital for the fixed cut-off (FC), the wrist circumference-dependent cut-off (WDC) and the cut-off based on intraneural flow (IFC).
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Comparison of the Ultrasonography Parameters

The WDC considered 12 median nerves to be abnormal while the FC did not, and 18 while the IFC did not. The wrist circumference of these 12 and 18 wrists turned out to be significantly smaller (p < 0.001) when compared with the rest of the wrist circumferences as shown in Table 6. The mean CSA between these groups was not significantly different. Most of these patients (9/12 in the normal fixed group and 10/18 in the normal flow group) were examined at the Zuyderland hospital.


Table 6. Patient characteristics of 12 and 18 patients with an abnormal ultrasonography (US) result while using the wrist circumference dependent cut-off value but normal US results using the fixed and the flow-dependent cut-off value, respectively.
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DISCUSSION

In this cross-sectional study a wrist circumference-dependent cut-off value for the upper limit of normal of the CSA at the wrist led to more abnormal US results than either a fixed upper limit of normal of 11 mm2 (p = 0.035) or a cut-off value based on intraneural flow (p = 0.001) did.

As shown in an earlier study, a WDC of the CSA may augment diagnostic accuracy of ultrasonography in CTS patients (11). We found that this parameter considered more US to be abnormal than a FC or an IFC did. The mean CSA of the median nerves of the evaluated patients was relatively low in this study. In the Zuyderland hospital the mean CSA was significantly lower than in the Canisius-Wilhelmina hospital (p < 0.001) and the Radboudumc (p = 0.042). This lower mean CSA in the Zuyderland hospital leads to a very low number of abnormal US in the Zuyderland hospital, ranging from 28.2 to 40.8%. Looking at the small subgroup of patients with abnormal US results while using the WCD and normal US results while using the other two cut-off methods, a statistically significantly smaller wrist circumference was noticed, as is shown in Table 6. These results may point out that a cut-off value based on the wrist-circumference adds the most value in people with a smaller wrist circumference when compared with the other analysed US parameters in this study.

The lack of a gold standard is an important problem in the diagnosis of CTS and this complicates research regarding CTS (15). In literature, clinical signs and symptoms, NCS and (surgical) outcome are used as reference standards (15). CTS is a clinical diagnosis and without signs and symptoms an individual cannot be diagnosed with CTS but can have abnormal US/NCS outcomes. False positives as well as false negatives are therefore present in groups of patients with clinically defined CTS but also in groups of patients with e.g., abnormal US and/or abnormal NCS outcomes. A positive effect of surgical treatment is another possible reference standard. However, even sham operations could have a positive (placebo) effect. Furthermore, in a previous study we showed that patients with clinically defined CTS and normal NCS noted a significant reduction of complaints after carpal tunnel release (16). For the examined wrists in this study the same problem of false positives and false negatives exists and the less strict inclusion criteria are probably the cause of the low sensitivity of US in this study.

Several studies suggest that increased nerve vascularisation in the median nerve, as evaluated by colour Doppler sonography, is associated with (severity of) carpal tunnel syndrome (10). However, one study showed an increased median nerve vascularisation prevalence of 36% in 60 healthy individuals (14). Surprisingly, in this study, median nerve vascularisation was only present in 10.9% of the participants and in the Radboudumc absent in all participants. This is not in line with literature where increased nerve vascularisation is reported in 41–95% of CTS patients (10, 17). This may be explained by differences in techniques while performing US (e.g., manual compression) or differences in settings and/or Doppler sensitivity between US devices. A cut-off value based on nerve median nerve vascularisation seemed to be the least favourable cut-off compared with the other investigated parameters in this study.

There are several limitations to this study. Firstly, it is important to bear in mind the possible bias in our data caused by our more liberal inclusion criteria for investigating carpal tunnel syndrome. We did not mean to change the clinical criteria for CTS in any way, but our goal was to investigate a patient population, as may be encountered in daily outpatient clinical practice, as described in the introduction. Secondly, the neurophysiology technicians performing the US were not blinded. The technicians may have expected to find enlargement of the median nerve, however, compared to an earlier Dutch study the median CSA of the median nerve at wrist level seems to be lower in this study, especially in the Zuyderland hospital (13). Concerning ultrasonography, we did not measure intra- or interobserver variability of the measurements. Earlier studies reported good agreement of CSA measurements of the median nerve (18, 19) but we cannot fully exclude interobserver variability due to variation in outlining the nerve contour (20), particularly because of the significantly smaller CSA found in the Zuyderland hospital. Only in the Radboudumc the distal carpal tunnel was visualised, in the other hospitals the median nerve was visualised only in the proximal and middle part of the carpal tunnel. However, in this study the percentage of abnormal US in the Canisius-Wilhelmina hospital and the Radboudumc were comparable. Furthermore, we cannot exclude slight differences in interhospital interpretations concerning the inclusion criteria.

In conclusion, a WDC for the CSA of the median nerve at the wrist appears to have a higher sensitivity than a FC or IFC in CTS patients in clinical practice, who do not always fulfil more rigid clinical criteria for the clinical diagnosis CTS. A cut-off for the CSA of the median nerve based on the wrist-circumference may at present be the most powerful approach in patients with a smaller wrist circumference.
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Diffusion tensor imaging (DTI) measures water diffusion in skeletal muscle tissue and allows for muscle assessment in a broad range of neuromuscular diseases. However, current DTI measurements, typically performed using pulsed gradient spin echo (PGSE) diffusion encoding, are limited to the assessment of non-contracted musculature, therefore providing limited insight into muscle contraction mechanisms and contraction abnormalities. In this study, we propose the use of an oscillating gradient spin echo (OGSE) diffusion encoding strategy for DTI measurements to mitigate the effect of signal voids in contracted muscle and to obtain reliable diffusivity values. Two OGSE sequences with encoding frequencies of 25 and 50 Hz were tested in the lower leg of five healthy volunteers with relaxed musculature and during active dorsiflexion and plantarflexion, and compared with a conventional PGSE approach. A significant reduction of areas of signal voids using OGSE compared with PGSE was observed in the tibialis anterior for the scans obtained in active dorsiflexion and in the soleus during active plantarflexion. The use of PGSE sequences led to unrealistically elevated axial diffusivity values in the tibialis anterior during dorsiflexion and in the soleus during plantarflexion, while the corresponding values obtained using the OGSE sequences were significantly reduced. Similar findings were seen for radial diffusivity, with significantly higher diffusivity measured in plantarflexion in the soleus muscle using the PGSE sequence. Our preliminary results indicate that DTI with OGSE diffusion encoding is feasible in human musculature and allows to quantitatively assess diffusion properties in actively contracting skeletal muscle. OGSE holds great potential to assess microstructural changes occurring in the skeletal muscle during contraction, and for non-invasive assessment of contraction abnormalities in patients with muscle diseases.
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INTRODUCTION

Diffusion tensor imaging (DTI) is an MRI-based technique that allows to measure the anisotropic diffusion of water molecules in muscle tissue. DTI can non-invasively provide in vivo information on tissue architecture and microstructure, either normal or in a diseased state. In a typical DTI experiment, diffusion is probed along multiple directions using diffusion encoding gradients. The application of diffusion encoding gradients results in a signal attenuation, which across several directions can be geometrically interpreted by a rank 2 tensor. This tensor can be diagonalized to derive the principal directions of diffusion. In skeletal muscle, the highest diffusivity is observed along the axis of the fiber [axial diffusivity (AD)] and the lowest in the fiber cross section [radial diffusivity (RD)]. Due to its exquisite sensitivity to tissue microstructure, DTI is becoming an increasing popular tool to assess skeletal muscle status in a wide range of diseases (1) and muscle injuries (2).

Muscle contraction involves muscle fiber shortening and increase in cross-sectional area (CSA). The ability of accurately measuring these structural changes during muscle contraction in vivo has the potential to elucidate contraction abnormalities that are not apparent in relaxed musculature. Extensive simulation work showed the high sensitivity of skeletal muscle DTI to cellular size (3), with higher diffusion coefficients and lower fractional anisotropy (FA) associated with increasing fiber CSA. Due to its high cellular size sensitivity, DTI is a very promising tool to assess in vivo and non-invasively skeletal muscle microstructure and microstructural changes due to contraction in human musculature. Previous work has shown the high sensitivity of DTI to transient structural changes induced by passive shortening and lengthening (4–6) with increased radial diffusivity associated with passive shortening and increase in the fascicle CSA. Active muscle contraction induces shortening of muscle fibers, associated with increased fiber CSA. DTI is therefore an attractive tool to non-invasively assess muscle contraction mechanism by measuring changes in radial diffusivity during active contraction with respect to relaxed musculature.

DTI has been extensively applied to probe skeletal muscle microstructure in healthy subjects and patients. However, most of this work has been performed for static, non-contracting muscle, mostly due to the presence of signal voids in diffusion-weighted images acquired during muscle contraction (7, 8). These areas of signal void are caused by incoherent motion within the contracting muscle tissue (9), which results in rapid signal dephasing in contracting muscle and preclude further analyses and extraction of microstructural information from the DTI measurement. This need for static acquisition largely prohibits the characterization of fundamental functional aspects of the skeletal muscle, such as microstructural changes due to contraction and contraction-induced diffusion response. Recent work has shown that the presence and extent of signal voids occurring during external muscle stimulation in diffusion MRI can provide information on motor units (10). However, these methods do not allow to characterize the microstructural features of skeletal muscle.

Diffusion behavior in skeletal muscle has long been shown to be highly time-dependent (11), with diffusion coefficients measured using DTI that strongly depends on the time allowed for diffusing water molecules to probe the local environment (the so-called “diffusion dime”). This time-dependent behavior has also been combined with advanced mathematical modeling to derive cell size (12). For increasing diffusion times, the water molecules will interact with more barriers, and the apparent diffusion coefficient (ADC) will decrease, eventually reaching an asymptotic lower value (13, 14). Skeletal muscle is a highly hierarchical structure, and it is therefore possible to study different levels of tissue organization by tuning the diffusion time accordingly.

DTI in skeletal muscle is typically performed using pulsed gradient spin echo (PGSE) diffusion encoding, which has an intermediate diffusion time (about 20-30 ms), resulting in an inability to provide information at the level of the individual muscle fibers, typically on the order of 30–60μm. In practice, PGSE is also extremely sensitive to bulk motion caused by voluntary or involuntary muscle contraction, which leads to unwanted signal dropouts in the acquired images. Diffusion methods with very long diffusion times such as stimulated echoes are also routinely used to investigate muscle fiber size (15) but suffer from the same issue as the PGSE approach. OGSE has been proposed in the brain imaging field as an efficient method to reduce the diffusion time of the experiment while maintaining a sufficient amount of diffusion encoding (16, 17). By design, cosine or trapezoid-cosine OGSE waveforms also provide full motion compensation (M0 = M1 = M2 = 0), which could be particularly useful to compensate for bulk tissue motion induced by muscle contraction. Additionally, its short diffusion times could allow to investigate ultrastructural features that are currently not accesible using diffusion encoding schemes with longer diffusion times. OGSE could also allow to study microstructural and ultrastructural changes in actively contracted muscles. The OGSE method, although promising, is mostly confined to neurological (16, 18) and cancer (19) application and has never been applied to the skeletal muscle to date.

Therefore, the aim of this work is to explore OGSE for evaluation of the human skeletal muscle on a clinical 3T MRI scanner and to exploit its inherent motion compensation to measure muscle microstructure during active muscle contraction.



METHODS


Subjects

Five healthy volunteers (four females and one male) were recruited for lower-leg MRI imaging. None of the subjects had a history of muscle disease, and they were asked to refrain from any strenuous physical activities the day before the scan. This study was approved by the University Institutional Review Board. We received informed consent from all subjects prior to the study, according to our institution's regulations.



Data Acquisition

MR imaging was performed with a 3T MRI scanner (SIGNA 750w Premier, GE Healthcare) with maximal nominal gradient strength = 80 mT/m and max nominal slew rate = 120 mT/m/s. A receive-only medium-size 16-channel flexible coil array (NeoCoil, Pewaukee, WI, USA) wrapped around the left calf was used for signal reception. All subjects were placed supine, feet first in the scanner, with both legs in the full extended position. The scan protocol consisted of a series of DTI scans acquired with relaxed musculature and during foot dorsiflexion and plantarflexion. Sandbags on both sides of the left leg were used to minimize displacement of the subject between acquisitions. DTI scans were performed in three configurations: (1) at rest, (2) with the subjects actively contracting their muscle to maintain a plantarflexion position, while pushing their foot against a rigid support, and (3) with the subject actively contracting their muscles to achieve the maximum level of dorsiflexion (Figure 1). Three different DTI sequences (PGSE, OGSE 25 Hz and OGSE 50 Hz) were collected for each position (no contraction, dorsiflexion, and plantarflexion), resulting in nine DTI acquisitions per subject. The order of positions and DTI acquisitions was randomized to reduce the effect of perfusion and muscle fatigues on the DTI results. For the OGSE acquisition, cosine trapezoidal gradient waveforms (20) with 50 and 25 Hz, corresponding to N = 2 and N = 1 oscillations, were implemented. This resulted in a diffusion time of 7.5 and 4.1 ms for the OGSE 25 Hz and OGSE 50 Hz sequences, respectively (16). For both OGSE frequencies, the encoding waveform duration before and after the refocusing pulse was 40 ms long (Figure 2). The PGSE sequence was designed to match the timing of the OGSE sequence and was thus composed of a single monopolar trapezoid gradient with 40-ms duration. For each DTI acquisition, the maximum gradient strength used was adjusted in order to achieve the same maximum b-value of 180 s/mm2. For the three DTI acquisitions (PGSE, OGSE 25 Hz, and OGSE 50 Hz), diffusion was encoded along 15 non-collinear diffusion encoding directions, and three non-diffusion-weighted volumes were acquired. Two averages were acquired for the diffusion-weighted volume, for a total of 33 scanned volumes per sequence. Other common scan parameters were repetition time/echo time (TR/TE) = 2,800/94 ms, field of view (FOV) = 160 × 160 mm2, 10 slices, voxel size = 2.7 × 2.7 × 10 mm3. Spectral spatial water excitation was used for fat suppression. The total scan time for each DTI dataset was 1 min 30 s.


[image: Figure 1]
FIGURE 1. Schematic representation of the experimental setup. The left lower leg of the volunteers was scanned with relaxed musculature and during active foot dorsiflexion and plantarflexion.



[image: Figure 2]
FIGURE 2. Diffusion encoding gradients for oscillating gradient spin echo (OGSE) 25 Hz, OGSE 50 Hz, and pulsed gradient spin echo (PGSE). The OGSE waveforms are motion compensated (M0 = M1 = M2 = 0), while the PGSE is not motion compensated (M0 = 0, M1 ≠ 0, M2 ≠ 0).




Image Processing

In order to estimate the signal-to-noise ratio (SNR), we calculated the standard deviation of the noise (σ) from two identically acquired non-diffusion-weighted and diffusion-weighted images (b = 0 mm2/s and b = 180 mm2/s) for all the scans acquired in neutral position. SNR was defined as the mean of the signal over all muscles in the lower leg divided by σ. All images were visually inspected, and the areas of signal voids in the anterior and posterior compartments of the lower leg in each DTI scan were counted in a mid-calf slice (Slice 4) in 30 images (15 diffusion encoding directions * 2 averages). Areas of signal voids were classified as area of four or more contiguous black pixels in the muscle of interest.

All DTI scans were denoised using a principal component analysis (PCA) denoising algorithm (21). The non-diffusion-weighted scan acquired using the PGSE sequence with the lower leg in relaxed position was used as an anatomical reference. For each subject, all other DTI datasets were non-rigidly registered to the reference scan, in order to take into account the change in shape of the muscle due to active contraction. All image registrations were performed using Elastix (22), with a b-spline algorithm with the metric Advanced Mattes Mutual information = and a b-spline interpolation order of three. The number of resolutions for the registration was set to two. All image registrations was performed using Elastix (22). The reference image was also used to manually delineate the tibialis anterior and soleus muscles. After registration, the diffusion images per acquisition were fitted into a DTI model using a WLLS algorithm (23) with outlier rejections (24). The first eigenvalue of the DTI tensor correspond to the AD (= λ1) and the mean of the second and third eigenvalues to the RD [=(λ2 + λ3)/2]. All image processing and tensor fitting was performed using QMRITools (25) (https://mfroeling.github.io/QMRITools).



Statistical Analysis

Differences in number of signal voids, AD, RD, and FA, were tested using a mixed-model ANOVA, accounting for subject, DTI sequence (PGSE, OGSE 25 Hz, and OGSE 50 Hz), and leg position (no contraction, active dorsiflexion, and active plantarflexion). Post-hoc Tukey test was used to examine individual relationships. All statistical analyses were performed using SPSS. Additionally, a one-way ANOVA with a Fisher correction was used to test the effect of contraction status for the diffusion parameters obtained with OGSE 25 Hz and OGSE 50 Hz sequences. All tests were performed two-sided with significance set at p < 0.05.




RESULTS

All results were visually inspected and were considered of sufficient quality to continue with further analyses. The mean SNR for the non-diffusion-weighted scan was 32 ± 2, 28 ± 2, and 28 ± 2 for OGSE 25 Hz, OGSE 50 Hz, and PGSE, respectively. The mean SNR for the diffusion-weighted scans was 16 ± 4, 16 ± 1, and 17 ± 1 for OGSE 25 Hz, OGSE 50 Hz, and PGSE, respectively.

Figure 3 summarizes the results of visual counting of areas of extended signal voids in diffusion-weighted volumes at different contractions and using different diffusion encoding waveforms. For the images acquired with relaxed musculature, areas of signal voids were present for each volunteer using the PGSE sequence. These areas of signal voids, likely originating by involuntary muscle twitch (7), were localized in the posterior compartment of the leg and were not present when encoding diffusion using OGSE waveforms. No signal voids were observed in relaxed musculature in the tibialis anterior muscle with any of the waveforms. Images acquired using PGSE diffusion encoding during active plantarflexion had significantly more areas of signal voids in the soleus than using OGSE 25 Hz and OGSE 50 Hz (p < 0.0001). These artifacts were present in every subject. OGSE waveforms resulted in a significantly reduced number of signal voids (observed in three subjects and one subject for the OGSE 25 Hz and OGSE 50 Hz, respectively). Similarly, areas of signal voids were observed in the tibialis anterior muscle for every volunteer during active dorsiflexion but were significantly reduced when using OGSE (p < 0.0001 for both OGSE 25 Hz and OGSE 50 Hz) for the same type of contraction.


[image: Figure 3]
FIGURE 3. Counts of areas with extended signal voids in Slice 4 (mid-calf) in the soleus and tibialis anterior muscles, averaged over all volunteers.


Representative images of the calf of a female volunteer showing images acquired using OGSE 25 Hz, OGSE 50 Hz, and PGSE are shown in Figure 4. PGSE scans acquired during active muscle contraction showed clear areas of signal voids localized in the anterior compartment of the lower leg (for the dorsiflexed foot position) and in the posterior compartment (for the plantarflexed foot position). The presence of these areas was dramatically reduced in the scans acquired using OGSE 25 Hz and OGSE 50 Hz, with either relaxed or contracted musculature.


[image: Figure 4]
FIGURE 4. Non-diffusion-weighted and diffusion-weighted scans of one volunteer acquired during active plantarflexion (purple), with relaxed musculature (no contraction, green), and during active dorsiflexion (orange). The pulsed gradient spin echo (PGSE) scans show localized areas of signal voids (white arrow) originating by spin dephasing during muscle activation. Note the bright signal from blood vessels in the diffusion-weighted scans obtained with oscillating gradient spin echo (OGSE), indicating motion compensation.


Representative RD maps for one volunteer acquired with the three different sequences and three different contraction status are shown in Figure 5. The areas of signal voids present in the diffusion-weighted images acquired with PGSE during active dorsiflexion and plantarflexion resulted in abnormally elevated values of AD and RD in the soleus and tibialis anterior muscles, respectively (Figures 6, 7).


[image: Figure 5]
FIGURE 5. Radial diffusivity (RD) maps for one female volunteer. Abnormally elevated diffusion values are observed in the posterior compartment of the lower leg during plantarflexion and in the anterior compartment during dorsiflexion when using a pulsed gradient spin echo (PGSE) sequence.



[image: Figure 6]
FIGURE 6. Axial diffusivity (AD) measured during active plantarflexion (purple), with relaxed musculature (green), and during active dorsiflexion (orange) using three different diffusion encoding sequences [pulsed gradient spin echo (PGSE), oscillating gradient spin echo (OGSE) 25 Hz, and OGSE 50 Hz]. Elevated AD values are present in the soleus during active plantarflexion and in the tibialis anterior during active dorsiflexion.



[image: Figure 7]
FIGURE 7. Radial diffusivity (RD) measured during active plantarflexion (purple) and active dorsiflexion (orange) and with relaxed musculature (green) using three different diffusion encoding sequences [pulsed gradient spin echo (PGSE), oscillating gradient spin echo (OGSE) 25 Hz, and OGSE 50 Hz]. Elevated RD values are present in the soleus during active plantarflexion.


The results of a mixed-model ANOVA showed significantly higher AD values in the tibialis anterior muscle during active dorsiflexion than in plantarflexion (p = 0.021) and no-contraction positions (p = 0.031). These differences were driven by the abnormally elevated AD values measured in dorsiflexion using PGSE (3.05 ± 0.51 mm2/s) compared with OGSE 25 Hz (2.37 ± 0.51 mm2/s) and OGSE 50 Hz (2.35 ± 0.75 mm2/s). Elevated AD values in the tibialis anterior were observed for the PGSE sequence compared with OGSE 50 Hz (p = 0.024). Abnormally elevated AD values were observed in the soleus during plantarflexion using the PGSE sequence (3.40 ± 1.05 mm2/s), but these were in a normal range when using the OGSE sequences (2.45 ± 0.41 mm2/s for OGSE 25 Hz and 2.37 ± 0.28 mm2/s for OGSE 50 Hz). Similar trends of elevated AD were also observed in the soleus when using the PGSE sequence (PGSE vs. OGSE 25 Hz, p = 0.053), with higher AD values during plantarflexion compared with dorsiflexion (p = 0.026) and no contraction (p = 0.001).

The OGSE sequences detected significantly higher AD in the soleus during active plantarflexion compared with no-contraction position (p = 0.013), but no significant differences were observed for the other positions (p > 0.081). No differences in AD were detected between positions for the tibialis anterior (p > 0.117), but a trend of increasing AD in dorsiflexion was observed.

We observed higher RD values in the tibialis anterior muscle when using PGSE during active dorsiflexion (1.68 ± 0.18 mm2/s for PGSE vs. 1.52 ± 0.38 mm2/s for OGSE 25 Hz and 1.56 ± 0.75 mm2/s), although the interaction of sequence and position was not significant (p = 0.928). The RD values in the soleus, similarly to AD, were significantly higher in plantarflexion compared with no-contraction position (p = 0.010), but no significant difference was detected between plantarflexion and dorsiflexion positions (p = 0.579). These differences were primarily driven by the higher RD values observed in plantarflexion using the PGSE sequence (1.88 ± 0.34 mm2/s) compared with OGSE 25 Hz (1.54 ± 0.37 mm2/s) and OGSE 50 Hz (1.53 ± 0.25 mm2/s).

When using an OGSE approach, RD in the soleus during no contraction was significantly lower than in plantarflexion (p = 0.028) and dorsiflexion (p = 0.026). No differences in RD were observed for the tibialis anterior between different leg positions (p > 0.325), although a trend of increasing RD in dorsiflexion was observed.

FA values in the soleus and tibialis anterior muscles, averaged over all volunteers, are reported in Figure 8. In the tibialis anterior, the FA values were significantly lower in dorsiflexion compared with plantarflexion (p = 0.004) and no-contraction position (p = 0.003). An interaction effect was observed for FA in the soleus (p = 0.004), but no separate effect of position (p = 0.303) or sequence (p = 0.341). No significant differences were observed between OGSE 25 Hz and OGSE 50 Hz sequences for any of the diffusion quantitative parameters (p > 0.1).


[image: Figure 8]
FIGURE 8. Fractional anisotropy (FA) measured during active plantarflexion (purple) and active dorsiflexion (orange) and with relaxed musculature (green) using three different diffusion encoding sequences [pulsed gradient spin echo (PGSE), oscillating gradient spin echo (OGSE) 25 Hz, and OGSE 50 Hz]. Significantly lower FA values were measured in the tibialis anterior during active foot dorsiflexion.


No significant differences for different foot positions were observed for FA in either soleus (p > 0.090) or tibialis anterior (p > 0.102) muscles when using OGSE.



DISCUSSION

This study applied DTI with OGSE diffusion encoding in the musculature of the lower leg to characterize diffusion behavior in actively contracting skeletal muscle for the first time. More than half of the diffusion-weighted volumes acquired using the PGSE sequence during active muscle contraction showed extended areas of signal voids that led to an unrealistic overestimation of diffusion parameters. These artifacts were significantly reduced when using the OGSE sequences and led to physically plausible diffusion values, indicating that trapezoid-cosine OGSE waveforms, due to their motion compensation design, might be promising to investigate muscle microstructure during active muscle contraction.

Areas of signal voids in healthy resting muscle at moderate b-values and associated with a spontaneous incoherent mechanical activity result in local signal dephasing when using stimulated echoes (9) and need to be discarded prior to further analyses and DTI fitting (26). Steidle et al. (9) reported clear and extended areas of signal in resting musculature or the lower leg at b-values as low as 100 s/mm2 and a higher occurrence of signal voids in the posterior compartment compared with the anterior compartment, similarly to what was observed in our study. These signal voids, observed in resting musculature, have been associated with incoherent motion of muscle fibers due to a spontaneous muscle activity (7–9). Electrical muscle stimulation of calf muscle has been shown to increase the amount and spatial extent of signal voids in diffusion-weighted scans acquired at low b-values along a single direction, suggesting the sensitivity of diffusion MRI to size and shape of motor units (10, 27). While these results obtained during external stimulation clearly demonstrate the potential of diffusion MRI to study contraction mechanisms, being able to assess muscle microstructure during active contraction would increase the clinical applicability of the method.

The use of PGSE waveforms led to unrealistically and non-physical AD values when performing DTI experiments in actively contracting muscle (soleus during plantarflexion and tibialis anterior during dorsiflexion), while no differences were observed for between the two OGSE sequences. OGSE showed increased RD in the soleus during plantarflexion compared with neutral position, possibly indicating increased muscle CSA due to active contraction, similar to previous findings in passively shortened muscle (4–6, 28, 29). Since increased CSA is expected for increasing applied force, future investigations will focus on the effect of force on measured RD. However, while AD in passively contracted muscles has been shown to be largely unaffected, interestingly in this study, we observed an increase in AD in the soleus during plantarflexion. Muscle contraction involves shortening of the sarcomeres. However, since the shortest diffusion time in our study would be associated with distances larger than the typical sarcomere size, the observed differenced in AD are likely caused by other restrictions. Further research is warranted to elucidate the cause for the observed changes in AD upon muscle contraction.

The motion of actively contracting tissue is expected to be somewhat coherent, and our results clearly indicate that trapezoid-cosine OGSE waveforms, being motion compensated, are able to fully refocus spin dephasing due to coherent motion. While residual areas of signal voids are observed even when encoding diffusion using an OGSE approach, robust tensor fitting with outlier rejection offers robustness toward these artifacts and allows to obtain reliable diffusion estimation. While diffusion values for actively contracted skeletal muscle have not been previously reported, our AD and RD results obtained in relaxed muscle are in agreement with previously reported values obtained using conventional PGSE DTI in relaxed musculature (1). Mazzoli et al. performed a DTI experiment in relaxed calves using a PGSE approach and reported RD values of 1.55 ± 0.06 mm2/s for the tibialis anterior and 1.51 ± 0.04 mm2/s for the soleus and AD values of 2.32 ± 0.05 and 2.64 ± 0.07 mm2/s (4). Similarly, Schlaffke et al. (30) reported 1.89 ± 0.08 and 2.14 ± 0.22 mm2/s for AD and 1.35 ± 0.13 and 1.62 ± 0.21 mm2/s for RD, for the tibialis anterior and soleus, respectively. Therefore, our results indicate that OGSE could be used to obtain a reliable diffusivity assessment in the lower leg. We should point out that the limited gradient strength of clinical MRI systems, together with peripheral nerve stimulation (PNS) constraints, resulted in relatively low b-value and long TE, which are suboptimal for DTI measurements in the skeletal muscle. However, while the OGSE sequence might not be optimal for routine DTI measurements, it could be highly beneficial to study actively contracted muscles or to image subjects who cannot keep their musculature fully relaxed during the full duration of the DTI experiment, as shown by its robustness to (in)voluntary muscle contraction.

Diffusion in the skeletal muscle is conventionally measured using a PGSE monopolar diffusion scheme with moderately short gradients and large gradient amplitude (28), resulting in moderate diffusion times. This monopolar approach however is not suitable if one wants to investigate time-dependent diffusion in the short time regime, due to its inherent inability to achieve sufficient diffusion encoding at short diffusion times. On the other hand, OGSE can achieve higher diffusion sensitivity for short diffusion times. Additionally, even though short gradients are less sensitive to motion compared with the longer PGSE gradients used in this study, they are still highly susceptible to signal dephasing due to contraction (31) and, therefore, unsuitable to obtain DTI information during muscle active muscle contraction. Our study suggests that fully compensated PGSE waveforms (M0 = M1 = M2 = 0) could provide the same benefit as OGSE for skeletal muscle contraction imaging, although this hypothesis has to be tested. If time-dependent diffusion is not of interest, PGSE with first- and second-order motion compensation might provide a higher b-value than OGSE (32), which could be further improved by numerical optimization (33, 34).

DTI experiments using a monopolar PGSE waveform, which is not motion compensated, resulted in complete suppression of signal originating from flowing spins, as indicated by the dark blood vessels. On the other hand, when flow-compensated gradient waveforms, such as cosine OGSE, are used, coherent blood flow is no longer dephased, as indicated by the bright vessels in diffusion-encoded volumes, as previously observed (35). This could create an overestimation of diffusion values close to vessels due to partial volume effects when using compensated vs. uncompensated gradient waveforms. However, care was taken to avoid blood vessels during manual delineation of the tibialis anterior and soleus muscles, and our results show that RD and AD in resting musculature are higher for PGSE than for OGSE approaches even for non-contracting musculature. Therefore, partial volume effects with uncompensated blood flow are expected to have a limited effect on our results.

The measured AD and RD values did not show a clear time-dependent behavior in the soleus and tibialis anterior. Time-dependent diffusion in the cross section of skeletal muscle fibers has been investigated at longer diffusion times (up to 1 s) using stimulated echo approaches (13, 14), with lower diffusion coefficients measured for increasing diffusion times, likely indicating greater restriction effects of water molecules by cellular membranes. On the other hand, this study shows higher diffusivity values for PGSE, which has a longer diffusion time. Perfusion effects can lead to overestimation of diffusion coefficients (36), and the higher values of diffusivity observed in this study for the PGSE sequence compared with OGSE even in relaxed musculature could be explained by higher sensitivity to perfusion effects due to the lack of motion compensation (35). Therefore, based on this preliminary work, OGSE sequences with lower frequencies could be preferred, due to the possibility of achieving higher b-values for the same TE, which could further reduce the residual effect of perfusion on the measurements. The presence of a clear anisotropic diffusion behavior but no increase of diffusion values as a function of diffusion time (7.5 and 4.1 ms for OGSE 25 Hz and OGSE 50 Hz, respectively) could indicate a restricted diffusion behavior for all investigated sequences. This restricted diffusion behavior is likely not caused by the myofiber membranes, which are characterized by longer length scales but rather by ultrastructural restrictions. Further research is needed to elucidate the connection between the measured diffusion values and the underlying tissue structure.

This study has a number of limitations. First, this proof-of-concept study only included a limited number of subjects. Future research will focus on applying this method to study muscle contraction mechanisms in a larger number of healthy subjects and patients with neuromuscular diseases. Another potential limitation of our study is the relatively long TE of the acquisition, required to obtain a sufficient amount of diffusion encoding. This could have biased our analysis by increasing diffusion sensitivity to the extracellular space. Additionally, the limited gradient strength available on our clinical system, combined with compliance with PNS requirements, resulted in relatively low diffusion encoding strength, which might generate sensitivity to perfusion. Active muscle contraction could locally increase blood perfusion, which could lead to an overestimation of DTI parameters (36). Wu et al. (37) showed the dependency of diffusion contribution to the diffusion signal through the intravoxel incoherent motion (IVIM) model to be dependent on the average distance that blood can travel during the diffusion times, with smaller perfusion coefficients measured at shorter diffusion times. This work therefore suggests the potential of measurements at shorter diffusion times to minimize the effect of perfusion. Additionally, fully motion-compensated waveforms, such as the trapezoid-cosine waveforms used in this study, were also shown to minimize the influence of perfusion in the liver in Moulin et al. (35), but our result could still be partially biased by residual perfusion contributions. Future work will focus on combining OGSE diffusion encoding with additional orthogonal gradients, as described by Wu et al. (37) for brain applications, to completely eliminate the influence of residual perfusion on the quantitative diffusion results. This promising method, However, we should mention that this promising method was implemented on a preclinical system with much higher gradient strength than currently achievable on a clinical system and will therefore require adaptations for applications in human skeletal muscle DTI. Lastly, our experimental setup did not allow for controlled and standardized force production during muscle contraction. Future studies will investigate the effect of maximal voluntary contraction (MVC) on the diffusion results.



CONCLUSIONS

In conclusion, this study demonstrates that OGSE diffusion encoding allows for quantitative DTI imaging of actively contracting human musculature. The use of cosine trapezoids diffusion encoding waveforms led to reduced signal voids in diffusion-weighted images, which could be used to calculate DTI parameters. Additionally, different diffusion behaviors were observed for relaxed muscle and musculature at different levels of contraction. Taken together, our results showed that OGSE holds the potential to non-invasively assess microstructural changes occurring in the skeletal muscle during contraction and for the non-invasive assessment of contraction abnormalities in patients with muscle disease. These results could lead to a deeper understanding of muscle contraction abnormalities and the optimization of treatment and intervention strategies.
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Backgrounds: Transthyretin familial amyloid polyneuropathy (TTR-FAP) is frequently misdiagnosed as chronic inflammatory demyelinating polyneuropathy (CIDP) because of similar phenotypes in the two diseases. This study was intended to identify the role of nerve ultrasonography in evaluating TTR-FAP and CIDP.

Methods: Eighteen patients with TTR-FAP, 13 patients with CIDP, and 14 healthy controls (HC) were enrolled in this study. Consecutive ultrasonography scanning was performed in six pairs of nerves of bilateral limbs with 30 sites. The cross-sectional areas (CSAs) and CSA variability data of different groups were calculated and compared.

Results: Both TTR-FAP and CIDP showed larger CSAs at most sites of both upper and lower limbs than in HC groups. CIDP patients had larger CSAs than TTR-FAP patients at 8/15 of these sites, especially at U1-3, Sci2 sites (p < 0.01). However, the CSAs at above sites were not a credible index to differentiate TTR-FAP from CIDP with a low area under the curve (<0.8). The CSA variability of median nerves was significantly higher in CIDP than in TTR-FAP and HC groups, with high sensitivity (0.692) and specificity (0.833) to differentiate CIDP from TTR-FAP. The CSA variability of ulnar nerves was not significantly different between the three groups. For the TTR-FAP group, mean CSAs at each site were not correlated with different Coutinho stages, modified polyneuropathy disability, course of sensory motor peripheral neuropathy, Neuropathy Impairment Score, or Norfolk Quality of life-diabetic neuropathy score. The mean compound muscle action potential of ulnar nerves was negatively correlated with the mean CSAs of ulnar nerves.

Interpretation: TTR-FAP patients had milder nerve enlargement with less variability in CSAs of median nerves than those with CIDP, suggesting that nerve ultrasound can be a potential useful auxiliary tool to help differentiate the two neuropathies.

Keywords: TTR-FAP, CIDP, transthyretin, polyneuropathy, ultrasonography


INTRODUCTION

Transthyretin familial amyloid neuropathy (TTR-FAP) is a multiple systemic disorder caused by TTR gene mutation and characterized by extracellular deposition of transthyretin-derived amyloid fibrils in peripheral and autonomic nerves and other organs. The typical phenotype of TTR-FAP is severe progressive sensory and motor neuropathy with autonomic neuropathy among adults, and most of them with cardiomyopathy. The pathology of TTR-FAP is characterized by TTR deposition with diffuse loss of nerve fibers. However, phenotypic variability and non-disease-specific symptoms or unknown family history often delay diagnosis and lead to misdiagnosis (1), including chronic inflammatory demyelinating polyneuropathy (CIDP). Some sporadic cases present with the demyelinating process in nerve conduction studies (NCSs) (2, 3), which fulfills both clinical and electrophysiologic criteria for CIDP during initial evaluation (4). Since early differentiation of TTR-FAP from CIDP is important for the treatment of either disease, several electrophysiological studies were performed for differential diagnosis. Quantitative sudomotor test was used to distinguish CIDP from TTR-FAP with good sensitivity and specificity (5).

Nerve ultrasound is a painless tool for quick evaluation of peripheral nerve morphology. Several nerve ultrasound studies showed nerve enlargement in TTR-FAP (6–8). The cross-sectional areas (CSAs) of peripheral nerves in cases of TTR-FAP are significantly larger than those of controls, most are in the proximal nerve segments (7). Nerve ultrasound patterns can facilitate the evaluation of asymptomatic carriers, presenting as larger nerve CSAs at proximal nerve sites (8). Nerve ultrasound can also serve as a useful complementary diagnostic tool for the identification of treatment-responsive inflammatory neuropathies (9–11). Sonographic nerve enlargement was present in all patients and was most prominent in proximal segments of the median nerve and brachial plexus (9, 10), including the fascicle CSAs in CIDP (12). The nerve ultrasound finding of CIDP is different from that of demyelinating diabetic sensorimotor polyneuropathy (9). However, there has been no study so far on the nerve ultrasound comparison between CIDP and TTR-FAP. In this study, more unabridged nerve sites including both upper and lower limbs were measured and the CSA variability of CIDP and TTR-FAP patients was compared.



MATERIALS AND METHODS


Subjects

Between June 2015 and September 2020, 18 patients (16 males and 2 females) with TTR-FAP, 13 patients (3 males and 10 females) with CIDP, and 14 healthy controls (8 males and 6 females) were recruited in Peking University First Hospital. All TTR-FAP patients were diagnosed according to the diagnostic criteria (1). For the diagnosis of definite CIDP, the diagnostic criteria proposed by the Joint Task Force of the European Federation of Neurological Societies and the Peripheral Nerve Society (EFNS/PNS) were used (4). The exclusion criteria of healthy controls were: [1] skin numbness or paresthesia; [2] muscle atrophy or weakness; [3] other disorders of the peripheral nervous system; and [4] chronic diseases of other organs (e.g., heart, brain, eye, and kidney).

The mean age of TTR-FAP patients, CIDP patients, and healthy controls was 45.8 years (range 26–64 years), 40.7 years (range 15–69 years), and 40.3 years (range 26–65 years), respectively. There was no statistically significant difference in age between the three groups (p = 0.587).



Clinical Neurologic Evaluation of TTR-FAP and CIDP Patients

All TTR-FAP subjects diagnosed with mutations in the TTR gene were inquired about their disease history and had a focused neurological examination of measurement scales performed, including Neuropathy Impairment Score (NIS), Norfolk Quality of life-diabetic neuropathy score (Norfolk QOL-DN), and modified polyneuropathy disability (m-PND). Disease severity was estimated by Coutinho staging of TTR-FAP. Nerve conduction studies (NCSs) were performed in all TTR-FAP patients according to the standard protocol using surface stimulation and recording. The motor nerve conduction velocity (MCV) and distal compound muscle action potential (CMAP) of the bilateral median, ulnar nerves of 11 patients were included in this study. All CIDP subjects were asked about their detailed disease history, and underwent neurological examination and NCSs. Sural nerve biopsy was conducted for 17/18 of TTR-FAP patients and most of the CIDP patients (9/13). Congo red staining and TTR immunohistochemical staining were performed in 17/18 and 13/18 of the TTR-FAP patients, respectively.



Ultrasonographic Studies

All subjects underwent peripheral nerve ultrasound using the Philips Imaging System (iU Elite, Bothell, WA, USA) that measured and recorded the bilateral median, ulnar, sciatic, tibial, common peroneal, and sural nerves. To be more specific, the 17MHz high-frequency linear array probe was used for the superficial nerves, including the median nerves, ulnar nerves, common peroneal nerves, and sural nerves, and the 9 MHz linear array probe was used for the deeper nerves, including the sciatic nerves and tibial nerves.

The CSAs at the predetermined sites of each nerve were measured by tracing just inside the hyperechoic rim of the nerve. Thirty predetermined sites were measured of all the nerves (13), including [1] 10 sites that were measured in left and right median nerves (LM & RM): LM1/RM1= wrist (entrance of the carpal tunnel at the pisiform bone level); LM2/RM2= distal forearm (the nerve reached the deep flexor digitorum and started to traverse between the deep flexor digitorum and the flexor pollicis longus); LM3/RM3= proximal forearm (the clearest point before the nerve entered pronator teres); LM4/RM4= elbow (elbow socket); LM5/RM5= upper arm (from cubital fossa to the middle of armpit). [2] 10 sites of left and right ulnar nerves (LU & RU): LU1/RU1= wrist (Guyon tube: between nerve deviation and the pisiform bone and ulnar artery); LU2/RU2= distal forearm (before the ulnar nerve branches off); LU3/RU3= proximal forearm (2/3 between the wrist and elbow); LU4/RU4= elbow (at the medial epicondyle of humerus); LU5/RU5= upper arm (from cubital fossa to the middle of armpit). [3] 4 sites in left and right sciatic nerves (LSci & RSci): LSci1/RSci1= middle thigh; LSci2/RSci2= 1/3 of mid-lower part of the thigh (before sciatic nerves were divided into common peroneal nerves and tibial nerves). [4] 2 sites in left and right tibial nerves (LTib & RTib): LTib/ RTib = popliteal fossa (just after the tibial nerves were branched off by sciatic nerves). [5] 2 sites in left and right common peroneal nerves (LPc & RPc): LPc/ RPc= capitulum fibulae. [6] 2 sites of left and right sural nerves (LSural & RSural): Lsual/Rsual = lower 1/4 of the lower leg near lateral malleolus). Left sural and right sural nerves in the TTR-FAP group lacked 11 and 4 CSA data due to sural nerves biopsy, respectively. Left sural and right sural nerves in the CIDP group lacked 5 and 4 CSA data due to sural nerves biopsy, respectively.

The measured parameters were nerve CSAs and CSA variability. The CSAs were measured at these sites of each limb. The CSA variability was defined as “maximum CSA/ minimum CSA”.



Statistical Analysis

IBM SPSS Statistics, version 26 was used for statistical analysis. The CSAs of healthy controls showed a normal distribution, while those of CIDP and TTR-FAP showed an abnormal distribution (as evaluated by single sample K-S test). Thus, Mann-Whitney U test was used for evaluating differences in CSAs between TTR-FAP, CIDP and healthy control groups, as well as CSA variability between TTR-FAP and CIDP groups. Receiver operating characteristic (ROC) curve analysis was performed to evaluate the applicability of CSA variability measurements to differentiation of TTR-FAP from CIDP. The area under the curve (AUC) was calculated. The value of Youden index at its maximum was taken as the cut point for the diagnosis of TTR-FAP, and the sensitivity and specificity were calculated. Two-sided p values were calculated for all analyses; p < 0.05 was considered significant. Spearman analysis was used to test the correlation between CSAs and measuring scales, electrophysiological data.



Data Availability

Anonymized data will be shared by request from any qualified investigator.




RESULTS


Clinical Data of TTR-FAP and CIDP

Of the 18 TTR-FAP patients, 9 initially developed limb paresthesia, followed by other onset symptoms such as alternating diarrhea and constipation (ADC) in three patients, sexual dysfunction in three patients, blurred vision in two patients and constipation in one patient. All these patients presented with sensorimotor peripheral neuropathy and autonomic neuropathy, 12 suffered from asymptomatic cardiac hypertrophy, and 5 developed vitreous opacity. TTR gene screening was performed, with Val30Met mutation in three patients, Ala97Ser, Glu42Gly, Gly47Arg, and Lys35Asn mutation in two patients, respectively, Ala36Pro, Phe33Leu, Phe33Val, Gly83Arg, Ser77Phe, Ser77Tyr, and Val28Ser mutation in one patient, respectively. NCSs examination was also performed in all these patients: 12 presented with axonal impairment, and 6 with a mixed neuropathy. In clinical staging, 10 of these patients were divided into Coutinho stage I, and the remaining into Coutinho stage II or III.

For CIDP patients, proximal and/or distal limbs weakness were manifested, with or without paresthesia. The mean course of disease was 3.4 ± 2.2 years. Laboratory examination of cerebrospinal fluid was conducted in 8/13 of these patients with cytoalbuminologic dissociation. All the patients undergoing NCSs examination accorded with the presentation of demyelination. All patients received immunotherapy that turned out to be partly or completely effective.

Pathologically, positive Congo red staining in sural nerve biopsy was seen in 10/17 of TTR-FAP patients, positive TTR immunohistochemistry in 6/13 of these patients. All patients with nerve biopsy pathologically presented with axonal neuropathy with moderate to severe loss of both large and small myelinated nerve fibers as well as unmyelinated nerve fibers. Of the 9 CIDP patients who had sural nerve biopsy performed, variation in the density of myelinated fibers among fascicles was observed in 5 patients, infiltration of macrophage in 5 patients, and thin myelin sheath or onion-bulb formation in 6 patients. All these patients had mild to moderate loss of myelinated fibers, especially large-diameter ones.



Ultrasonographic Findings
 
Comparison of CSAs Between TTR-FAP, CIDP, and HC

The mean CSAs at 15 different sites of all nerves in each group were shown in Table 1. The mean CSAs values in the TTR-FAP group were statistically higher than those of the HC group at most sites of median, sciatic, tibial nerves, especially in median nerves and sciatic nerves (all p < 0.05), including M1-M3, M5, U5, Sci1, Sci2, Pc, Tib sites. The CSAs at most sites of ulnar nerves were not higher than those of the HC groups, except U5 site, which was the proximal site of ulnar nerves. The CSAs of proximal sites of median nerves (M5) and sciatic nerves (Sci1) in the TTR-FAP group were also significantly higher than in the HC group (Figures 1, 2).


Table 1. Comparison of CSAs at different nerve sites of upper and lower limbs in TTR-FAP, CIDP and healthy controls (mm2).
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FIGURE 1. Examples of ultrasound cross-sections showing measurements of cross-sectional area of median nerves in M1-5 between the three groups. (A) Homogeneous enlargement was observed at sites M1-5 of a TTR-FAP patient. (B) Segmental enlargement was observed at sites M1-5 of median nerve in a CIDP patient. (C) The normal CSAs at sites M1-5 of a healthy control.



[image: Figure 2]
FIGURE 2. A general view of mean CSAs at sites of upper limbs (A) and lower limbs (B) between the three groups. (A) Clearly presented the CSAs in upper limbs, and revealed most CSAs of TTR-FAP groups at bilateral median nerves were higher than those of HC groups but lower than those of CIDP groups. (B) Showed most CSAs of TTR-FAP groups were between those of CIDP and HC groups in lower limbs.


The mean CSAs values at 8 sites of the TTR-FAP group were lower than in CIDP with significant difference, including M2, M4, U1-3, U5, Sci2, Pc sites. For CIDP groups, the CSAs at all sites were higher in HC groups intuitively, but were not significantly different at two sites (U4 and Sural) (Figures 1, 2).



Comparison of CSA Variability Between TTR-FAP and CIDP

Furthermore, the CSA variability of median nerves and ulnar nerves between the three groups was calculated. It was found that CSA variability of median nerves in CIDP groups was significantly higher than in TTR-FAP and HC groups, but there was no significant difference between TTR-FAP and HC groups. For ulnar nerves, the CSA variability between the three groups was not significantly different (Table 2).


Table 2. Comparison of CSA variability of median/ulnar nerve between disease groups and control group.
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The ROC of CSA and CSA Variability for Differentiating Between TTR-FAP and CIDP

Based on the results observed in Tables 1, 2, we went to performed the ROC curve of CSAs and CSA variability for differentiating between TTR-FAP and CIDP. Figure 3 showed the ROC curve analyses of the mean CSAs of the discriminative sites in each nerve and CSA variability in median nerves. AUC and cutoff values were shown in Table 3. There was no significant difference between the two groups in CSAs at M2 and U5 sites (p > 0.05), except M4, U1-3, U5, Sci2, Pc sites. However, the AUC above was not high (all AUC <0.8). For CSA variability in median nerves, the AUC was 0.8 with high sensitivity (0.692) and specificity (0.833).


[image: Figure 3]
FIGURE 3. Receiver operating characteristic (ROC) curve for differentiating transthyretin familial amyloid polyneuropathy (TTR-FAP) from chronic inflammatory demyelinating polyneuropathy (CIDP). (A) Mean CSAs at M2, M4, U1-3, U5, Sci2, Pc sites between the two groups. (B) CSA-variability of median nerves between the two groups.



Table 3. The AUC, suggested cutoff values, sensitivity, and specificity of CSA and CSA variability in differentiating between TTR-FAP and CIDP.
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Correlation of CSAs With Electrophysiological Data and Clinical Measurement Scales of TTR-FAP

All the measured sites between Coutinho stage I (n = 10) and Coutinho stage II/III (n = 8) of TTR-FAP patients were compared. However, the CSAs of these two groups at each site were not significantly different (all p > 0.05) (Table 4).


Table 4. Comparison of CSAs in different Coutinho stages of each measurement site in TTR-FAP group.

[image: Table 4]

In addition, the correlation analysis was conducted of mean CSAs in median and ulnar nerves and of Neuropathy Impairment Score (NIS) that included one item for reflection of muscle weakness, modified polyneuropathy disability (m-PND), Norfolk Quality of life-diabetic neuropathy score (Norfolk QOL-DN), the course of sensory motor peripheral neuropathy (SMPN) and electrophysiological data in TTR-FAP patients. However, no correlation was observation between all these indexes (Table 5), except the mean CMAP of ulnar nerves, which was negatively correlated with mean CSAs with statistically significant difference (r = −0.491, p = 0.008) (Figure 4).


Table 5. Correlation analysis between CSAs at different sites and clinical as well as electrophysiological data of TTR-FAP patients.
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FIGURE 4. Correlation of mean CSAs and CMAP of ulnar and median nerves in TTR-FAP group. The Spearman correlation coefficient was calculated. **Significance at 0.01 level. CMAP, compound motor action potential.






DISCUSSION

The clinical symptoms and electrophysiology might be similar in TTR-FAP and CIDP patients. In TTR-FAP, destruction of myelin due to amyloid deposition might be related to nerve conduction abnormalities mimicking CIDP (5). Initial electrodiagnostic conclusions of CIDP were confirmed in only 45% of misdiagnosed studies (14).

Our study conformed with the findings of previous studies (6, 7, 15, 16) that thickness of peripheral nerves existed in TTR-FAP patients. The mean CSAs of TTR-FAP patients were higher than those of healthy controls at most sites. Enlargement of peripheral nerves has been reported in previous studies (6, 7). The CSAs at proximal sites of measurable nerves (median nerves, ulnar nerves and sciatic nerves) were significantly higher than those of healthy controls, compared with distal sites in a same nerve. All this was compatible with the findings of previous studies for nerve ultrasound and magnetic resonance neurography in TTR-FAP patients (7, 8, 15). Moreover, prominent enlargement of peripheral nerves at proximal sites was not common in most axonal neuropathies (17, 18), which could help distinguish TTR-FAP from other axonal neuropathies. For note, distal enlargement of median nerves was also observed in our study, which might associate with carpal tunnel syndrome in these TTR-FAP patients (8).

To our knowledge, there were no studies on how nerve ultrasound was used for comparing CIDP with TTR-FAP. A recent case report on TTR-FAP said that the CSAs were not different between CIDP patients and those with TTR-FAP. Instead, nerve ultrasound features of TTR-FAP could increase the incidence of misdiagnosis of CIDP. However, only one TTR-FAP patient was involved in this case (16). We found different results of CSAs between the two groups, and revealed that CSAs of enlarged peripheral nerves of TTR-FAP patients were lower than those of CIDP patients at 8/15 of sites with significant difference, especially at sites of U1-3, Sci2 (Table 1). A second point that had been neglected by other studies was the fluctuation of different CSAs in a same nerve (i.e., median and ulnar nerves) among patients with CIDP (19), which might be an auxiliary index for differentiating CIDP and TTR-FAP. The CSAs of median nerves in TTR-FAP patients were not all significantly higher than in CIDP patients, but CSA variability of the median nerves might help to differentiate CIDP from TTR-FAP due to its relatively high sensitivity and specificity. It was also speculated that the CSAs of ulnar nerves might be a potentially useful indicator for differentiating CIDP from TTR-FAP, unlike the CSAs variability of ulnar nerves.

The nerve ultrasound results may be based on pathological changes. The TTR-FAP was an axonal neuropathy and the loss of nerve fibers was diffuse and regular (20). The possible pathophysiological mechanisms have been clarified as amyloid deposits-vulnerable to compression-compression sites edema, fibrosis, thickened endoneurium, perineurium and the small vessel walls, as well as nerve fiber degeneration (7, 21). CIDP was a demyelination neuropathy characterized by infiltration of macrophage and variation in myelinated fiber density among fascicles due to focal myelinated fiber loss or onion-bulb formation (22, 23).

Previous studies suggested that disease duration, stage of TTR-FAP, or PND stage were not correlated with CSAs of median nerves (7), which was why we evaluated ulnar nerves more comprehensively. Similarly, we confirmed that disease severity, including m-PND and Coutinho staging, was not associated with CSAs in TTR-FAP patients in our study. The correlation between NIS, Norfolk QOL-DN and mean CSAs of each nerve was not observed.

Interestingly, the mean CMAP of ulnar nerves was negatively correlated with the mean CSAs in our study, suggesting that the CSAs of ulnar nerves might be used to monitor the disease severity, but further studies are needed. The negative correlation between CMAP and CSAs was observed in median nerves in previous studies (7), but not in our current study.

This study had several limitations. The sample size of TTR-FAP patients with electrophysiological data and CIDP patients was not big enough, so more subjects registered will be needed in the future. CIDP itself is a heterogeneous disease, so the CSA of each site may be affected by different disease subtypes and activities. Compared with pathological examination and genetic testing, which are the golden standard to differentiate TTR-FAP and CIDP, nerve ultrasound can only be considered as an auxiliary tool, with the non-invasive and convenient advantages.

In conclusion, our study showed TTR-FAP patients had milder nerve enlargement with less variability in CSAs of median nerves than their CIDP counterparts, suggesting that nerve ultrasound is a potential useful auxiliary tool in differentiating the two neuropathies.
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Imaging has become a valuable tool in the assessment of neuromuscular diseases, and, specifically, quantitative MR imaging provides robust biomarkers for the monitoring of disease progression. Quantitative evaluation of fat infiltration and quantification of the T2 values of the muscular tissue's water component (wT2) are two of the most essential indicators currently used. As each voxel of the image can contain both water and fat, a two-component model for the estimation of wT2 must be used. In this work, we present a fast method for reconstructing wT2 maps obtained from conventional multi-echo spin-echo (MESE) acquisitions and released as Free Open Source Software. The proposed software is capable of fast reconstruction thanks to extended phase graphs (EPG) simulations and dictionary matching implemented on a general-purpose graphic processing unit. The program can also perform more conventional biexponential least-squares fitting of the data and incorporate information from an external water-fat acquisition to increase the accuracy of the results. The method was applied to the scans of four healthy volunteers and five subjects suffering from facioscapulohumeral muscular dystrophy (FSHD). Conventional multi-slice MESE acquisitions were performed with 17 echoes, and additionally, a 6-echo multi-echo gradient-echo (MEGE) sequence was used for an independent fat fraction calculation. The proposed reconstruction software was applied on the full datasets, and additionally to reduced number of echoes, respectively, to 8, 5, and 3, using EPG and biexponential least-squares fitting, with and without incorporating information from the MEGE acquisition. The incorporation of external fat fraction maps increased the robustness of the fitting with a reduced number of echoes per datasets, whereas with unconstrained fitting, the total of 17 echoes was necessary to retain an independence of wT2 from the level of fat infiltration. In conclusion, the proposed software can successfully be used to calculate wT2 maps from conventional MESE acquisition, allowing the usage of an optimized protocol with similar precision and accuracy as a 17-echo acquisition. As it is freely released to the community, it can be used as a reference for more extensive cohort studies.

Keywords: MRI, neuromuscular diseases, relaxometry, free open source software, water T2 relaxation time, fat water imaging


INTRODUCTION

Neuromuscular disorders encompass genetic and acquired diseases of lower motor neurons, peripheral nerves, neuromuscular junction, or skeletal muscle, generally causing different degrees of motor impairment in the affected patients. In particular, muscular dystrophies are hereditary degenerative disorders of skeletal muscles, causing progressive replacement of muscle tissue by fat. This happens through disparate pathological processes and molecular mechanisms that are, at least to some extent, disease-specific and related to the peculiar genetic defect that characterizes each of them (1).

However, some of these broad pathological processes are shared by most muscular dystrophies. They can be followed on muscle imaging as an early phase of muscle damage and intramuscular edema, often corresponding to inflammatory/necrotic changes (2, 3), and subsequent stages characterized by progressive deposition of fat and connective tissue (4–6). Different pathological processes are generally present simultaneously in the same patient or even in the same muscle group.

The good soft tissue characterization capabilities of MRI can be exploited to quantify the status of these ongoing processes in the muscle; for example, global T2 contrast can be used to highlight edema, and fat/water separation methods can show fat infiltration.

When moving toward quantitative imaging, global T2, extracted by a monoexponential fitting is a sensitive disease indicator when fat infiltration is not present. However, in neuromuscular diseases where adipocytes significantly replaced muscular tissue, it highly correlates with the fat content of the muscle. In this case, it is therefore rather an indicator of long-term changes in the musculature, albeit an indirect one with respect to fat fraction quantification; conversely, the T2 relaxation of the water component of the tissue (wT2) well correlates with acute “disease activity” (7).

Various acquisition methods have been proposed to quantify wT2 independently of fat infiltration (8–15). In current clinical practice, multi-echo spin-echo (MESE) sequences are typically used, and various types of exponential fitting (biexponential, triexponential) are used for T2 calculation (16, 17). However, these methods are sensitive to multiple confounding factors, such as B1 inhomogeneities.

Marty et al. (14) presented a method based on an extended phase graph (EPG) fitting that addresses many of these issues. Besides, in contrast to other methods such as the ones proposed by Klupp et al. (12), Sousa et al. (11), or Koolstra et al. (13), the EPG-based approach has the advantage of using a conventional spin-echo sequence for the quantification, which is broadly available and therefore does not require any particular sequence modification or hardware. In recent years, this method has been extensively used for wT2 quantification in several studies (18–22). Although there are small differences in the exact protocol used depending on the MR scanner vendor, the differences in the implementation of the fitting process can be more substantial.

As a result of the EPG fitting, a relatively precise estimation of the fat fraction is also obtained. The resulting fat fractions approximate the results of a three-point Dixon acquisition, which has been proven to differentiate well between patients of various neuromuscular diseases and healthy subjects (16, 23). However, fat fraction estimation is not the primary quantitative target of this method, and it can be an issue when accurate fat fraction maps are needed, as weighting factors [such as magnetization transfer effects in multi-slice MESE acquisitions (24–26)] can bias the estimation. An alternative approach to obtain this information is to use a dedicated sequence (usually based on small flip-angle multi-echo gradient-echo imaging) for a purely proton-density-weighted fat fraction estimation. This approach also allows using more accurate fat models that incorporate the complex chemical composition of fat (27). In practice, a typical muscle MRI examination usually comprises a dedicated volume acquisition for single muscle identification (segmentation) and for accurate fat fraction acquisition.

In this work, we build upon this concept to present a fast and open software for wT2 fitting, which can be used as a reference implementation for reproducibility studies. The postprocessing performance is optimized by the usage of GPU processing and the creation of a dictionary (of adjustable size) of simulated signals incorporating slice profile information (14, 28). Additionally, this work further extends the initial concept as it implements multiple fitting methods for the wT2 estimation, and it can incorporate the information coming from a separate fat/water acquisition (of arbitrary resolution and field of view) to constrain the fitting. With this constraint, the possibility of reducing the number of acquired echoes for the fitting (thus reducing the scan time) is also analyzed.



MATERIALS AND METHODS


Software Implementation

A stand-alone, command-line application was developed in Python, using standard mathematical extension libraries (NumPy, SciPy) and, for hardware acceleration, the pycuda extension for interfacing with the general-purpose graphical processing unit.

The core of the application consists of a fast, GPU-accelerated implementation of signal simulation based on the extended phase graph concept (29, 30). As the method is intended for multi-echo spin-echo acquisitions, a Carr-Purcell-Meiboom-Gill (CPMG) (31, 32) simulation is performed at every run of the program, adapting the timing and the number of echoes to the actual sequence parameters. The slice profile of the radiofrequency pulses is taken into account in the simulation, assuming hanning-windowed sinc pulses. The slice profile is calculated through the application of a Shinnar-LeRoux transform (33) and the slice width of the refocusing pulse is assumed to be a factor of 1.2 larger than the excitation pulse, as per characteristics of the pulse sequence of the used MR scanner. For different vendors and acquisition protocols, the user can provide custom slice profiles and refocusing width factors as parameters to the program. The simulation logic is directly written in GPU-specific C++ language for maximum efficiency. Thanks to the high parallelization of the GPU tasks, signals corresponding to multiple combinations of wT2, fat fraction, and B1 inhomogeneity factors can be simulated concurrently and placed in a dictionary, whose size can be chosen by the user. The fat model is assumed to have a single spectral peak with a fixed T2 value, which can either be given a priori or estimated from the input data. T1 values for both water and fat are assumed to be constant (1,400 and 365 ms, respectively), as in (14).

Subsequently, the time course of each voxel in the input series is compared to each entry in the dictionary by using the correlation metric. The parallelization of the GPU is again leveraged in this step, as the correlation operation is equivalent to the following matrix multiplication:
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where S is the signal matrix, having a separate voxel on each row and time in the column direction; D is the dictionary matrix, having time in the row direction and dictionary entries in the row directions; C is the result matrix holding the signal correlations with the dictionary. After multiplication, the index of the maximum value of each column identifies the parameter combination that best fits the measured signal.

The above procedure describes the unconstrained fitting. When an externally derived fat fraction map is also provided, it is aligned (based on the slice orientation and position) with each slice of the original spin-echo data. The information is then taken into account by restricting the maximum search to the given fat fraction for each voxel.

In addition to EPG fitting, the software can also perform double-exponential fitting. This fitting can neither correct for B1 inhomogeneity nor slice profile and is meant to be used when the EPG fitting is unstable or the true slice profile is not known.

The code is released under a free software license (GNU General Public License v3) at the website: https://www.github.com/fsantini/MyoQMRI.



Acquisition Protocol

A conventional 2D multi-slice multi-echo spin-echo (MESE) acquisition protocol was prepared for a commercial whole-body 3T MR scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) equipped with an 18-channel body array coil and integrated spine coil with the following acquisition parameters: number of echoes 17, number of slices 7, TR 4,100 ms, first TE and echo spacing 10.9 ms, bandwidth 250 Hz/px, matrix size 192 × 384, resolution 1.2 × 1.2 mm2, slice thickness 10 mm, gap between slices 30 mm.

For fat fraction quantification, a 3D multi-echo gradient-echo (MEGE) acquisition using a custom sequence was prepared with the following parameters: number of echoes 6, TR 35 ms, first TE/echo spacing 1.7/1.5 ms, flip angle 7°, bandwidth 1,050 Hz/px, matrix size 396 × 432 × 52, resolution 1.0 × 1.0 × 5.0 mm3. The sequence had a monopolar readout with interleaved echo spacing (even and odd echoes acquired in subsequent repetitions). The acquired images were postprocessed with the publicly-available algorithm FattyRiot (27) to obtain the fat fraction maps.



Human Experiments

The acquisitions described above were performed on the thighs of 5 (three male, median age 46 y, range 29–61 y) subjects with diagnosed facioscapulohumeral muscular dystrophy (FSHD), which is a particular form of muscular dystrophy characterized by progressive muscle wasting and fatty replacement often preceded by muscle edema on MRI (34), and of four subjects without a history of neuromuscular diseases (two male, median age 54.5 y, range 26–72 y). The acquisitions were performed according to the local ethics regulations and informed consent was obtained from the participants.



Data Analysis

The computer used for the postprocessing is a current mid-range personal computer (Ryzen 2600, Advanced Micro Devices, Santa Clara, CA, equipped with 32GB of RAM and a GeForce 1060 GPU, NVIDIA corporation, Santa Clara, CA).

The proposed algorithm was applied to the MESE acquisition after generation of a dictionary containing 60 linearly spaced values for wT2 (range 20–80 ms), 20 values for B1 factor (range 40–140%), and 101 values for the fat fraction (range 0–100%), for a total of 121,200 parameter combinations. The fat T2 was estimated from a subsample of the subjects (through a single-component EPG fitting in regions of subcutaneous fat) and subsequently assumed constant at 151 ms. Maps derived from EPG and double exponential fitting, with and without the constraint of the external proton-density-weighted fat fraction as calculated from the MEGE acquisition, were produced (an overview of the assumed and fitted parameters for each method is given in Table 1). The fitting was repeated by discarding later spin echoes (and only retaining 8, 5, or 3) to evaluate the robustness of the algorithm with respect to the number of echoes.


Table 1. Overview of the presented fitting methods.

[image: Table 1]

Regions of interest (ROIs) were manually drawn by one reader bilaterally on every MESE slice over the cross section of the following muscles: Vastus Lateralis (VM), Vastus Medialis (VM), Rectus Femoris (RF).

The average and standard deviation for wT2 values and fat fraction were extracted, and the following indicators were calculated:

• Average error between fat fraction calculated from MESE and the one deriving from MEGE (considered the “gold standard”) - only for nonconstrained reconstructions, calculated as:

[image: image]

where [image: image] represents the averaging operation over the whole population, over all ROIs of each subject, and over the voxels of each ROI.

• Pooled standard deviation across the ROIs—this indicator is similar to an “average of the standard deviations,” and it indicates the variability of the fitted wT2 values over a small spatial region; it is related to noise or tissue inhomogeneities due to disease activity and is calculated as follows:

[image: image]

where [image: image] represents the squared standard deviation over each ROI.

• Standard deviation of the averages over the ROIs (hereby termed “intrasubject standard deviation”) - this indicator relates to the variability over larger areas, for example arising from field inhomogeneity, and is calculated as follows:

[image: image]

This indicator was only calculated in the volunteer cohort, because patients might have variability in the wT2 values due to their pathology.

• Global average wT2 for patients and control groups, calculated as follows:

[image: image]

Statistical analysis was performed with R (35). To quantify the influence of the fat fraction on the fitting of wT2, the correlation between the average fat fraction and the average wT2 for each ROI was calculated. For the calculation of the correlation coefficients the log-transformed fat fractions were used to compensate for the skewness of the fat fraction distribution. However, the visualization was done on the original fat fraction axis (0–100%) for ease of interpretation.

In addition, correlation of repeated measurements (rmcorr function) instead of the standard Pearson coefficient was used to compensate for dependence of measurements of the same subject. In this case the subject is introduced as a variable and both wT2 and fat fraction are considered as measures.



Validation

In order to evaluate the absolute accuracy of the fitting method, the same data was analyzed using the EPG wT2 fitting procedure of the QMRTools software package (36). The slice profile was adapted to match the one used in the current acquisitions and the fitting was applied to the full 17-echo dataset.

The same ROIs as in the previous analysis were considered, and the average wT2 in each ROI was calculated and compared to the corresponding ROI of our method. Average and standard deviation of the errors were calculated, and the agreement was visualized in a Bland-Altman plot.




RESULTS

The software fitted the MESE datasets with EPG dictionary matching in an average time of 2 s/slice, plus 12 s per dataset for the generation of the dictionary (operation performed at every run of the program, which was faster than caching the results to disk). The double exponential fitting was not GPU-optimized and took 390 s (6 m 30 s) per slice.

Exemplary outputs from an unconstrained 17-echo reconstruction for a patient and a volunteer are shown in Figure 1. No noticeable artifacts are visible in the wT2 and fat fraction maps, whereas the B1 maps show some inconsistencies, mostly located in the fascia, thus remaining mostly masked in the other maps.


[image: Figure 1]
FIGURE 1. Parameter maps derived from an unconstrained 17-echo EPG dictionary matching for an FSHD patient (top row) and a healthy volunteer (bottom row). The rightmost panel is the registered fat fraction map deriving from a multi echo gradient echo acquisition (MEGE) for reference.


WT2 maps had a homogeneous appearance with EPG matching both for 17 and 8 echoes (Figure 2). However, the unconstrained reconstruction showed a noticeable difference in quantitative values in areas with heavy fat infiltration, whereas the fat-fraction-constrained reconstructions appeared similar between 17, 8, and 5 considered echoes. The visual quality of the map was insufficient in any combination when only three echoes were used for the reconstruction (Figure 2). Quantitatively, it can be observed that a reduced number of echoes in the unconstrained fitting has an effect on wT2 fitting when fat infiltration is present, resulting in a highly significant positive correlation (p < 0.001) for EPG fitting with 5 and 8 echoes (correlation coefficient r = 0.73 and 0.61, respectively, Figure 3). Conversely, the correlation was significantly negative (r = −0.71, p < 0.001) for the unconstrained fitting with 17 echoes, and for the constrained fitting of 5 and 8, but not 17 echoes (r = −0.60, −0.41, −0.19; p < 0.001, p = 0.005, 0.2, respectively).


[image: Figure 2]
FIGURE 2. wT2 maps for an FSHD patient using a varying number of acquired echoes by EPG simulation with and without an external fat fraction map as a reconstruction constraint.



[image: Figure 3]
FIGURE 3. wT2 values over each ROI vs. fat fraction in the same ROI, for all ROIs drawn in patients and healthy volunteers. The solid lines represent the linear regression with shaded gray areas indicating the 95% confidence intervals.


The double exponential fitting showed decreased wT2 with any number of echoes when unconstrained fitting was used, in addition to artifacts arising from B1 inhomogeneities (see Figure 4 and Table 2). Correlation between wT2 and the fat fraction was always negative and significant (p = 0.02 for the constrained 8 and 17 echoes, p < 0.001 otherwise) in all cases except, notably, the unconstrained fitting of five echoes (p = 0.29), with negative correlation coefficients ranging from r = −0.34 for the constrained 8-echo reconstruction to r = −0.62 for the unconstrained 8-echo reconstruction (Figure 3).


[image: Figure 4]
FIGURE 4. wT2 maps for an FSHD patient using a varying number of acquired echoes by double exponential fitting with and without an external fat fraction map as a reconstruction constraint.



Table 2. Summary of results for the different fitting methods, with and without an external proton-density-weighted fat fraction (FF) constraint.
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According to the quantitative quality metrics (Table 2), considering a higher number of echoes improved both the noise (pooled standard deviation) and the homogeneity across the ROIs for each subject (intrasubject variability). For a reduced number of echoes, the constrained reconstruction retained good homogeneity down to five considered echoes for the EPG reconstruction (3.1 ms for the constrained case vs. 6.7 for the unconstrained). The double exponential fitting showed good homogeneity (intrasubject standard deviation ranging from 2.7 to 4.6 milliseconds), but more noise (pooled standard deviation ranging from 5.9 to 10.5 ms).

The constrained reconstruction resulted in a generally higher pooled standard deviation due to the artifacts introduced by the misregistration of the images.

The accuracy of the wT2 values was close to the QMRTools implementation, showing an average difference of 0.9 ms (5.2 ms standard deviation, Figure 5).


[image: Figure 5]
FIGURE 5. Bland Altman plot of the agreement of the wT2 values obtained by the QMRTools software package and the presented software, for an unconstrained 17-echo EPG reconstruction. The bias and the 95% confidence intervals are depicted in the plot.


Concerning the fat fraction accuracy, although it is not the primary focus of this method, the EPG matching resulted in consistent underestimation compared to the FattyRiot algorithm, with a larger number of echoes providing results which were closer in average to the gold standard (from −4.2 percentage points (p.p.) for 17 echoes to -7.8 p.p. for eight echoes). The double exponential fitting provided an overestimation ranging from +3.2 p.p. for 17 echoes to +8.6 p.p. for five echoes.



DISCUSSION

In this work, we presented a software application that can quickly and reliably calculate wT2 maps in the presence of spectrally inhomogeneous voxels containing both non-fatty tissue and lipids, while at the same time estimating fat fraction from conventional multi-echo spin-echo acquisitions. This work follows the concept introduced by Marty et al. (14). Still, it additionally provides the possibilities of performing double exponential (and, optionally, single exponential) fitting and, more interestingly, of incorporating external fat fraction information to improve the accuracy of the fitting. There are no specific hardware requirements for this program; however, for better performance, a reasonable Cuda-compatible graphic card should be used. Consumer-grade GPUs deliver good performance, but more extensive dictionaries than the one tested in this current setup require increased memory on the device. The code is released with a free open source license and, in contrast to existing available implementations (36), this software package is exclusively based on free software and is platform-independent. This implementation can thus be considered ready to be widely used in a clinical research context and as a reference by other researchers.

In the comparison with an existing implementation, the absolute wT2 values obtained by this method are close, but not identical, to the ones obtained from QMRTools, although both methods are based on the same conceptual framework. One explanation could be the usage of different metrics while performing the dictionary matching. This finding highlights the necessity of having consistent acquisition and data processing pipelines, and the necessity of characterizing a quantitative method primarily in terms of reproducibility and precision. It is generally true also in other fields of quantitative MRI, that the absolute values obtained are method-dependent and thus comparisons need to be carefully considered (37, 38).

During the optimization of the EPG matching algorithm, it appeared clear that an accurate slice profile was very important to obtain absolute values of wT2 close to the literature. Small changes to the profile, or selecting a too large refocusing slice width factor, could introduce a bias of a few milliseconds in the estimated values. The intersubject and intrasubject variabilities, however, minimally changed, so the user should be advised to obtain the exact sequence characteristics and to use a coherent parameter set when reconstructing multiple datasets.

The introduction of the constrained reconstruction appears beneficial for the fitting of wT2, providing reliable and homogeneous results, not correlated with the amount of infiltration of the muscle, with considering as few as five acquired echoes. This is a valuable result in light of providing better spatial coverage by the MESE sequence: reducing the number of acquired echoes allows exciting multiple interleaved slices in a simple repetition time and thus lessen the interslice gaps. However, the alignment of the fat fraction map can introduce some artifacts if patient motion occurs between the two acquisitions. In the current implementation, no image registration is performed. The alignment of the MESE and MEGE datasets is currently only performed based on the orientation information provided in the image headers. Image registration is, however, implementable using free python libraries and could be added if needed.

The EPG matching, as expected, could account for the B1 inhomogeneities and therefore lead to lower artifacts in the areas where flip angles deviate from the nominal value in comparison to double-exponential fitting.

In general, unconstrained double exponential fitting with reduced echoes resulted in underestimating wT2 values relative to other methods with unconstrained reconstruction. On the other hand, thanks to its fewer degrees of freedom in the fitting, it showed remarkable homogeneity across the various ROIs even with few echoes, suggesting that it might still be considered a robust and straightforward approach when no other methods are available. The constrained double exponential reconstruction, conversely, produced results farthest from the expected values (12, 14). An analysis of the data shows that the unconstrained double exponential fitting consistently overestimates the fat fraction. The possible explanation is that the longer exponential decay due to the stimulated echoes gets assigned to the fat component during the fitting process in the unconstrained case, whereas fixing the fat fraction in the constrained reconstruction produces a longer apparent exponential decay constant in what is practically a monoexponential fitting of the residuals.

Generally, most of the obtained wT2 values negatively correlate with fat fraction, which is in line with the previous findings (15, 39), with the exception of the EPG matching of the reduced echoes, showing a positive correlation, suggesting a failure to separate the wT2 from fat.

As an overall comparison, both fitting methods (double exponential fitting and EPG matching) have advantages and disadvantages. EPG matching appears accurate and precise even when a lower number of echoes is used, especially when paired with an external fat fraction constraint, and it has a higher insensitivity to B1 inhomogeneity, but it requires precise knowledge of the acquisition parameters to obtain unbiased values. Double exponential fitting fails in regions of B1 inhomogeneity, its accuracy is poor when few echoes are used, and the external fat fraction constraints introduces a bias in the obtained values. However, it requires very little knowledge of the acquisition parameters, and it can therefore be chosen when the sequence characteristics are unknown. When the full 17-echo acquisitions are used, the two fitting methods have similar characteristics when averaged across the muscles; however, the sensitivity of the double exponential fitting to B1 inhomogeneity might mask local intramuscular changes in patients with neuromuscular disorders.

Although not explored in the present validation for the results to be more comparable, the program assumes a constant value for fat T2. Still, it gives the possibility of indicating it as a runtime parameter or estimating it from the image itself. Similarly, T1 values for water and fat are fixed, although this can be assumed to have a small effect on the final result (14). Other effects like j-coupling are also not explicitly introduced in the model but rather incorporated in the assumed value of fat T2, which is dependent on the characteristics of the MESE sequence (40).

The implementation has some further limitations regarding the accuracy of the results. Specifically, Keene et al. demonstrated that this method can be improved by introducing a correction for the chemical shift in the slice profile and a better estimation for fat T2 (15). These corrections are relatively newly introduced and not routinely used in the current studies, and thus not currently implemented. However, the chemical shift correction requires knowledge of the actual implementation of the pulse sequence that might be difficult to obtain in a clinical setting. It would therefore result in potential loss of generalizability. Similarly, a multi-peak spectral model for the fat could be incorporated into the algorithm, which could improve the results' accuracy. As this method is based on multi spin echoes, the multiple spectral peaks do not result in different chemical shifts as in gradient-echo images. The effect would only be seen in the different T2 values of the fat components; therefore, this functionality is not currently implemented, in line with existing spin-echo-based methods for muscle imaging (14, 15, 17, 23).

One limitation of this work is the relatively small number of datasets. However, both healthy and different diseased subjects were included. While a larger subject cohort would be of interest, one of the goals of this study was to offer the tools for such studies and not to draw conclusions on wT2 measurements of dystrophic muscles. For this goal, clinical studies that focus on more homogenous patient cohorts (grouping, for example, the different stages of neuromuscular disease, where similar pathological changes are expected) are required.

The validation of this work was performed by comparing the proposed fitting with an existing implementation of the same concept on the same data, thus lacking an external reference standard for the values obtained. While such an external reference could be desirable, the scope of this work was not to assess the validity of MESE acquisitions for the estimation of wT2, but only to evaluate the efficacy of the proposed implementation. The availability of an independent fitting procedure allowed a direct comparison of these characteristics without other sources of error deriving from the physics of different acquisition methods.

In conclusion, in this work, we have presented a fast and open implementation of an algorithm for the T2 mapping of the water component of muscle tissues in the presence of fat, based on conventional multi-echo spin-echo sequences, capable of incorporating prior knowledge of the fat fraction. Thanks to the additional information obtained from the multi-echo gradient-echo images, a reduced number of echoes can be used for the spin-echo acquisition with while retaining similar inter- and intrasubject variability and similar absolute values, when and EPG model is used. The EPG matching method is in general to be preferred to a double exponential fitting, provided that the characteristics of the MR sequence (especially in terms of RF pulses) are sufficiently known.
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Objectives: Pompe disease is a rare genetic disease produced by mutations in the GAA gene leading to progressive skeletal and respiratory muscle weakness. T1-weighted magnetic resonance imaging is useful to identify fatty replacement in skeletal muscles of late-onset Pompe disease (LOPD) patients. Previous studies have shown that replacement by fat correlates with worse results of muscle function tests. Our aim was to investigate if fat replacement of muscles involved in the ventilation process correlated with results of the spirometry and predicted respiratory muscle impairment in LOPD patients over time.

Materials and Methods: We studied a cohort of 36 LOPD patients followed up annually in our center for a period of 4 years. We quantified muscle fat replacement using Mercuri score of the thoracic paraspinal and abdominal muscles and the pillars of the diaphragm. We correlated the combined Mercuri scores of these areas with spirometry results and the need of respiratory support.

Results: We found a statistically significant correlation (Spearman test, p < 0.05; coefficient of correlation > 0.6) between forced vital capacity seated and lying and fat fraction score of all muscle groups studied. The group of patients who needed respiratory support had higher fat fraction scores than patients not requiring ventilatory support. Higher fat replacement in these areas correlated with worse progression in spirometry values over time.

Conclusions: Fat replacement of paraspinal, abdominal, and trunk muscles correlates with results of spirometry and is able to predict worsening in respiratory muscle function tests that could lead to an emerging ventilatory dysfunction. Therefore, the identification of fat replacement in these muscle groups should lead to a closer monitorization of patients. Radiologic evaluation of diaphragm pillars in T1-weighted imaging axial sequences could also be helpful to predict respiratory insufficiency.

Keywords: Pompe disease, glycogen storage disease type II, MRI, muscular MRI, respiratory insufficiency, accessory respiratory muscles, diaphragm pillars


INTRODUCTION

Pompe disease or glycogen storage disease type II is a rare genetic disease produced by mutations in the GAA gene encoding the enzyme acid alpha glucosidase (AAG). This enzyme catalyzes glycogen into glucose inside the lysosomes. Mutations in the GAA gene lead to accumulation of lysosomes loaded with glycogen and autophagic vacuoles inside cells in several tissues but especially in skeletal, smooth, and heart muscles (1). This accumulation triggers only partially known intracellular molecular pathways leading to necrosis and substitution of muscle fibers by fat and fibrous tissue that eventually produces permanent skeletal and respiratory muscle weakness.

Pompe disease is differentiated in two main phenotypes. In infantile-onset Pompe disease, symptoms start during the first months of life and are characterized by hypotonia, general muscle weakness, respiratory impairment, and hypertrophic cardiomyopathy. This phenotype is very severe with an ominous prognosis and is associated with a very low or absent expression of AAG (2). In contrast, in late-onset Pompe disease (LOPD), symptoms start in any moment after 1 year old, being characteristic a slowly progressive weakness affecting proximal muscles of the limbs and/or axial muscles associated or not with respiratory muscle involvement and elevated creatine kinase (CK) values in blood tests in most patients (2, 3). The clinical spectrum in LOPD is heterogeneous, ranging from isolated asymptomatic hyperCKemia to severe muscle weakness and respiratory insufficiency requiring invasive ventilatory support. Enzymatic replacement therapy (ERT) with alglucosidase alfa (Myozyme/Lumizyme®, Sanofi-Genzyme, Cambridge, MA, USA) is the only approved treatment for this disease (4). A single placebo-controlled clinical trials and several open-label studies have already shown the efficacy of ERT maintaining muscle and respiratory function over time (5–8).

Respiratory impairment is a common manifestation of LOPD. Approximately 60–80% of LOPD patients develop respiratory insufficiency during their lifetime (9). Ventilation is a complex process that involves several muscles of the trunk, pharynx, and larynx to accomplish an adequate inspiration and expiration cycle. Diaphragm and intercostal muscles are considered primary respiratory muscles playing a key role expanding the thoracic cavity during inspiration. Other muscles such as scalenus, serratus, sternocleidomastoid, and pectoralis support inspiration when diaphragm and intercostals are weak enough to not achieve an appropriate inspiration (10, 11). Respiratory insufficiency in LOPD patients is mainly produced by diaphragm dysfunction that should be checked routinely with pulmonary function test (PFT) using spirometry. A difference of 10% or more in forced vital capacity (FVC) in sitting position compared to lying is considered a sign of diaphragm muscle weakness (12). Other parameters assessed with conventional spirometry include maximal inspiratory pressure (MIP) that also correlates with diaphragm performance. However, PFTs are often influenced by patient's motivation, and to obtain a perfect test is not always easy from a technical point of view.

In recent years, muscle magnetic resonance imaging (MRI) using T1-weighted imaging (T1w) has proved to be useful identifying skeletal muscle fat replacement in several neuromuscular diseases, including LOPD. Previous studies have shown that trunk and lower limbs muscles are commonly replaced by fat in LOPD patients and that the amount of fat present in these muscles correlates with the degree of muscle impairment measured using different muscle function tests (13, 14). Therefore, muscle MRI could be considered a good biomarker of muscle function in this disease useful to distinguish between mild and severe patients (15). Based on these previous results, we wondered if fat replacement of the muscles involved in the ventilation process correlated with spirometry values or predicted respiratory muscle impairment in LOPD patients over time.



MATERIALS AND METHODS


Description of the Study Population and PFT

This study was a prospective longitudinal cohort study involving 36 genetically confirmed LOPD patients performed at Hospital de la Santa Creu i Sant Pau (HSCP) in Barcelona from December 2013 to June 2018. The clinical and genetic features of this cohort have been previously described (15). All patients were seen once per year, and the assessment included a clinical interview, several muscle function tests, a conventional spirometry, and a whole-body muscle MRI using T1w sequence. We obtained PFT during the 4 years' duration of the study, and MRI T1w whole body during the first 3 years. On the fourth year, we changed the MRI protocol, and only images of the lower limbs were obtained, so we did not use those images in the present study. The study was approved by the HSCP Ethics Committee, and all participants signed a consent form. The study was registered in ClinicalTrials.gov with the identifier NCT01914536.

Inclusion criteria for the study were (1) a diagnosis of LOPD according to the recommendations made by the European Pompe Consortium: reduced enzymatic activity on fibroblasts, blood leukocytes or skeletal muscle and/or the presence of two known mutations in the GAA gene (16); (2) no contraindications for the MRI; and (3) willingness to complete muscle function test and respiratory assessment. Asymptomatic patients who only had isolated hyperCKemia without clear skeletal muscle weakness in clinical examination or respiratory symptoms were also included. The criteria requested by health authorities to approve ERT in Spain vary from one region to another, but are commonly based on the presence of skeletal and/or respiratory muscular weakness in clinical examination. Isolated hyperCKemia associated or not to fatigue or muscle pain is not considered a criterion to start ERT.

Muscle function tests and spirometry were performed by two physiotherapists with a long experience in the assessment of neuromuscular patients (I.B., I.P.-H.). In terms of spirometry, we measured FVC seated and lying and MIP and maximal expiratory pressure (MEP) with the Carefusion Microlab ML 3500 MK8 spirometer (Carefusion, Yorba Linda, CA, USA).



Muscle Imaging

The 36 LOPD patients were imaged in a 1.5-T field magnetic resonance system (1.5-T Achieva, Philips, Eindhoven, the Netherlands) at HSCSP in Barcelona during the whole duration of the study. Patients were imaged in supine position with the legs stretched out. Whole-body axial T1w images were obtained. The images were analyzed by three members of our team (D. R.-L., C. N.-P., J. D.-M.) who quantified fatty muscle replacement using the modified version of the Mercuri score published by Dr. Fischer (17): no fatty replacement: 0 point; mild fatty replacement or traces of infiltration on T1w scores, 1 point; fatty replacement in <50% of the muscle scores, 2 points; fatty replacement in more than 50% of the muscle scores, 3 points; and end-stage appearance with the whole muscle replaced by fatty tissue scores, 4 points.

We analyzed fat replacement of the so-called respiratory accessory muscles both in the right and left sides of the body as shown in Figure 1. We divided respiratory accessory muscles in three groups: thoracic muscles, paraspinal muscles, and abdominal muscles. We calculated a compound modified Mercuri score of these areas adding the individual Mercuri score for each of those muscles from both sides (left and right) and eventually obtaining four compound scores:

• Thoracic muscle score: Serratus L (0–4) + serratus R (0–4) + latissimus dorsi L (0–4) + latissimus dorsi R (0–4) + pectoralis major L (0–4) + pectoralis major R (0–4) + scalenus L (0–4) + scalenus R (0–4) + trapezius L (0–4) + trapezius R (0–4). This score ranged from 0 to 40.

• Paraspinal muscle score: Multifidus L (0–4) + multifidus R (0–4) + longissimus thoracis L (0–4) + longissimus thoracis R (0–4) + quadratus lumborum L (0–4) + quadratus lumborum R (0–4) + iliocostalis L (0–4) + iliocostalis R (0–4). This score ranged from 0 to 32

• Abdominal muscle score: Obliquus externus L (0–4)+ obliquus externus R (0–4) + obliquus internus L (0–4) + obliquus internus R (0–4) + transversus abdominis L (0–4) + transversus abdominis R (0–4)+ rectus abdominis L (0–4) + rectus abdominis R (0–4). This score ranged from 0 to 32.

• Global Score: Thoracic muscle score (0–40) + paraspinal muscle score (0–32) + Abdominal muscle score (0–32). This last score ranged from 0 to 104.


[image: Figure 1]
FIGURE 1. MRI T1w of three LOPD patients: (A,D,G) correspond to a patient with mild involvement; (B,E,H) correspond to a patient with moderate muscular involvement; (C,F,I) correspond to a patient with severe muscular involvement. Yellow arrowheads point the muscles assessed. PM, pectoralis major; SR, serratus; Ld, latissimus dorsi; RA, rectus abdominis; Mu, multifidus; Lt, longissimus thoracis; Ic, iliocostalis; Tr, trapezius; Ob, obliquus externus and internus; QL, quadratus lumborum.


Furthermore, we assessed the involvement of the diaphragm by analyzing fatty replacement of the diaphragm pillars, which are two musculotendinous structures easily identifiable surrounding the anterior lumbar spine as shown in Figure 2.


[image: Figure 2]
FIGURE 2. MRI T1w abdominal sections of three LOPD patients. Yellow arrows point to both diaphragm pillars. In case (A), right and left diaphragm pillars are visible and do not show fatty replacement (Mercuri score 0). In case (B), left diaphragm pillar is visible and partially infiltrated, whereas right diaphragm pillar is absent (left pillar Mercuri score 3 points). In case (C), we can observe fully replaced diaphragm pillars at both sides (Mercuri score 4 points).




Statistics

We confirmed the scores obtained were normally distributed using Kolmogorov–Smirnov test, and consequently, we used parametric statistic studies to analyze the data. We used Student t-test to study if the differences observed in the fatty replacement scores obtained between ventilated and nonventilated patients were significant. To analyze differences observed over time in fatty replacement, we used a mixed linear model and applied Greenhouse–Geisser test. We used Pearson test to correlate respiratory measurements with the degree of muscle involvement, and we considered that the correlation was good if the correlation coefficient were higher than 0.6. Hierarchical analysis and graphical representation as a heatmap was performed using R software, V.3.1.3. Significance was set up at p-values lower than 0.05. Statistical studies were performed with SPSS for MAC computers (version 21, SPSS Inc., Chicago, IL).




RESULTS


Cohort Description

Clinical data of the 36 LOPD patients enrolled in the study have been previously reported and are displayed in Table 1 (15). Twenty patients were female (55.5%). Mean age of the patients at the start of the study was 43.9 ± 14.8 years. At the baseline visit, 23 patients were on ERT with Myozyme. One patient (patient 7) started ERT during the follow-up. Mean duration of ERT treatment at baseline was 4.30 ± 2.69 years. Eight patients were considered asymptomatic as they only presented hyperCKemia and were not receiving ERT. The most common clinical feature of the cohort was muscular weakness involving the lower limbs. Eleven patients needed noninvasive nocturnal mechanical ventilation at the start of our study. Patient 7 started noninvasive nocturnal mechanical ventilation during the study.


Table 1. Clinical features of the cohort.
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MRI T1w Analysis

Both abdominal and paraspinal muscles were more commonly and severely affected than thoracic muscles in our cohort as shown in Tables 2, 3 and in Figure 3. The muscles more commonly replaced by fat were multifidus, longissimus, iliocostalis, rectus abdominis, the oblique muscles and transversus abdominis. Latissimus dorsi was the thoracic muscle more common and severely affected, while there was a clear heterogeneity in the involvement of the remaining thoracic muscles among patients as shown in Figure 3. We observed significant differences in the degree of muscle fat replacement between ventilated and nonventilated patients in abdominal and paraspinal muscles but not in thoracic muscles at baseline (Table 3). It is noteworthy that the pillars of the diaphragm were more severely affected in ventilated than in nonventilated patients (Table 3) as shown in Figure 2. There was a significant progressive increase in the degree of fat replacement of thoracic, abdominal, and paraspinal muscles during the follow-up (Greenhouse Geisser, p < 0.001). Interestingly, some of the presymptomatic patients have mild signs of fatty replacement especially in paraspinal and abdominal muscles. It is noteworthy that one of the considered presymptomatic patients had more consistent changes affecting also thoracic muscles. However, this patient did not complain of any muscular symptom.


Table 2. Mean values of the compound MRI scores at every visit.
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Table 3. Mean values of the MRI scores and Mercuri score of diaphragm pillars classified in ventilated and nonventilated patients.
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[image: Figure 3]
FIGURE 3. The heatmap shows the MRI Mercuri score value for all the muscles studied, the presence of muscular weakness (symptomatic) or hyperCKemia alone (no symptomatic), its relationship with the FVC at base time, and the needs of noninvasive mechanical ventilation in every patient. FVC, forced vital capacity; MRI, magnetic resonance imaging.




Pulmonary Function Test Analysis

There were significant differences in FVC percentage predicted measured seated or lying between ventilated and nonventilated patients (Student t-test, p = 0.001 for both measurements). Moreover, we identified a significant difference in FVC seated between baseline and last visit both in ventilated and nonventilated patients (Table 4). We did not observe significant differences in FVC in presymptomatic patients between baseline and last visit. The MIP and MEP values at baseline visit were also studied obtaining a mean MIP of 70.52 ± 28.95% and a mean MEP 72.98 ± 31.77% in all the patients.


Table 4. Mean values of the FVC measured seated and mean values of the differences between FVC seated and lying at the first and last visit.
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Correlation Test

We observed significant correlation between global, thoracic, abdominal, and paraspinal scores and FVC percentage predicted seated and lying at baseline. Additionally, there were significant correlations between fat replacement of the diaphragm pillars and FVC percentage predicted seated and lying and MIP (Table 5).


Table 5. Correlations found between the compound scores calculated and the diaphragm pillar involvement and the FVC% seated and lying.

[image: Table 5]

We also observed a significant correlation between baseline MRI score and changes in FVC percentage predicted after 3 years of follow-up for global (p = 0.013, r = −0.506), abdominal p = 0.017, r = −0.602), and paraspinal (p = 0.013, r = −0.542) MRI Score. Although significant, the correlations with thoracic MRI score and fat replacement of the diaphragm pillar were low: r = −0.233 and r = −0.437, respectively.

It is noteworthy that one of the patients ventilated (patient 24), with a clear diaphragmatic dysfunction characterized by a drop in FVC when lying higher than 20%, had mild abdominal but severe paraspinal fat replacement (abdominal score: 10, paraspinal score: 28) and normal diaphragm pillars. Additionally, we detected patients (patients 6, 9, 14, 29, and 31) who had mild to moderate abdominal fat replacement with a severe paraspinal fat replacement but with diaphragm pillars nonaffected and who did not show diaphragm dysfunction (FVC Seated - FVC lying <10%).

We want to highlight the individual case of patient 14 who is a 51-year-old male patient who was already using nocturnal ventilation when recruited in this study. The patient was diagnosed as having sleep apnea 3 years before being recruited and was on nocturnal ventilation 8 h per night at the beginning of the study, and this remained unmodified the whole duration of the study. The predicted FVC seated was 78%, and the predicted FVC lying was 83% at baseline. At last visit, predicted FVC seated was 69%, and FVC lying was 64%. These differences were not compatible with diaphragmatic dysfunction using the definition mentioned above (a drop in FVC higher than 10% between seating and lying), but a worsening tendency was noticed. In this patient, muscle MRI showed a severe fatty replacement of paraspinal and abdominal muscles that was not modified throughout the whole duration of the study. We have included an MRI of this patient at first visit in Figure 4. The MRI scores measured for this patient on the baseline visit were 30 points in abdominal score, 25 points in paraspinal score, and 18 points in thoracic score, so the Global score at the first visit was of 73 points. In the last visit, we identified a very mild worsening in paraspinal score (26 points) and in thoracic score (19 points) remaining unchanged the abdominal score. The global score was of 75 then.


[image: Figure 4]
FIGURE 4. MRI T1w of patient 14 at first visit. From left to right, first image corresponds to shoulder girdle level; second image corresponds to a thoracic level, and third image corresponds to an abdominal level. Yellow arrows point to the pectoralis major (PM), serratus (SR), latissimus dorsi (Ld), rectus abdominis (RA), and iliocostalis muscle (Ic). The MRI scores at this visit were 30 points in abdominal score, 25 points in paraspinal score, and 18 points in thoracic score. The Global score was of 73 points.





DISCUSSION

In this study, we show that fat replacement of thoracic, abdominal, and paraspinal muscles correlates with low values of FVC percentage predicted both seated and lying in a large cohort of LOPD patients. Additionally, fat replacement of abdominal and paraspinal muscles predicted changes in FVC during the follow-up in our cohort. These results suggest that identification of fat replacement in these areas on the MRI should lead to a closer monitorization of respiratory muscle function over time.

It is well known that LOPD patients have a selective involvement of paraspinal, abdominal and proximal muscles of the lower limbs in T1w MRI sequences (14, 15). Here we have confirmed these previous results, but we have also found a good correlation between fat replacement and results of respiratory muscle function tests. It has been previously shown that the degree of fat replacement in a muscle correlates with results of specific function tests including assessment of muscle strength using handheld dynamometry or even assessment of muscle performance using timed tests such as the 6-min walking test (18–20). Accordingly, it is not surprising that fat replacement of the diaphragm or of the accessory respiratory muscles, such as thoracic muscles, has a good correlation with FVC. However, we have seen here that abdominal and paraspinal involvement is also associated with FVC, and it predicts changes in this measure over time. This also suggests that clinical examination findings such as a distended abdominal wall, Beevor sign (cephalic umbilical shift with abdominal muscular contraction due to abdominal weakness), or axial weakness, which are a common finding in LOPD, should also point to a closer monitorization of respiratory function (21).

In concordance with these results, we have observed significant differences in the degree of fat replacement between ventilated and nonventilated LOPD patients, suggesting that fat replacement of these muscles leads to a decrease in respiratory muscle function and eventually to the need of nocturnal respiratory support. All patients using noninvasive ventilation had some degree of fatty replacement in diaphragm pillars, except patient 14, who despite being ventilated did not meet the standard criteria of diaphragm dysfunction. Although diaphragm pillar grading is not a standardized procedure, and there is a wide variability between healthy volunteers and patients, we consider it is a valid measure linked to clinical involvement of the diaphragm.

We have identified significant differences in FVC between baseline and last visit in symptomatic patients treated despite being treated with ERT. Several other studies have also analyzed the progression of FVC over time in LODP patients treated with ERT, and the results are variable. Most of the studies coincide in a positive effect of starting ERT on FVC, as this value remains stable in most of the patients during the first 5 years of treatment (5, 8, 22). However, a recent study including patients followed up for 10 years identified a mean decrease of more than 10% in FVC in patients treated, which is in agreement with our results, which are supported by an increase in fat replacement of respiratory muscles, suggesting that ERT is not able to completely stop progression of respiratory muscle degeneration in Pompe patients (7).

Other previous studies have identified a correlation between fatty replacement of abdominal muscles and diaphragm using computed tomography scan or MRI with spirometry results (23). We have confirmed these previous results, and additionally, we have also found a correlation with fatty replacement of paraspinal and thoracic muscles such as scalenus, trapezius, and pectoralis major. However, it is noteworthy that the correlation between FVC and fatty replacement of thoracic muscles was low, suggesting that they do not have a prominent role in respiratory function in LOPD patients, which is probably more dependent of the diaphragm and the abdominal muscles in these patients. Our protocol of MRI included only axial images, which unfortunately do not allow a good analysis of intercostalis muscles. We think that coronal images should be obtained if these muscles want to be analyzed. In recent years, several studies have also used MRI to study diaphragm function, and they have elegantly shown changes in morphology of thorax cavity and decrease in thorax dynamics during inspiration and expiration in LOPD patients (23–25). These results suggest a prominent involvement of the diaphragm, which is also supported by the frequent finding of a decrease in FVC percentage predicted higher than 10% when patients are lying compared to FVC seating and by the results of echography studies showing thinner diaphragms, which are replaced by fat (11, 26). The biggest limitation of our study is that we have used a semiquantitative scale to analyze fat replacement that is observer dependent and that have several limitations to identify consistent changes over time. At present, quantitative muscle MRI techniques, such as Dixon, are available and have demonstrated to identify better changes in fat replacement over time (27–29). However, it is important to take into account that Dixon studies of the trunk muscles are extremely challenging because of the movement artifacts of this area during normal respiration. To obtain images of good quality could be even more difficult in patients with respiratory involvement and orthopnea such as LOPD patients because the only way of avoiding motion artifacts using Dixon in this body areas is asking the patients to do repeated apneas that can last for 10–15 s (15, 30).

In conclusion, fat replacement of paraspinal, abdominal, and trunk muscles correlates with FVC percentage predicted seated and lying and is able to predict worsening in respiratory muscle function tests that could lead to an emerging ventilatory dysfunction. Therefore, the identification of fat replacement in these muscle groups should lead to a closer monitorization of patients.
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Objectives: Magnetization transfer (MT) imaging exploits the interaction between bulk water protons and protons contained in macromolecules to induce signal changes through a special radiofrequency pulse. MT detects muscle damage in patients with neuromuscular conditions, such as limb-girdle muscular dystrophies or Charcot-Marie-Tooth disease, which are characterized by progressive fiber loss and replacement by fatty tissue. In Pompe disease, in which there is, in addition, an accumulation of glycogen inside the muscle fibers, MT has not been tested yet. Our aim is to estimate MT ratio (MTR) in the skeletal muscle of these patients and correlate it with intramuscular fat fraction (FF) and results of muscle function tests.

Methods: We obtained two-point axial Dixon and Dixon-MT sequences of the right thigh on a 1.5 Teslas MRI scanner in 60 individuals, including 29 late onset Pompe disease patients, 2 patients with McArdle disease, and 29 age and sex matched healthy controls. FF and MTR were estimated. Muscle function using several muscle function tests, including quantification of muscle strength, timed test quality of life scales, conventional spirometry obtaining forced vital capacity while sitting and in the supine position, were assessed in all patients.

Results: MTR was significantly lower in Pompe patients compared with controls (45.5 ± 8.5 vs. 51.7 ± 2.3, Student T-test, p < 0.05). There was a negative correlation between the MTR and FF muscles studied (correlation coefficient: −0.65, Spearman test: p < 0.05). MTR correlated with most of the muscle function test results. We analyzed if there was any difference in MTR values between Pompe patients and healthy controls in those muscles that did not have an increase in fat, a measure that could be related to the presence of glycogen in skeletal muscles, but we did not identify significant differences except in the adductor magnus muscle (48.4 ± 3.6 in Pompe vs. 51 ± 1.3 in healthy controls, Student T-test = 0.023).

Conclusions: MTR is a sensitive tool to identify muscle loss in patients with Pompe disease and shows a good correlation with muscle function tests. Therefore, the MT technique can be useful in monitoring muscle degeneration in Pompe disease in clinical trials or natural history studies.

Keywords: late onset Pompe disease, lower limb muscle, magnetic transfer ratio, intramuscular fat fraction, muscle function tests


INTRODUCTION

Magnetization transfer (MT) imaging is a magnetic resonance (MRI) technique that exploits the magnetization exchange between water and tissue protons present in different environments. In normal tissue, hydrogen protons are present in two compartments: the so-called “free pool” with mobile protons in free water and a second compartment called the “bound pool,” consisting of protons bound to proteins and other macromolecules, such as glycogen (1). Protons within the free pool are responsible for the conventional MRI signal because they have a long and easily detectable T2 signal; on the other hand, protons bound to macromolecules have short T2 values due to their highly restricted motion and are not detected in routine MRI.

The interaction between these two compartments can be probed by measuring the exchange of energy from the bound to the free pool of protons. This is achieved by applying a special radiofrequency (RF) pulse called MT pulse (a low-power RF saturation pulse) that gives origin to the MT effect (2). The MT effect can be used to create additional contrast (MTC) in different tissues, and it is widely used in MR angiography, enhancing the representation of smaller peripheral branches of the vessels (3), or in multiple sclerosis in which the background suppression improves detection of acute lesions (4). The MT effect can also be quantified obtaining the magnetization transfer ratio (MTR), which provides insight into relaxation and exchange rates of free water and macromolecules (5).

Musculoskeletal tissue displays a pronounced MT effect, and it is already demonstrated to be a sensitive measure of muscle damage in patients with neuromuscular conditions, such as limb-girdle muscular dystrophies (LGMD) or Charcot-Marie-Tooth disease, which are disorders characterized by progressive muscle fiber loss and replacement by fatty tissue (6, 7). Nevertheless, the utility of MT has not been tested in Pompe disease yet, a disease in which there is an accumulation of glycogen within muscle fibers leading to cell death and replacement by fat. Estimation of the intramuscular fat fraction (FF) using the Dixon technique in Pompe patients is a useful biomarker for the follow-up of patients as we demonstrate that there is a progressive accumulation of fat in the skeletal muscles that precedes changes in muscle function tests in patients that have already started enzyme replacement therapy (8). However, presymptomatic patients do not always show an increase in fat accumulation even if they develop muscle weakness, suggesting that the identification of changes related to glycogen accumulation could be useful to monitor progression of the disease, especially in these presymptomatic cases. Our hypothesis is that MT could identify early structural changes related to the accumulation of glycogen before degeneration of the muscle fibers to substitution by fatty tissue takes place in the muscles. To confirm our hypothesis, we studied a cohort of patients with late-onset Pompe disease (LOPD) using the MT technique and compared the results with those obtained in healthy controls. Additionally, we correlated MTR values with intramuscular FF and muscle function tests.



METHODS


Study Design and Participants

This is a transversal cross-sectional study involving 60 individuals who were studied at the Hospital de la Santa Creu i Sant Pau (HSCSP) in Barcelona. The study is registered in ClinicalTrials.gov with the identifier NCT01914536. The HSCSP ethics committee approved the study, and all participants signed an informed consent form. All study procedures were performed in accordance with Spanish regulations.

The inclusion criteria for the study were (1) genetically confirmed diagnosis of Pompe disease or McArdle disease; (2) no contraindications to MRI; and (3) willingness to complete all muscle function tests, respiratory assessment, and patient-reported outcomes measures. As control, we included a group of healthy volunteers age- and sex-matched with the Pompe patients. We ruled out other neuromuscular conditions in all participants in the study based on clinical data and results of complementary tests, such as blood analysis, spinal MRI, or EMG when needed.

All patients were studied by three physiotherapists with long experience in neuromuscular disorders at HSCSP. The physiotherapists evaluated muscle function using the following tests: the 6-min walking test, time to walk 10 m, timed up-and-go test, time to climb up and down four steps, and the Motor Function Measure 20-item scale (MFM-20). All timed tests were performed asking the patient to not use aids for walking. Muscle strength was studied using both the Medical Research Council (MRC) scale and hand-held myometry. Daily life activities were studied using the activity limitations scale for patients with upper and/or lower limb impairments, and quality of life was analyzed using both the Individualized Neuromuscular Quality of Life Questionnaire and the Short Form 36 questionnaire. We obtained forced vital capacity (FVC), both seated and lying down, using the Carefusion Microlab ML 3500 MK8 spirometer (Carefusion, Yorba Linda, CA, USA). These last two tests were added due their being commonly used in Pompe disease patients to measure their clinical status (9). Finally, Creatine kinase levels in serum were quantified in the HSCSP biochemistry laboratory following standard protocols.



MRI

All patients were examined in a 1.5 MR system (1.5 Achieva dStream; Philips, Best, NL) at HSCSP in the supine position with stretched legs using a 32-channel body coil. Axial 3-D Dixon FFE on the middle third of both thighs was performed with the following parameters: TR/TE1/TE2 = 5.78/1.8/4 ms, flip angle = 15, FOV = 520 × 340 × 300, acquired voxel size = 1 × 1 × 3 mm3; acquisition time was 2 min 33 s. Also, another 3-D Dixon FFE sequence was acquired with and without an off-resonance magnetization transfer contrast prepulse active, TR/TE1/TE2 = 32/1.8/4 ms, flip angle = 15, FOV = 400 × 200 × 114 mm, acquired voxel size = 1 × 1 × 3 mm3; total acquisition time for images with and without MTC module active was 7 min 58 s.



Analysis

We analyzed both sequences in the middle right thigh of all patients. Regions of interest (ROIs) were manually drawn by three investigators on one slice of the following muscles: vastus lateralis (VL), sartorius (Sar), the long head of the biceps femoris (BLH), and adductor magnus (AM), keeping a reasonable distance from the fascia and subcutaneous fat tissue. FF was obtained using a Philips Research Image Development Environment (PRIDE) tool developed for this purpose. MTR was calculated using the following formula in which Mo and MSat refer to the images without and with the saturation prepulse. MTR values were expressed in percentage. Figure 1 shows an example of MT imaging, and the ROIs drawn and Figure 2 shows an example of the images obtained in this study.
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[image: Figure 1]
FIGURE 1. An example of Dixon and MT images. This figure shows an axial image of the right medial thigh of a Pompe patient including the muscles studied in this paper with the ROIs drawn and the values obtained for FF and MTR. (A) 3-D Dixon imaging of the thigh. (B) ROIs drawn in (A) showing the results of FF observed. (C) Dixon-MTC imaging of the thigh. (D) ROIs drawn in (C) showing the results of MTR.



[image: Figure 2]
FIGURE 2. Dixon water and fat maps and MTC-Dixon images obtained. Examples of fat and water maps generated from the data obtained with the Dixon sequence and of the images obtained with the MTC-Dixon sequence and the map generated. Axial sections of the thighs of a control (A) and two patients with Pompe disease, one with moderate involvement (B) and the other with severe muscle involvement (C).




Statistics

We confirmed that the variables to be analyzed were normally distributed using a Kolmogorov–Smirnov test, and therefore, parametric statistical studies were used. We used the Student T-test to analyze if the differences observed in FF and MTR between Pompe and controls were statistically significant. We used the Pearson test to study if correlations between variables were significant. We consider that a correlation was good if the correlation coefficient was higher than 0.6. The significance level for all statistical studies was set at p < 0.05, and post-hoc Bonferroni corrections were used when needed. Statistical studies were performed with SPSS for Mac computers (Version 21, SPSS Inc., Chicago, IL).




RESULTS


Patients Included

We included in the study 29 LOPD patients of which 23 patients were symptomatic and treated with enzymatic replacement therapy (ERT) and 6 patients were presymptomatic and not treated with ERT. Clinical features of LOPD patients included in this study have been reported before (10). We also included in the study 2 patients with McArdle disease without muscle weakness at clinical examination and 29 healthy age- and sex-matched controls. Main demographic and clinical data of the individuals included in the study are summarized in Table 1.


Table 1. Mean demographic and clinical data of the patients included in the study.

[image: Table 1]



MRI Results

We found lower MTR average value in LOPD patients' muscles (45.5 ± 8.5) compared with controls (51.7 ± 2.3) (Student T-test, p < 0.001; Figure 3A). When analyzed separately, we identified significant lower values in AM and BLH but not in VL nor Sar in LOPD patients compared with controls (Figure 3B). MTR average value was lower in symptomatic compared with presymptomatic (41.9 ± 9.8 vs. 51 ± 4, respectively, Student T-test p < 0.001). There were no differences in MTR between controls and presymptomatic patients.


[image: Figure 3]
FIGURE 3. MTR and FF in controls and Pompe patients. (A) Mean thigh MTR value in controls (red) and Pompe patients (blue). (B) MTR value of VL, BLH, AM, and Sar in controls (red) and Pompe patients (blue). (C) Mean thigh FF value in controls (red) and Pompe patients (blue). (D) FF of VL, BLH, AM, and Sar in controls (red) and Pompe patients (blue). (E) Mean thigh MTR value in individuals with mean thigh FF lower than 20% in controls (red) and Pompe patients (blue). (F) Mean thigh MTR value in individuals with mean thigh FF higher than 20% in controls (red) and Pompe patients (blue). Mean value and standard deviation are shown.


We found higher mean thigh FF in LOPD patients' muscles (44.9 ± 32.8%) compared with controls (17.86 ± 6.8%) (Student T-test, p < 0.001; Figure 3C). When analyzed separately, we identified higher values in AM, BLH, and VL but not in Sar in LOPD patients compared with controls (Figure 3D). Mean thigh FF was significantly higher in symptomatic compared with presymptomatic LOPD patients (32.6 ± 7.7 vs. 21.24 ± 7.3, respectively, Student T-test p < 0.001). There were no differences in mean thigh FF between controls and presymptomatic patients.

We did not identify significant differences in MTR in those muscles with FF lower than 20% between LOPD and healthy controls when the four individual muscles were analyzed together (Figures 3E,F). However, when analyzed separately, we observed significant differences in MTR in the AM (48.4 ± 3.6 in Pompe vs. 51 ± 1.3 in controls, Student T-test = 0.023). We observed a negative correlation between MTR value and FF in muscles studied (correlation coefficient: −0.65, Spearman test p < 0.0001; Figure 4).


[image: Figure 4]
FIGURE 4. Correlation between MTR value and FF. The figure shows the correlation between MTR value and FF in each muscle analyzed from controls (red) and patients with Pompe disease (blue).




Correlation With Results of the Muscle Function Tests

We observed a significant correlation between mean thigh MTR value and the results of muscle function tests, including timed tests, such as the 6MWT or the time to walk 10 m, and measures of muscle strength, such as the composite MT value of the lower limbs. Moreover, we identified a good correlation between individual muscle MTR values and specific muscle assessments as is shown in Table 2.


Table 2. Correlation between MTC values and results of the muscle function tests.

[image: Table 2]




DISCUSSION

We observed that MT is an indirect measurement of muscle loss in LOPD patients, and it correlates with results of different muscle function tests commonly used in clinical trials and natural history studies. We also identified a good correlation between muscle FF and muscle MTR value, suggesting that MTR values decrease in relation to progressive loss of muscle fibers that are replaced by fatty tissue.

Quantitative muscle MRI is progressively being implemented in the follow-up of patients with neuromuscular diseases, including Pompe disease, in clinical trials and natural history studies (11–13). Dixon imaging allows calculating the FF, which is the amount of skeletal muscle replaced by fatty tissue. FF is shown to correlate with the results of muscle function tests in different diseases, including but not limited to Pompe disease. Moreover, Dixon has proved to be useful to follow up the progression of fat replacement in LOPD patients in longitudinal studies. Previous studies have identified risk factors associated with FF, such as early age of onset of symptoms and disease duration (8).

Based on these results, Dixon sequences are being implemented in the new clinical trials that are being designed in this disease. MT imaging is based on the magnetization exchange between protons present in the free-water compartment and protons bound to macromolecules. The more hydrated the macromolecules are, the more magnetization transfer is obtained. MT from fat is low as it is a hydrophobic tissue. Hydrophobic properties of lipids cause them to experience limited MT; for that reason, MT is generally low in tissues with high fat content (14–16). However, it is known that fat generates chemical shift artifacts that could compromise the characterization and analysis of tissue. The use of traditional fat-suppression techniques in MT studies can affect the MTR measurements, but the use of water images obtained from Dixon sequences avoids possible confounding effects derived from the fat signal for MTR calculation (17, 18). For these reasons, in this study, we decided to use a two-point Dixon sequence with an off-resonance prepulse. However, the signal obtained in muscles replaced by fat could also be influenced by other concomitant components, such as fibrotic tissue or inflammation. Therefore, MTR is not directly measuring only fat replacement, but in our opinion, is an indirect measurement of loss of muscle fibers that reduce the values obtained. In this sense, our results are similar to the ones reported in other neuromuscular diseases, such as LGMD, inclusion body myositis, Charcot-Marie-Tooth disease, or spinal muscle atrophy (6, 7). We observed lower MTR values in symptomatic patients compared with non-symptomatic patients and controls. To fully understand the biophysical origins of MT in Pompe muscle, a more detailed quantitative MT study is warranted that takes into account pool sizes, T1, lipids, and multiple transfer magnetization transfer mechanisms (5, 19).

Our initial hypothesis was that MT could be useful as an indirect measurement of glycogen. Glycogen is a highly hydrated molecule, and therefore, it was tempting to hypothesize that, in patients with Pompe disease who accumulate glycogen in their muscles, MTR could increase because of the accumulation of water bound to the glycogen. In this study, we observed that fat replacement is a confounding factor because it reduces the MTR signal considerably and makes difficult the identification of the effect of other tissue components on MTR. However, MT values in muscles with low levels of fat replacement (<20% FF) are not statistically different between healthy controls and LOPD patients except for the AM. Additionally, we have not seen differences between presymptomatic non-treated and symptomatic treated patients in the MTR values in muscles with FF lower than 20% (Figure 5). There are two potential explanations for our findings. On one hand, it is possible that the amount of glycogen accumulated in these muscles was too low to induce any change in MTR. It is well-known that LOPD patients accumulate less glycogen than infantile onset patients (IOPD). Muscle biopsies of LODP patients can show mild accumulation of glycogen or even be normal, and muscle biopsies in IOPD patients are characterized by a massive accumulation of glycogen. On the other hand and based on the physiopathology of the disease, it is probable that the accumulation of glycogen was more prominent in those muscles undergoing fatty replacement, but if that was the case, MTR could be influenced by the loss of muscle fibers and expansion of fat, producing, as a result, a decrease in MTR values (20–22). We have also tested MT in 2 patients with glucogenosis type V, usually known as McArdle disease, who had mean thigh FF lower than 10%, and we have not seen any change in MTR values compared with controls. In our opinion, to completely rule out MTR as an indirect measure of glycogen in patients, we should explore it in pretreated IOPD patients because they accumulate larger amounts of glycogen in their muscles.


[image: Figure 5]
FIGURE 5. Example of Dixon and MTR images in a presymptomatic Pompe patient. (A) AM muscle is not macroscopically infiltrated by fat, and the estimation of FF using the Dixon technique is 12%. (B) MTR value in AM is 45.


Interestingly, we have seen a statistically significant decrease in MTR values in the AM muscle in presymptomatic patients without an increase in FF. We previously identified that this muscle is one of the muscles earlier replaced by fat in the progression of the disease (8). Two of these patients developed mild hip adduction weakness soon after being scanned in this study. In our opinion, this result probably reflects the loss of muscle fibers that could be the cause of the weakness rather than accumulation of glycogen as we would expect an increase in the MTR values. It is possible that MT has high sensitivity to detect mild muscle fiber loss even when these fibers have not been replaced by fat yet, and Dixon studies do not detect an increase in fatty tissue. Accordingly, McDaniel et al. reported a decrease in MTR value in muscles of patients with muscular dystrophies that were not replaced by fat, which could be related, in our opinion, to the existence of early muscle damage not yet leading to fat replacement.

The main limitation of our study is that we have not used a gold standard test to study the amount of glycogen present in the muscles of the patients, such as a muscle biopsy or specific imaging sequences able to identify glycogen, such as 13C and 1H spectroscopy (23), chemical exchange saturation transfer imaging of glycogen (GlycoCEST) (24–26), and the recently described nuclear Overhauser enhancement of glycogen (Glyco-nOe) (27, 28). All these sequences are able to identify glycogen in muscles and/or liver but are not available in conventional hospitals not focused on research. Some of the advantages of the MT technique are that it is available in many hospitals, does not require a specific coil, and the acquisition is relatively fast and easy to analyze.

We have seen that MT values correlate with FF and, therefore, could be used to monitor disease progression over time although this should be explored in future longitudinal studies. The only longitudinal study published so far shows that MT measurements decreased in Charcot-Marie-Tooth and IBM patients after 1 year of follow-up in relation to the accumulation of fatty tissue identified using Dixon (29).



CONCLUSION

The MTR estimation constitutes a sensitive tool for the identification of cellular damage in patients with Pompe disease. It is correlated with muscle loss and muscle function tests. Therefore, MT should be further explored as a tool for monitoring muscle degeneration in Pompe disease in clinical trials or natural history studies.
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Background: Cerebral palsy (CP) is the most common cause of physical disability in childhood. Muscle pathologies occur due to spasticity and contractures; therefore, diagnostic imaging to detect pathologies is often required. Imaging has been used to assess torsion or estimate muscle volume, but additional methods for characterizing muscle composition have not thoroughly been investigated. MRI fat fraction (FF) measurement can quantify muscle fat and is often a part of standard imaging in neuromuscular dystrophies. To date, FF has been used to quantify muscle fat and assess function in CP. In this study, we aimed to utilize a radiomics and FF analysis along with the combination of both methods to differentiate affected muscles from healthy ones.

Materials and Methods: A total of 9 patients (age range 8–15 years) with CP and 12 healthy controls (age range 9–16 years) were prospectively enrolled (2018–2020) after ethics committee approval. Multi-echo Dixon acquisition of the calf muscles was used for FF calculation. The images of the second echo (TE = 2.87 ms) were used for feature extraction from the soleus, gastrocnemius medialis, and gastrocnemius lateralis muscles. The least absolute shrinkage and selection operator (LASSO) regression was employed for feature selection. RM, FF model (FFM), and combined model (CM) were built for each calf muscle. The receiver operating characteristic (ROC) curve and their respective area under the curve (AUC) values were used to evaluate model performance.

Results: In total, the affected legs of 9 CP patients and the dominant legs of 12 healthy controls were analyzed. The performance of RM for soleus, gastrocnemius medialis, and gastrocnemius lateralis (AUC 0.92, 0.92, 0.82, respectively) was better than the FFM (AUC 0.88, 0.85, 0.69, respectively). The combination of both models always had a better performance than RM or FFM (AUC 0.95, 0.93, 0.83). FF was higher in the patient group (FFS 9.1%, FFGM 8.5%, and FFGL 10.2%) than control group (FFS 3.3%, FFGM 4.1%, FFGL 6.6%).

Conclusion: The combination of MRI quantitative fat fraction analysis and texture analysis of muscles is a promising tool to evaluate muscle pathologies due to CP in a non-invasive manner.

Keywords: cerebral palsy, pediatric imaging, dixon imaging, intramuscular fat, magnetic resonance imaging, radiomics analysis, texture analysis


INTRODUCTION

Cerebral palsy (CP) is the most common cause of physical disability in childhood, caused by brain injury during the antenatal or early postnatal period (1). Although primary damage occurs in the central nervous system, clinical symptoms are mostly associated with the peripheral neuromuscular system, particularly with skeletal muscles (2). The severity of the clinical manifestations depends on the degree of the injury, ranging from mild movement disorder to severe functional limitation (2). Muscle pathologies occur due to spasticity and contractures, and so far, those pathologies are assessed by either clinical scoring systems, e.g., modified Ashworth scale (MAS), or invasive procedures, e.g., biopsies (2). Imaging has been used to assess torsion or estimate muscle volume (3, 4), but additional methods for characterizing muscle composition have not thoroughly been investigated.

Quantitative magnetic resonance imaging (MRI) is a promising non-invasive imaging modality to assess pathologic changes in muscles. Particularly in neuromuscular muscle diseases, quantitative MRI methods have already become standard for disease monitoring (5–8). Among these quantification methods, fat fraction (FF) measurement is commonly employed to determine fatty infiltration in a muscle, providing insights into function and pathophysiology (6, 7, 9, 10). Most of the quantification methods are based on a mean value calculation within a region of interest (ROI); however, mean values cannot entirely capture the heterogeneity or dynamic variations within the ROI and, therefore, will not show a robust correlation with tissue characteristics (11, 12). So far, FF analysis has been rarely employed to evaluate CP patients (13, 14).

Texture analysis (also called radiomics) is an advanced technique that aims to extract quantitative parameters from diagnostic images to discover the relationship between imaging features and the underlying biological information (15). To date, radiomics analysis has been mostly applied in the field of oncology—including but not limited to gene-expression pattern prediction (16), lesion characteristic discrimination (17), and treatment outcome prediction (18). Radiomics analysis of skeletal muscles recently gained more attention with the increased understanding of the relationship between muscle texture changes and disease pathophysiology (19, 20). Up to now, few studies have focused on radiomics analysis of skeletal muscles, and most of them were either animal studies or in healthy populations (21–27). The potential of the texture analysis of pathologic muscles in human subjects has rarely been explored (28, 29). To our knowledge, our study is the first to employ muscle texture analysis along with FF measurement in children with CP.

In this study, we aimed to employ radiomics and FF analysis along with the combination of both methods to differentiate pathologic muscles from healthy ones in children with CP and healthy controls and compare our RM with FFM and with a combination of both models.



MATERIALS AND METHODS


Study Population

A total of nine patients (median age 11.5 years) with CP and 12 age-/height-/weight-matched healthy controls (median age 11.1 years) were prospectively enrolled between 2018 and 2020 after ethics committee approval (Table 1). All patients were into consideration for corrective surgery. They had fixed contractures with a functional component contributing to equinus gait. Six patients were diagnosed with unilateral spastic hemiparesis and 3 with spastic diparesis. At the time of the study, the MAS ranged between 0 and 2; only two hemiparetic patients had MAS of 0. The Gross Motor Function Classification System (GMFCS) level was mostly I, only two patients had level II, and another had level III motor function impediment. Passive range of motion (ROM) and manual muscle testing (MMT) of the knee joint was reported in Table 2. Informed consent was obtained from the parents of the participants and, additionally, from the 12 years old or older participants at the time of examination. Exclusion criteria were a history of surgery on the affected limb(s), claustrophobia, and failing to follow instructions during the acquisition.


Table 1. All study participant demographics.

[image: Table 1]


Table 2. Patient characteristics, results of the clinical examination, passive range of motion, manual muscle testing, and MRI fat fraction.
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Image Acquisition

The same scanner and the same acquisition parameters were used throughout the study. MRI exams were performed with a 3T whole-body scanner (Siemens Prisma, Siemens Healthineers, Erlangen, Germany). The patients and healthy controls were positioned supine on the patient table, and the lower extremity was restrained with straps at a comfortable resting angle. A Siemens 18-element-body array coil was placed on the lower leg. A three-dimensional (3D) multi-echo gradient-echo (Dixon) sequence was used to reconstruct fat-only and water-only images: 6 echoes: echo times (TEs) 1.41/2.87/4.33/5.79/7.25/8.71 ms, repetition time (TR) = 20 ms, voxel size 1.1 × 1.1 × 3.0 mm3, reconstructed matrix = 320 × 190 × 96, flip angle = 12°, acceleration factor 2, acquisition time 4 min 49 s (30). Images were acquired without contrast material and without anesthesia or sedation. Children were offered the possibility of visual or audio entertainment during the examination to improve compliance, and in case of suboptimal image quality, the corresponding acquisition was repeated.



Image Segmentation and Analysis

The images of the second echo (TE = 2.87 ms) from the multi-echo gradient-echo Dixon acquisition were used for the muscle segmentation. An in-house developed segmentation tool was employed for manual contour delineation. An experienced radiologist (T.A.D.) was responsible for all segmentations. The entire volumes of the calf muscles—soleus (S), gastrocnemius medialis (GM), and gastrocnemius lateralis (GL)—were segmented for both legs (Figure 1). Segmentations were then reviewed by one of the authors (C.W.) to check for errors.


[image: Figure 1]
FIGURE 1. Axial MR images of the more affected calf of a patient (diparetic, boy, 11 years) and the dominant calf of healthy control (a typically developing 11 years boy with similar BMI). First column: segmented ROIs for soleus (pink), gastrocnemius medialis (light blue), and gastrocnemius lateralis (lilac); second column: 2nd echo image from the Dixon data set; third column: water-only image calculated from the Dixon dataset; fourth column: fat-only image calculated from the Dixon dataset; fifth column: fat fraction map ranging from 0 to 100% calculated from the Dixon dataset, showing a higher fat fraction in the CP patient. TE, Echo Time.


All ROI margins were eroded by one voxel to reduce partial volume effects from adjacent adipose tissue and to prevent possible inadvertent overlaps between ROIs.

Water-only images, fat-only images, and fat fraction maps (defined as the signal intensity of the fat-only images divided by the sum of the signal intensities of fat-only and water-only images) were calculated online by the scanner software for all calf muscles bilaterally (30) (Figure 1).

Texture analysis was applied to the second echo images of the Dixon image series (TE = 2.87 ms). To improve the reproducibility and robustness of radiomics features, the voxel intensity range was normalized and quantized to 128 gray levels (31–33).

Radiomics features were extracted using Python version 3.8 (www.python.org) and the PyRadiomics package version 3.0 (34). A total of 107 features were extracted for each ROI.



Feature Selection and Model Building

Feature selection and dimension reduction methods were applied to prevent overfitting (35). Pearsons's correlation coefficient was used to test collinearity, and a heatmap was generated to demonstrate the collinearity between all extracted features. The least absolute shrinkage and selection operator (LASSO) regression and 10-fold cross-validation were employed to reduce the high dimension of all extracted features and select the most robust prognostic features among them as recommended (36). Bayesian information criterion was used for final feature selection. The Image Biomarker Standardization Initiative (IBSI) reference manual was used for feature definitions and calculations (37).

Logistic regression was used to build prediction models to predict the CP-affected muscle, i.e., spasticity. The radiomics model (RM), the fat fraction model (FFM), and a combination of both models (CM) were built for each one of the calf muscles separately. The receiver operating characteristic (ROC) curve and their respective area under the curve (AUC) values were used to evaluate model performance. A DeLong's test was used to compare performances of the three models (i.e., AUC values) within a muscle. A goodness-of-fit test was employed to assess how well the models were fitted. To compare the agreement between the actual and the predicted outcome, calibration curves were generated for the final models.

The feature selection and model building steps were performed in the 12 dominant legs of volunteers, 6 affected legs of patients with unilateral spastic hemiparesis, and the 3 more affected legs of bilaterally affected patients.



Statistical Analysis

Statistical analysis was performed with Stata/IC 15.1 (StataCorp LP, College Station, Texas), and the lassopack (38) package was used. All continuous data, i.e., age, height, BMI, were given as either means and standard deviation or median and interquartile range. The group differences (CP vs. healthy) were assessed using Student's t-test or chi-squared test, where appropriate. Shapiro-Wilk test was used to assess the normality of the distributions. Alpha level was set to 0.05.




RESULTS


Study Population and Fat Fraction

In total, 21 lower limbs (9 affected, 12 healthy) were included.

Mean FF values were higher in the affected legs of the patients with unilateral spastic hemiparesis and more affected legs of patients with spastic diparesis than dominant legs of the healthy controls. While CP-affected and more affected legs had FFS 9.1%, FFGM 8.5% and FFGL 10.2%, the control legs had FFS 3.3%, FFGM 4.1%, FFGL 6.6% (p-values 0.009, 0.005, 0.116, respectively). The FF difference between dominant and non-dominant legs in the control group was not apparent for S and GM muscles, whereas the difference was pronounced for GL. Similarly, the FF values in the contralateral leg of patients were lower than affected/more affected leg for S and GM muscles, but this difference was not evident for GL. An overview of the FF values is given in Figure 2.


[image: Figure 2]
FIGURE 2. Fat fraction (FF) values for patients and controls for each calf muscle. The FF results of patients with diparesis are depicted in orange.




Feature Selection

Feature selection was performed for the entire dataset. All selected features and their values are reported in Supplementary Tables 1–3. The LASSO regression model successfully reduced the dimensionality of 107 features and selected the most robust ones (Supplementary Figure 1). Since LASSO also accounts for collinearity, no further steps were taken in the Pearson correlation coefficient. A correlation heatmap of all extracted features shown in Figure 3 and depicts little redundancy. All chosen texture features with a non-zero coefficient in the LASSO regression are reported in Table 3. A different set of features were selected for each calf muscle. The selected features belonged to 2D shape-based (maximum 2D diameter row, surface volume ratio), gray level co-occurrence matrix (information correlation 1, cluster shade), and gray level size zone matrix (small area low gray-level emphasis, small area emphasis) feature classes (Table 3 and Supplementary Data).


[image: Figure 3]
FIGURE 3. A heatmap demonstrates the collinearity between all extracted features—correlation coefficient (C) range between −1 and +1. Red depicts the perfect positive correlation, and blue depicts the perfect negative correlation, and all other colors depict correlation in between on the heat map. The higher the C in each direction, the more redundant the feature is.



Table 3. All selected texture features and their values, LASSO coefficients, and IBSI reference values.
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Predictive Models

An RM, an FFM, and a CM were built for each muscle separately. All model performances are reported in Figure 4. Based on the ROC analysis, the performance of RM was excellent for soleus and gastrocnemius medialis and very good for gastrocnemius lateralis (AUCS 0.92; AUCGM 0.92, AUCGL 0.82). The FFM always showed good performance for soleus and gastrocnemius medialis and moderate performance for gastrocnemius lateralis (AUCS 0.88; AUCGM 0.85; AUCGL 0.69). The combination of both models always had a better performance than RM according to ROC analysis (AUCS 0.95; AUCGM 0.93; AUCGL 0.83) (Figure 5). The sensitivity of RM was between 67 and 89%, and specificity was between 83 and 100%. The accuracy of RM was always higher than FFM, and the CM model accuracy was either better than or comparable to RM (Figure 4). The calibration curves of the final combination models showed a high level of agreement between the prediction of the affected muscle and actually affected muscle (Supplementary Figure 2).


[image: Figure 4]
FIGURE 4. All model performances. The accuracy, precision, sensitivity, and specificity of the prediction models were based on the radiomics, fat fraction, and combined model built for each muscle.



[image: Figure 5]
FIGURE 5. Graphs show receiver operating characteristic curves indicating the accuracy of models for predicting disease in children with cerebral palsy. DeLong's test P values. GM, gastrocnemius medialis; GL, gastrocnemius lateralis; RM, radiomics model; FFM, fat fraction model; CM, combined model; RM, radiomics model; FFM, fat fraction model; CM, combined model; ROC, receiver operating characteristic.





DISCUSSION

In this study, we employed radiomics analysis of MR images in CP patients and healthy controls to discriminate affected muscles from healthy ones. We compared the performance of the RM with the FFM as well as with the combination of both. Our radiomics analysis yielded a better performing model than the FF analysis. Moreover, we found that the combination of both models always performed better.

So far, quantitative MRI techniques—in particular, FF analysis—have been employed to explore disease severity or to monitor treatment response in muscle dystrophies (5–8). Muscle FF analysis has been rarely used to assess the functional capacity of CP patients, and researchers have reported higher fat quantity in muscles of CP patients than in a healthy population (13, 14). In our analysis, the patient who had the highest FF results for all muscles was obese with a BMI of 95 percentile. On the other hand, the patient with the second highest FF results was underweight with BMI 3 percentile and had the most severe fixed contracture. All other patients were normal weighted and had lower FF values than aforementioned 2 patients. In line with previous studies, our FF results were higher in the patient group than the control group regardless of their BMI. The FF values in our patient group are similar to the values in hemiparetic children reported by D'Souza et al. (14), and lower than the values in biparetic young adults that reported by Noble et al. (13). Although FF could be a useful tool to assess muscle diseases, it is usually restricted to a single value estimation of each muscle, disregarding the inhomogeneity of muscle structure, especially in the presence of pathology.

A less expensive and easily accessible alternative to MRI is ultrasonography (US). The US can be employed to detect basic structural muscle changes and assess muscle volume in CP patients (39, 40). Nonetheless, it is highly user-dependent and does not provide a global view of all muscles (39). Although new emerging US techniques, e.g., sheer-wave elastography, can make functional predictions (40), the composition of muscle, in particular the fat fraction, cannot be detected using only US (39). On the other hand, MRI can be used not only for global assessment of muscles but also for compositional assessment.

Texture analysis of diagnostic images is a non-invasive tool that can shed light on the underlying pathophysiology. Radiomics analysis can guide biopsies and play a role in following up the disease progression by longitudinal radiomics analysis, so called delta radiomics (41). MRI texture analysis has demonstrated to be a potential tool to evaluate neuromuscular muscle disorders in animal models (21, 22, 25–27), and preliminary studies already established some texture biomarkers for assessing disease progression in a dog model of muscular dystrophies (25, 27). Moreover, recent studies revealed that MRI texture analysis could help investigate the effects of repetitive forces in healthy athletes by detecting texture changes due to muscle hypertrophy (23, 24). So far, only a few studies have applied texture analysis to various pathologic skeletal muscles, e.g., muscle dystrophy, in human subjects (28, 29). Researchers explored the correlations between texture analysis and the disease status and found muscle texture features helpful for objective evaluation of MRI (28, 29). To our knowledge, our study is the first one that applied radiomics analysis to the MRI of skeletal muscles of children with CP.

In our study, we applied an FF analysis along with texture analysis to predict CP affected muscles. The FF analysis has been performed based on multi-echo Dixon acquisition with 6 echoes, as at least 3 echoes (Dixon points) are recommended to overcome main field inhomogeneities (42). Images of the second echo (TE = 2.87 ms) were used for feature extraction. The RM always performed better than FFM in discriminating affected muscles with an accuracy between 76 and 95%. Furthermore, the combination of those methods showed an excellent performance level with an accuracy between 81 and 95%. Although fat quantification with FF has a relevant role in evaluating the muscles of the CP patients, our FFM resulted in only moderate/good performance level with accuracy between 62 and 81%. This might be due to the calf muscles' immediate proximity to subcutaneous fat tissue, which was especially prominent on GL FF analysis. Despite this issue being addressed by eroding the ROIs by one voxel, the performance of the FFM was lower than RM or CM. On the other hand, RM always reached a high-performance level. Therefore, combining radiomics and FF methods might especially be recommended for assessing muscles adjacent to subcutaneous fat tissue.

We employed the LASSO regression for dimension reduction and feature selection since those steps are the pillars of the texture analysis and, consequently, help avoid overfitting (35, 36). Higher-order statistics features were eliminated by LASSO, presumably due to their sensitivity to noise. In contrast, second-order statistics and the shape features are less affected by noise and, therefore, more robust (20, 37). Hence, our LASSO analysis mostly selected the shape and second-order features instead of higher-order statistics features. Shape features define the two-dimensional size and shape of the ROI (37). These features are independent of the gray level intensity distribution in the ROI (37). Shape features were the one of the most successful features in our analysis, and they could be employed as an imaging biomarker for CP patients since the normal shape of the muscle can be drastically altered due to spasticity and contractions (4). The co-occurrence matrix depicts the frequency of a pair of pixels with the same value in a specified spatial range within an ROI (37). Co-occurrence matrix features were also successful in our study since they can reveal the texture heterogeneity due to fat infiltration within muscle tissue in CP patients. Gray level distance zone-based features depict the frequency of groups (zones) of the same gray-level appear in every direction within a voxel (37). Other successful features were belonging to this group. Fat infiltration can change the gray levels, and since this feature takes into account the neighboring voxel relations, it can reveal the extension of the fat infiltration. The RM reached a high level of performance to discriminate CP-affected muscles from the normal ones. It is of particular interest that although the spasticity was reduced at the time of the imaging, the muscle alterations, which could be due to remaining contractions or subtle structural changes, were successfully detected in radiomics analysis.

Our study had some limitations. Firstly, our study population was small. However, acquiring MRI data from a specific cohort, i.e., children with spasticity who can comply with MRI examination without sedation, was particularly challenging. Secondly, a single observer performed all segmentations, and segmentations were done manually. Yet, another observer controlled the segmentations against errors. It is well-known that inter-rater agreement is low in segmentation tasks, and although automated segmentation methods are desirable, manual segmentation by a single reader still provides a high degree of reliability for the reproducibility of radiomics features (20). Our patient group had fixed calf contractures, and it is known that muscle changes in patients with fixed contractures are more dramatic than the patients with dynamic contractures (2). Therefore, studies in a heterogeneous patient group needed to demonstrate the applicability of our model on less pronounced contractures. Moreover, we did not have a radiology-pathology correlation; therefore, the true relation between radiomics or fat fraction analysis and muscle histopathology still needs to be elucidated. Nevertheless, radiomics analysis of skeletal muscles is a promising tool to provide non-invasive tissue characterization and reduce muscle biopsies since it is particularly important to avoid unnecessary interventions in the pediatric population, and muscle biopsies usually fail to capture tissue heterogeneity or to reflect the entire tissue. Still, radiology-pathology correlation studies are required to understand the relationship between muscle histopathology and imaging biomarkers. Lastly, we have not tested our model on an independent external dataset. Nevertheless, we did internal validation with 10-fold cross-validation; further studies are required for external validation of the proposed model.

In conclusion, the combination of MRI quantitative fat fraction analysis and texture analysis of muscles in CP patients is a promising tool to evaluate skeletal muscle involvement of the disease in a non-invasive manner. In the long term, our model could be integrated into clinical decision-making systems, and a similar approach might be used to assess other muscle diseases. Further investigations in a large cohort of patients with CP are needed to optimize and validate our proposed model in a clinical setting.
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Neuromuscular disorders are rare diseases for which few therapeutic strategies currently exist. Assessment of therapeutic strategies efficiency is limited by the lack of biomarkers sensitive to the slow progression of neuromuscular diseases (NMD). Magnetic resonance imaging (MRI) has emerged as a tool of choice for the development of qualitative scores for the study of NMD. The recent emergence of quantitative MRI has enabled to provide quantitative biomarkers more sensitive to the evaluation of pathological changes in muscle tissue. However, in order to extract these biomarkers from specific regions of interest, muscle segmentation is mandatory. The time-consuming aspect of manual segmentation has limited the evaluation of these biomarkers on large cohorts. In recent years, several methods have been proposed to make the segmentation step automatic or semi-automatic. The purpose of this study was to review these methods and discuss their reliability, reproducibility, and limitations in the context of NMD. A particular attention has been paid to recent deep learning methods, as they have emerged as an effective method of image segmentation in many other clinical contexts.
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1. INTRODUCTION

Neuromuscular pathologies are rare diseases that can occur in both children and adults. Very few therapeutic strategies have been proposed so far. Reliable outcome measures that could be sensitive enough to detect therapeutic effects are still missing. Diagnosis of neuromuscular pathologies is commonly based on clinical presentation, genetic testing, and histological assessment of muscle biopsy. Given its non-invasiveness and its ability to distinguish fat and muscle tissue, magnetic resonance imaging (MRI), and more particularly quantitative MRI (qMRI), has emerged in recent years as a tool of choice for the investigation of neuromuscular diseases (1). Over the last 20 years, research projects have been developed to define relevant and sensitive MRI parameters that could be used in the diagnostic classification and the follow-up of neuromuscular diseases (2–6). The initial approaches were based on a visual analysis of hypersignals illustrating pathological processes and on that basis alterations patterns have been proposed. In slowly progressive diseases, such as neuromuscular disorders, the sensitivity of such visual qualitative assessments is largely questionable and may not be powerful enough to identify mild changes in muscle function that occur from year to year.

More recently, qMRI have been used in order to generate parametric maps illustrating the various pathological processes occurring in skeletal muscle, i.e., mainly inflammation and fat infiltration (4, 5). Compared to visual scores, such a quantitative approach has paved the way of a more sensitive assessment of dystrophies and neuropathies. Beyond the diagnostic interest, these approaches provide sensitive and reproducible biomarkers, which have been used for follow-up studies (6–8). In addition to the generation of parametric maps, qMRI has to be combined to images segmentation if one intends to extract the relevant information within different regions of interest. Segmentation refers to the delineation of muscle regions of interest that must be distinguished from subcutaneous and perimuscular adipose tissues, on the one hand, and from bones, on the other hand. Segmentation in general and segmentation of MR images in particular is a time-consuming process so that automatic procedures are highly requested. However, automation of muscle segmentation in MR images is very challenging given the poor contrast between different muscles and the large variability of muscle shapes (9). In pathological situations, the challenge can be even higher given that borders between the different compartments can be hidden by a severe fat infiltration. Given the task complexity, most of the studies related to the investigation of neuromuscular diseases have been based on the manual segmentation of individual muscles or muscle compartments. One has to keep in mind that such an approach is operator dependent and time consuming. As a result, quantitative analyses have been mainly performed over a limited number of slices and not on the whole 3D datasets (4, 10) or on a limited number of individual muscles (6). In a few clinical studies in which the manual segmentation has been performed in the 3D field of view, an inconsistent distribution of MRI biomarker values has been interestingly reported along the proximo-distal axis (2, 11–13). In addition, it has also been documented that individual muscles could be affected differently and that this difference could also occur among patients and neuromuscular disorders (5, 14–16). These results clearly emphasized the need of reliable automatic 3D segmentation methods and the relevance of evaluating muscles individually, rather than by muscle groups.

Over the last 15 years, several automated methods have been reported in the literature with the aim of segmenting muscle groups or individual muscles in MR images. Although promising, most of these methods have been tested in MR images from healthy volunteers for which fat infiltration and atrophy were absent so that the corresponding confounding factors could not be taken into account. More recently, a few automatic methods have addressed the issue of segmenting MR images of patients with neuromuscular disorders but only for the delineation of muscle compartment.

Very recently, semi-automatic methods have been reported for individual muscles segmentations in order to reach an optimized balance between segmentation accuracy and user's dedication. These full 3D methods have been successfully used in a clinical context. A few limitations has to be acknowledged for these kinds of methods. They are still time consuming and require a manual initialization so that reliable full automatic segmentation methods are still warranted for individual muscles.

Deep learning methods have been very scarcely used in the field of neuromuscular disorders and considering the results obtained in other scientific fields, they might represent a very interesting alternative for a full-3D segmentation of MR images. One should keep in mind that large databases should be available for this kind of approach and this could be a limitation in rare diseases.

Manual segmentation methods are not applicable for 3D datasets and the follow-up of neuromuscular diseases. They have been recognized as time consuming (5 h per subject for the 3D manual segmentation of 4 muscles) and operator dependent (3.1% volume error for the quadriceps femoris in healthy subjects) (9). On that basis, these methods were beyond the scope of the present review. Considering that neuromuscular disorders have been mainly studied using MRI of thighs and legs, only the automated methods that have been used for the segmentation of lower limbs images are part of the scope of the present review.

The main aim of this review is to provide an overview of the methods dedicated to the segmentation of individual skeletal muscles on MR images and to discuss their validity and reliability. We pay a particular attention to the evolution of segmentation strategies, from the separation of muscle and fat deposits to the segmentation of individual muscles, together with the clinical potential and applicability in the context of neuromuscular disorders. Finally, we introduce insights into semi-automatic methods that could potentially break the barrier between research and clinics. These methods could provide clinicians with user-friendly tools that generate biomarkers for individual muscles over an entire 3D dataset. The emerging segmentation methods based on deep learning approaches have been included in a dedicated section as they are still emerging.



2. MUSCLE TISSUE SEGMENTATION ISSUES


2.1. Type of MR Images for Segmentation

Since the emergence of MRI, the quality and type of images available through this acquisition modality have greatly evolved and have consequently influenced automated segmentation methods. First segmentation methods had to deal with severe artifacts on MR images and hence segmentation of the contour of lower limbs and muscular region were a complicated task (17). Over the years, image quality has been dramatically improved with hardware and images techniques advancement. Intensity inhomogeneity correction method, such as N3 and more recently N4 algorithm (18), also strongly contributed to the improvement of image quality and such algorithms are now a common pre-processing step for muscle segmentation method. Segmentation methods for lower limbs MR images were first dedicated to T1-weighted images, commonly used in clinics. The parametric images from qMRI sequences were then used as they may display different information regarding the nature of tissue (Figure 3). In most of the studies discussed in this review, parametric maps used for segmentation methods were extracted from multi-echo chemical shift-based water-fat separation MR sequences (19).



2.2. Regions of Interest

As illustrated in Figure 1, different tissues are visible in a MR image of a lower limb. For the sake of clarity, these tissues will be designated according to the nomenclature of (20). The subcutaneous adipose tissue (SAT) and the internal adipose tissue (IAT) are separated by the fascia lata for the thigh and by several deep fascias for the lower leg. Within the IAT, the intramuscular adipose tissue is defined as the adipose tissue contained within muscles while perimuscular adipose tissues (PAT) designates the remaining adipose tissue, mainly the fat deposits between the muscles.


[image: Figure 1]
FIGURE 1. Fat fraction map of a thigh of a patient with myotonic dystrophy type 1 (left) and corresponding segmentation of the principal regions of interest (right). Femur is in white. The individual muscles of the knee extensors, knee flexors, and the medial compartment are in red, blue, and green, respectively. Subcutaneous (orange) and perimuscular (purple) tissues are separated by the fascia lata (dot line in dark blue). Patient participated in the randomized controlled trial OPTIMISTIC (5).


In healthy subjects, fat is mainly present as SAT, whereas IAT is almost absent (Figure 2A). On the contrary, in neuromuscular diseases, muscle tissue is submitted to histological changes leading to a progressive replacement of muscle tissue by adipocytes. Intramuscular fat infiltration can even lead to muscle necrosis and fibrosis (Figure 2D).


[image: Figure 2]
FIGURE 2. Examples of T1-weighted images of thighs (first row) and lower legs (second row) of a healthy subject (A,F) and patients with Charcot–Marie–Tooth disease type 1A (B,G), myotonic dystrophy type 1 (C,H), facioscapulohumeral muscular dystrophy (D,I), and inclusion body myositis (E,J).


Segmentation strategies have evolved over the years with improvements in image quality and clinical needs. The first approaches intended to separate muscle and fat deposits with no distinction between subcutaneous and internal compartment fat. Clinical research has revealed that perimuscular and intramuscular adipose tissue are not part of the same metabolic processes (21) but their respective contributions are not yet fully understood (22). Segmentation strategies have therefore evolved toward the segmentation of muscle regions or individual muscles in order to allow the precise quantification of each adipose compartments. This has also been facilitated by improved image quality, which has allowed better visualization of the boundaries between tissues. It should be noted that the nomenclature of the different adipose tissues is still not clearly defined in the research field of segmentation strategies. The terms “intermuscular fat” and “intramuscular fat” have been confused and misleadingly used in many of the articles we reviewed in this study.



2.3. Validation of Segmentation Approaches

Validation is a crucial step in the development of automatic segmentation methods. It intends to assess the effectiveness of an automatic segmentation method based on the comparative analysis between the automatic segmentation provided by an algorithm and a ground truth produced by one or more experts in the field, usually radiologists.

Several complementary metrics have been commonly used. They can assess the overlap between segmentations, the distance between segmentation contour points or the volumes computed from the segmentations. Each metric is actually sensitive to one type of segmentation error (size, location, and shape) and none can take all error types into account (23).

For the muscle segmentation methods reported in the present review, the most commonly used metrics are the relative volume difference (RVD), the dice similarity coefficient (DSC), the Hausdorff distance (HD), and the average surface distance (ASD).

Let X be the segmentation resulting from the algorithm and Y the ground truth. RVD is computed taking into account the volumes quantified from the manual and automatic segmentations. It actually refers to the ratio between the |X − Y| difference and |Y|. The RVD score is a relevant metric in clinical fields related to muscle because many studies used muscle volume change as a biomarker. Nevertheless, this metric does not allow a geometric and spatial analysis between the manual and automatic segmentations.

The DSC measures the relative overlap between X and Y. It is calculated as the ratio of twice the intersection between X and Y by the number of combined elements of X and Y. As defined in (1), DSC can also be expressed in terms of true positive (TP), false negative (FN), and false positive (FP). The DSC values can range from 0 to 1, 1 indicating the largest similarity between segmentations.

[image: image]

In addition to DSC, the distance between the segmentation boundaries can be computed in order to assess the segmentation robustness regardless of the volume. Let ∂X be the segmentation boundary of X and ∂Y be the boundary of Y. For HD and ASD, the smallest distance separating the boundaries is measured between each point of ∂X and ∂Y. The distance between two points x and y is the Euclidian distance δ(x, y) = ||x − y||. The HD is calculated as the maximum of these distances (2) and the ASD as the average of the distances (3). Both distances are expressed in millimeters and low values are desirable for an accurate segmentation.
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The three geometric metrics, DSC, HD, and ASD, are complementary and should all be evaluated in order to properly validate a segmentation method. The DSC and ASD provide global information on the segmentation, i.e., the overlap and the distance between the boundaries, respectively. Unlike DSC and ASD, HD is very sensitive to outliers and to slight shape differences.




3. EVOLUTION OF SEGMENTATION STRATEGIES


3.1. Automatic Separation Between Muscle and Fat Deposits

Over the last 15 years, several automated methods have been reported in the literature with the aim of separating muscle and fat tissue in lower limbs MR images.


3.1.1. Separation Between Muscle and Adipose Tissue

Early automated segmentation methods took advantage of the contrast between fat, muscle, and bone tissues. Accordingly, Mattei et al. proposed a method for the semi-automatic segmentation of the muscle compartment of the thigh based on a histogram representation of T1-weighted images (24). Based on user-defined thresholds for muscle and fat pixel intensities, the method was validated through a reproducibility study of the results between 3 experts but no metric related to the segmentation accuracy was reported. Becker et al. proposed an automatic method for the separation between muscle and fat using a series of thresholding, morphological, and connectivity operations enhanced by the use of the four different kind of images provided by the chemical-shift DIXON sequences (25). They reported a DSC score larger than 0.95 for muscle segmentation performed in seven slices selected along the lower limbs of four subjects.

Threshold-based methods are fast and simple to implement but are quite sensitive to noise, imaging artifacts, and above all need empirical thresholding. Automatic methods such as K-means clustering have been developed to address this issue (26). These methods classify tissues according to the intensity of each pixel. Other automatic methods based on Gaussian mixture model (GMM) histogram analysis have been reported (27). The corresponding results were better because of the unsupervised learning, which allows the algorithm to adapt to each image and makes it more robust.

Because K-means clustering approaches are based on the assumption that a feature vector belongs to only one class, they have been recognized as ill-suited for MR image segmentation when classes overlap or when the information is unclear and uncertain (28). Partial volume effects between muscle and fat near muscle boundaries and inter- or intra-muscular fat infiltration lead to class uncertainties. Fuzzy c-means (FCM) clustering algorithm has been developed in order to overcome this issue. An FCM clustering algorithm was proposed by Barra et al. to estimate 3D volumes of muscle and fat on thigh images (29). The method was reproducible with respect to volume estimates in five images acquired on the same day from three subjects but no comparison was performed with ground truth segmentations.

Methods based on clustering or histogram analysis allowed fat and muscle tissues to be distinguished but SAT and IAT remained undistinguishable. This is of importance considering that IAT is directly related to the pathological process of neuromuscular disorders, whereas SAT is not.



3.1.2. Separation Between Perimuscular and Subcutaneous Adipose Tissue

Since subcutaneous and internal adipose tissue have to be distinguished, several approaches have been proposed for the segmentation of the internal SAT border, in addition to fat and muscle tissue separations.

Although Valentinitsch et al. (30) applied K-means clustering on the different images resulting from chemical shift-based water-fat separation MR sequences successively, Yang et al. (31) proposed a machine learning algorithm using the whole set of images at a time. Both of these approaches allowed IAT to be distinguished from SAT using basic morphological operations such as dilatation, erosion, and connected components. These methods were assessed on a single chosen slice position for Valentinish et al. and on a 3D stack of slices of thigh for Yang et al. For both methods, good results were obtained for the segmentation of muscular tissue in “healthy” images with DSC values higher than 0.94 and ASD around 0.80 mm. However, Valentinish et al. highlighted that this kind of approaches may not identify the correct muscle envelope if a muscle next to the SAT region is fatty infiltrated or surrounded by a substantial amount of fat, a common scenario in patients with neuromuscular disorders (Figure 2). Moreover, defining the delimitation between IAT and SAT as the muscular envelope was misleading given that the true natural boundary is the fascia lata (20), which may not appear close to the muscle.

To address the issue of segmenting the fascia lata, which is a very thin tissue, poorly contrasted, and partially invisible in MR images, a few methods based on snake, active geodesic contours (32) have been proposed.

This kind of algorithm may be able to perform an active contour evaluation toward weak edges, such as that of fascia lata (Figure 1). Snake algorithm was used in similar methods on T1-weighted images by (33, 34) with a difference regarding contour initialization. Although Makrogiannis et al. used the leg boundary segmented by morphological operations, Orgiu et al. implemented a rough fascia lata segmentation defined by the muscle envelope segmented with an FCM clustering followed by morphological operations. Positano et al. used a gradient vector flow snakes (35), an extension of snake active contours, which does not need to be initialized close to the boundary and is able to converge to the boundary concavities (27). Succession of active contours initialized by a circle surrounding the leg were applied to segment the external SAT contour, the internal SAT contour, and finally the bone contour. External force of the snakes used edge map derived of a fat map previously created with an FCM clustering. Inside the internal border of the SAT, Positano et al. used a GMM approach to separate fat and muscle in the perimuscular region, whereas Makrogiannis et al. applied K-means clustering to the combined space of fat image and water image. These approaches were assessed in MR images of healthy volunteers (33) and obese patients (27, 34). No direct comparison was made with ground truth segmentation but good correlations for volume quantification between manual and automatic segmentations were reported for muscle and fat tissues within the internal SAT border. Orgiu et al. reported a mean ASD value of 0.81 mm for the fascia lata segmentation but no indication about the HD.

More recently, several approaches have been proposed to enhance active contour methods for fascia lata segmentation with learning methods and line detection filters.

A random forest approach coupled with sparsity constraints to fix the noise caused by veins was proposed by Tan et al. with the aim of learning a 2D fascia lata detector and incorporating it into the external energy terms of a gradient vector flow snake (36). They reported a high average DSC of 0.97 and an average ASD of 1.37 mm in thigh images of osteoarthritis patients. This method clearly outperformed those based on classic active contour model (37). In two others similar methods, geodesic active contours, also initialized with muscle envelope, were enhanced by line detection filter, which extracts fascia lata point candidates (38) and a vessel enhancement filtering, which distinguishes plate-like shapes (39). Kovacs et al. assayed their method on T1-weighted images of myopathic patients and DSC for the segmentation of non-affected and mildly affected muscles was 0.93, whereas it was reduced (0.80) for severely affected muscles. These results can be explained by the volume dependency of the DSC and the fact that muscle volume was lower in severely affected patients. For the detection of the true muscle envelope (i.e., the fascia lata), HD scores were systematically high with an average of 13 mm regardless of the pathology severity. Chaudry et al. proposed a semi-automatic method based on live-wire to refine the fascia lata automatic delineation in addition of their automatic approach. Manual corrections were partially necessary for 40% of the datasets (23 healthy young men and 50 elderly sarcopenic men with a moderate level of fat deposits). No direct comparison with ground truth segmentations was performed.

Although the detection of the muscle envelope with intensity-based clustering or active contour approaches is ill-suited for images of patients with neuromuscular disorders, these methods have been used as an initialization step in most of the studies dedicated to fascia lata detection. As expected, segmentation of images with a severe fat infiltration was of poor quality. Other approaches therefore had to be proposed.

Chambers et al. (40) introduced a method based on a live-wire approach for muscle region segmentation. A fingerprint-based algorithm was used to overcome the limitations of basic live-wire approaches, which are sensitive to the additive noise and small textural information. The muscle region border was then identified using an exponential cost function related to the edge information. The internal border of the SAT was first detected by keeping the edges closest to the border of the leg. The procedure was performed on the slice with the largest cross-sectional area and then the border search was restricted to adjacent slices, assuming the location of the boundaries is fairly similar from one slice to another. The method was validated on 10 T1-weighted images of facioscapulohumeral muscular dystrophy (FSHD) patients and the DSC and ASD values were 0.89 and 0.10 mm, respectively. They also demonstrated that the state-of-art FCM clustering and active contour methods were less robust than their method when fat infiltration was present.

Very recently, Gadermayr et al. (41) evaluated up-to-date approaches for the segmentation of the whole muscle region in datasets of patients with neuromuscular disorders. For mildly to moderately infiltrated patients, all the tested approaches allowed an accurate segmentation with mean DSC values above 0.90. For images with a severe fat infiltration, they demonstrated that a graph cut approach incorporating shape knowledge exhibited a more accurate segmentation than the other methods with an average DSC value of 0.80.



3.1.3. Toward Fat Infiltration Measurement

Overall, several studies have been proposed for the segmentation of muscle and internal adipose tissue in MR images of lower limbs. Only a few have been validated for images of patients with neuromuscular disorders with a rather limited number of images and metrics related to segmentation. One has to keep in mind that the initial clinical driving force related to these segmentation methods was related to the automatic quantification of fat-unaffected muscle volume. Accordingly, Müller et al. used intensity-based segmentation approaches on T1-weighted images in order to quantify the remaining muscular tissue. The corresponding metric allowed to distinguish myopathic and neuropathic patients from control subjects (42). Similar methods have been used for the estimation of fat infiltration in images of patients with neuromuscular disorders. This clinical purpose faced several issues. Lareau-Trudel et al. reported, in a clinical study, that separation between SAT and IAT with active contour methods failed for patients with severe fat infiltration and manual corrections had to be performed in 20% of the cohort (15). Furthermore, in many of the studies reviewed, authors claimed to propose a quantification of the intermuscular fat fraction while using ratios between fat-unaffected muscle volume and adipose tissue volume contained within the fascia lata. No separation between intermuscular and intramuscular fats was performed and could be hardly expected with such intensity-based approaches. The assessment of intramuscular adipose tissue is of utmost importance in neuromuscular diseases given that it is a hallmark of the disease process.

Overall, the segmentation approaches reviewed above are not adequate for the automatic quantification of fat infiltration, whereas automatic segmentation of individual muscles is warranted if one intends to thoroughly assess a pathological process.




3.2. Automatic Segmentation of Muscle Regions

The segmentation of individual muscles would have two main advantages. Fat infiltration and other pathological changes could be assessed in individual muscles. In addition, the processing of 3D datasets could be useful to investigate potential changes along the proximo-distal axis. Accordingly, fat infiltration patterns of individual muscles have been reported in a few clinical studies (5, 16).

Both the fat infiltration severity together with the time-dependent progression can largely vary between muscles in a given patient, or between patients with a given disease (Figure 3) and between various muscle disorders (Figure 2). On that basis, quantification of any MRI biomarker of interest in individual muscles and in a 3D dataset is of crucial importance so that cross-sectional as well as longitudinal studies and therapeutic trials could be properly performed. As most of the coming therapeutic strategies are more likely to halt or slow the disease progression rather than reversing the already established tissue damage, it may be worthwhile to exclude the observation of fully infiltrated muscles in order to pay a more particular attention to those muscles not fully infiltrated.


[image: Figure 3]
FIGURE 3. Examples of T1-weighted images (A,F) and images produced by chemical shift-based water-fat separation MR sequences for the thigh of two patients (first and second row) with different severity of facioscapulohumeral muscular dystrophy. Illustrations correspond to in-phase (B,G), out-of-phase (C,H), water (D,I) images, and quantitative fat fraction map (E,J).


In addition, automated methods are necessary to study large cohorts of patients with neuromuscular diseases given that manual segmentation is not conceivable given the time required (9).

As mentioned above, the automated segmentation of individual muscles in MR images is challenging for multiple reasons. Muscles in an MR image of healthy subjects display similar intensities and textures so that they can be hardly distinguished. In addition, the boundaries between muscles are very thin and may be discontinuous or invisible in MR images. As illustrated in Figure 2, muscle boundaries can be even less visible in case of fat infiltration. Different muscle shapes and textures within and between patients also contribute to the challenge the automatic segmentation task. In addition, considering that muscles are made up of soft tissues, one can expect large shape changes due to external constraints imposed by leg and/or coil positioning in the MR scanner.

Over the last years, several studies have proposed automated approaches to overcome these difficulties and to provide accurate segmentations of muscles individually or grouped by regions. Most of the methods were based on shape-based approaches given that intensity-based approaches cannot distinguish individual muscles.

A wavelet-based encoding method was proposed by Essafi et al. (43) in order to provide a hierarchical encoding of shape variability. This approach was assessed for the segmentation of the gastrocnemius medialis in 20 healthy subjects and five patients. The corresponding results were of poor quality with an averaged DSC of 0.55.

Baudin et al. evaluated a method based on random walk in order to address the issue of incomplete contours, which may occur between muscles. Such a method relies on seeds positioning for the initiation step that can be done manually or automatically using atlases. This method has been evaluated in out-of-phase images, which have the particularity of showing strong contours between tissues and thus between individual muscles in images of healthy subjects. The corresponding DSC values were high, i.e., 0.80 ± 0.19 in 15 control subjects (44). The incorporation of shape prior knowledge and confidence map of muscle contours led to larger DSC values [0.86 ± 0.07; (45)]. Although such a method has not been assayed in patients with neuromuscular disorders, one could expect much lower DSC values given that the fat infiltration should erase the muscle borders. Andrews et al. (46) addressed this issue by designing a random forest boundary detector that seek to learn common appearances of the interfaces between muscles in order to distinguish them from intramuscular fat. This intermuscular boundary detector was combined with a statistical shape model over the space of generalized log-ratio representations and a pre-alignment approach based on GMM segmentation of the muscular tissue. They evaluated their method for the segmentation of individual thigh muscles in 10 healthy subjects and 10 patients with chronic obstructive pulmonary disease and they reported DSC values ranging from 0.70 ± 0.16 to 0.93 ± 0.06.

A method based on active contour model with an initialization through an active shape model was assessed for the segmentation of muscle regions in thigh of patients with knee osteoarthritis (47). The active shape model was trained in 113 axial MR slices for an assessment on 20 images. They reported that 50 training datasets were enough to obtain accurate segmentation. Good DSC values were reported for the segmentation of each muscle region. However, their method was only designed for the segmentation of a unique mid-slice. In addition, a manual interaction of 3–5 min per slice was required for refining the initialization steps of both the active shape model and the active contour model.


3.2.1. Atlas-Based Approaches

Atlas-based approaches have been proposed for the automatic segmentation of individual muscles as they can incorporate spatial prior anatomical knowledge at individual muscles level. Atlas-based segmentation is a well-established concept (48) that has been widely applied to brain structures. These approaches treat segmentation as an image registration problem that aims at computing the optimal transformation fields from the pre-labeled atlases to the new image to be segmented. The atlas labels, once transferred to the new image domain, are merged and result in the final unique segmentation.

Such an approach has been used for the quantitative assessment of regional muscle volume in whole-body MR images (49). A multi-scaled and phase-based morphon method was selected for the registration because it would be less sensitive to MRI inhomogeneities. Water images were used since they display the least anatomical variation and contain the largest amount of information regarding muscle shapes. The multi-atlas process was performed twice, once with all the images of the atlas to obtain a first coarse segmentation, and then a second time using only the atlases having similar volumes to the coarse segmentations. Labels from atlases were merged into a probabilistic map and a threshold was set empirically to produce the final segmentation. Then, muscle and fat volumes were separated inside the segmented areas with a threshold. Using a leave-one-out strategy in 20 healthy subjects, good correlation was reported for muscle volume quantification. The mean TPVF was 93% for lower leg, posterior and anterior thigh compartments, and mean FPVF was 5% for lower leg and 8% for posterior and anterior thigh compartments. No geometric metrics related to the muscle envelope segmentation by multi-atlas process has been reported. In a recent study, this multi-atlas approach was also assessed as sensitive enough to detect significant changes in muscle volume following training activities (50).

Multi-atlas approaches are strongly dependent on the registration model used. Le Troter et al. (51) evaluated different registration methods from well-known open-source libraries to segment the four muscles of the quadriceps femoris. They demonstrated that multi-atlas process could be improved with initial registrations guided by the segmentation of SAT, muscle envelope, and bone, using a method described by Positano et al. (27). Similarly to Karlsson et al., the results for the segmentation of the whole quadriceps femoris in 25 healthy subjects were good with an averaged DSC score of 0.94 ± 0.03. The results were lower for the vastus lateralis and rectus femoris muscles, i.e., mean DSC values of 0.88 ± 0.08 and 0.84 ± 0.12. In addition, a 20% volume error with RVD scores of 0.17 ± 0.18 and 0.21 ± 0.24 were reported.

A multi-atlas approach based on B-spline nonrigid registrations has been reported by Belzunce et al. (52) with the aim of segmenting the gluteal muscles on hip and thigh images. Registrations were performed on muscle envelope pre-segmented with the Otsu algorithm. The approach was evaluated on both multi-atlas of T1-weighted and DIXON in-phase images of 15 healthy subjects with DSC values of 0.94 ± 0.01 and RVD values of 1.5 ± 4.3%. The assessment was only performed on the medial slices of the dataset excluding the extremities deemed to be more difficult to segment because of more variability and uncertainty.

Very recently, Mesbah et al. (53) introduced a Markov random field model combining appearance and spatial models with the prior shape information from atlases and so in order to segment the three main muscle groups of the thigh. They reported good DSC scores (0.89 ± 0.05 to 0.95 ± 0.03) but the HD scores were of poor quality with an average ranging from 10.51 ± 6.37 to 31.53 ± 14.24 mm for the medial compartment. Furthermore, their method was assayed on images of healthy subjects and patients with spinal cord injury, for whom no fat infiltration occurs. Given that part of their method relied on intensity-based approach, it may be ill-suited for images of neuromuscular disorder patients. However, they demonstrated that their approach may outperformed those based on majority vote or STAPLE fusion following nonlinear atlas-based registrations.

The main advantage of multi-atlas methods is that any tissue compartment can be segmented according to a given atlas. This is of great interest for the study of neuromuscular diseases in which individual muscles are affected differently depending on the pathology. However, multi-atlas approaches have proposed mixed results for the segmentation of individual muscles and have only been validated in images of healthy subjects. In all the methods presented above, the final step of label fusion used only parts of the atlases, i.e., those closest to the image to be segmented. Various merging strategies have been used, i.e., majority vote (52) or more thoughtful algorithms like STEPS (51) or a Markov random field model (53). It should be kept in mind that parameters chosen empirically are optimized for a given training database and could have to be retuned for other images. On that basis, it may be necessary to have access to different subgroups of atlases that may be adapted to different types of images. This feature could be problematic for the generalization of these methods for the segmentation of pathological images considering the large between-muscles and between-subjects phenotypic variability. As neuromuscular diseases are classified as rare diseases, there is currently no database large enough to cover all the variability of pathologies as it may be available for the brain (54).

The above-reviewed approaches were designed for cross-sectional studies and a follow-up version has been originally reported by Le Troter et al. In a so-called single-atlas approach, they used the manual segmentation of a first time point as an atlas for the following time points (51). Since successive MR images of the same subject may show little anatomical variations, single atlas-based nonlinear registration can correctly transfer segmentation of the first time point images to the others. Assessed in healthy subject images, they reported much better results than the multi-atlas based approaches. DSC scores were above 0.89 for each individual muscle of the quadriceps femoris with RVD scores below 5%. A limitation of this method is that the full automatic aspect is lost with the need of an initial manually segmentation.



3.2.2. Toward Intramuscular Fat Infiltration Measurement

Although several automatic approaches have reported promising results for the segmentation of muscle regions in healthy subjects, none of them have been assessed for images of patients with neuromuscular disorders. To the best of our knowledge, only a single study has been devoted to the segmentation of muscles in patients with chronic obstructive pulmonary disease for whom fat infiltration was moderate and the approach was not accurate enough to be considered for clinical applications.

Overall, reliable automatic segmentation methods are still warranted for individual muscles in the context of neuromuscular pathologies. This is supportive of the conclusion from the review by Pons et al. (55). Although promising, the results already obtained in images of healthy subjects do not guarantee similar results on images of patients for whom factors such as fat infiltration may be problematic. Another critical issue is the availability of pre-labeled data sets of muscle MR images. The validation of a method requires manual segmentations from experts to be considered as the ground truth segmentations. As we previously mentioned, manual segmentation is time consuming and validation of methods has often been performed using a single slice (47).

The lack of automated segmentation methods is likely the reason why only a limited number of clinical studies have assessed qMRI scores at the individual muscles level in 3D datasets. Most of the studies have been performed considering a few slices only (4, 10) or a limited number of individual muscles (6).




3.3. Semi-Automatic Segmentation of Muscle Regions

As no automatic method has been validated for accurate segmentation of individual muscles in neuromuscular disorders, semi-automatic methods have been proposed to reach an optimized balance between segmentation accuracy and user's dedication.

A semi-automatic method for segmenting the whole quadriceps femoris was proposed with the manual delineation of a line separating this muscle group from the rest of the muscular envelope automatically pre-segmented with an adaptive threshold on T1-weighted images (56). The method was assessed in healthy and elderly subjects and managed to reach a time saving of 87% with a mean DSC of 0.98. As we previously indicated, this kind of intensity-based methods is ill-suited for images of patients with neuromuscular disorders.

Two similar methods have been proposed to generate 3D muscle segmentations from manual segmentation on a limited number of 2D slices. One of the advantages of these approaches is that any tissue compartment can be segmented according to the manual segmentation defined on the few axial slices used as initialization of the process.

Jolivet et al. (57) proposed a model based on parametric-specific object method. Only a fast rough contouring of the muscle using polygons was necessary on the initial axial slices. Polygons were then matched to the muscle shape using an automatic contour optimization based on local gradient weighted by intensity similarity and distance to the rough contouring. Once segmentations were well-tuned on the initial slices, parametric-specific object was constructed and deformed to match the manual muscle segmentation. Process was iterative with the successive injection of the axial interpolated segmentation mask, after automatic contour optimization, in the parametric-specific object. The manual segmentation of only 5 axial slices took 21 min (against 80 min for manual segmentation of all slices) and was enough to obtain an accurate 3D segmentation of all individual muscles with RVD scores lower than 5%. This method has not been tested in patients and one can expect that the automatic contour optimization may suffer from fat infiltration as it is a gradient-based approach.

The propagation of an initial manual segmentation to the remaining slices through a combination of nonlinear registration approaches has been originally reported by Ogier et al. The method takes advantage of the shape information from the initial manual segmentations with no other previous information regarding muscles shapes. It is also based on the anatomical information from a given image to the next in order to take into account the corresponding changes along the proximo-distal axis. On that basis, the initial segmentation could be automatically propagated along this axis. The initial manual segmentation has to be repeated each time a muscle was appearing or disappearing. The method was initially proposed and validated for the segmentation of the four muscles of the quadriceps femoris group in T1-weighted images of 11 healthy subjects (58). Validation has been then extended for the segmentation of all individual thigh muscles in healthy subjects (59). Mean DSC scores of 0.90 ± 0.03 was reported with a manual input for 30% of the slices only. The semi-automatic method was also assessed for the segmentation of thigh and lower leg individual muscles in 10 patients with myotonic dystrophy type 1 (60). Using Dixon images recorded in both thigh and lower leg, only 9 out of 50 slices were manually segmented. Using water images, a mean DSC value of 0.91 ± 0.04 was reported and the results were similar regardless of the type of Dixon image used. In addition, an excellent reliability was also quantified from the comparative analysis between fat fraction computed from the segmented images and from the manual segmentation. The method has been deemed sufficiently robust for clinical applications and assayed in cross-sectional studies, which evaluated the pattern of fat infiltration in muscles in two different neuromuscular pathologies (12, 16).

Nonlinear registrations were also used for semi-automated segmentation methods dedicated to longitudinal studies.

Single-atlas approach was first assayed for the 3D segmentation of anterior and posterior thigh compartments in a 2-years follow-up study of patients with facioscapulohumeral muscular dystrophy, some at severe stages of intramuscular fat infiltration (61). No metrics of segmentation accuracy were reported but the fat quantification estimated through the semi-automatic segmentation showed a good reproducibility and repeatability as well as a good correlation with clinical scores.

Based on the single-atlas approach, Ogier et al. (60) reported a follow-up study in 10 myotonic dystrophy type 1 patients assessed twice 10 months apart. The 3D supervised segmentation of the first time point using the original semi-automatic method previously proposed (58) was used as a template for the automatic propagation to the second time point. The combined methods allowed an accurate segmentation with a DSC of 0.87 ± 0.07. Similarly to what has been obtained for the semi-automatic segmentation of baseline images, an excellent reliability was also observed between the fat fraction quantified from the automatic and manual segmentations. The combined methods provided the first complete framework dedicated to individual muscles segmentation and follow-up in patients with a neuromuscular disorder. Both the segmentation and a quantitative metric (fat fraction) in individual muscles were accurate, while the number of slices manually segmented was substantially reduced. The follow-up segmentation was performed with no additional manual segmentations and this could be translated for multiple repeated time points.




4. DEEP LEARNING-BASED SEGMENTATION METHODS

In the previous sections, evidence has been provided indicating that completely automatic methods are not efficient for a robust segmentation of individual fat-infiltrated muscles. On the contrary, semi-automatic methods can be robust and useable for clinical applications but the manual initialization remains an issue in terms of user dedication. Given the recent promising results reported in the field of medical imaging, deep learning-based segmentation methods are appealing (62).

Deep learning methods are part of machine learning methods, which have proven their efficiency in the diagnosis of neuromuscular diseases. Machine learning algorithm such as random forest models have been able to overcome experts for complicated diagnostic tasks (63). Deep learning methods are generally based on artificial neural networks, which are supervised to learn the segmentation process from manually segmented images provided as training examples. Neural networks rely on pixel intensities and image characteristics in order to compute the final segmentation. For images segmentation tasks, network architectures are built on the basis of convolutional encoder-decoder (CED) network. This kind of networks combines paired encoder and decoder networks and have the advantage of producing a result with a resolution similar to the initial images. This architecture can be seen as the association of a contracting path to capture the context and a symmetric expanding path that allows the image reconstruction. Various CED have been used for images segmentation. Among them, U-Net is considered as the standard CED architecture for image classification tasks (64) because of its efficient way of reconstructing the segmentation using information from the contracting path.

Similar to the conventional methods discussed in the previous sections, deep learning based segmentation methods have been applied for the different segmentation strategies, i.e., from the separation of muscle and fat deposits to the segmentation of individual muscles.

The very first deep learning approach applied on lower limb MR images was used in order to detect the fascia lata. Two studies intended to address this issue using a 5-layer network combined with a dual active contour model (65) or a U-Net architecture (66). Yao et al. used T1-weighted images while Amer et al. showed the interest of combining T2-weighted and PD images for their study. Both of them provided high-quality results with DSC values larger than 0.97 ± 0.02. Distinction between adipose and healthy muscle tissue was performed using the same networks and the corresponding DSC values were also high, i.e., 0.91 (66) and 0.94 ± 0.07 (65) for muscle detection. Recently, impressive DSC scores of 0.97 were obtained with an improved U-Net structure using residual connections and dense blocks (67). However, such a classification did not allow to distinguish perimuscular and intramuscular adipose tissue. Using a U-Net architecture, Gadermayr et al. intended to segment healthy and fat-infiltrated muscle all-together on T1-weighted images, allowing the distinction of intramuscular from perimuscular adipose tissue (68). Given the complexity of this task, corresponding DSC values were smaller (around 0.88 ± 0.05), illustrating a poorer segmentation quality.

With a similar purpose of distinguishing intramuscular and perimuscular fat, studies have been conducted with the aim of segmenting individual muscles. The AlexNet network was used by Ghosh et al. (69) to produce a principal component analysis of the segmentation, leading to poor results with average DSC of 0.85 ± 0.09. Standard deviation score illustrated the high variability of the results, which is known as a major weakness of deep learning methods (70). Better results were obtained with a U-Net architecture on T1-weighted images (71) with average DSC reaching 0.95 ± 0.03. More recently, Ding et al. (72) used U-Net on fat-water decomposition MR images to segment 4 muscle regions and obtained DSC scores around 0.89 ± 0.03 in both healthy and affected subjects. However, as the network was trained with a single slice position, the high muscle shape variability along the proximo-distal axis could not be taken into consideration. One way to take into account the variability of the proximo-distal shape is to consider the muscle as a volume, which can be done using a 3D segmentation neural network. In this field, Conze et al. (73) demonstrated the interest of 3D segmentation for the segmentation of individual shoulder muscles. A limitation to 3D CED is the memory necessary to train it. Ni et al. (74) used bounding boxes around organs to reduce resolution and prevent memory growth. This method was applied with 3D U-Net on complete lower limb images of athletes, obtaining mean DSC on 35 muscles of 0.89 ± 0.03. A very recent study proposed to use an edge-aware network based on U-Net and reached a DSC of 0.90 ± 0.09 and an ASD of 1.37 ± 0.92 on both healthy and affected subjects (75).


Solutions to Scarcity of Data

The methods presented on the detection of fascia lata, the classification of adipose tissue, or the segmentation of individual muscles all showed promising results. However, all of them faced the problem of data availability due to the scarcity of annotated images of patients with pathological changes. Indeed, public datasets of annotated limbs MR images are scarce, unlike for other organs such as the brain (76).

An interesting solution for this issue relies on either the use of unlabeled data or the creation of artificial training examples. Amer et al. (66) proposed a semi-supervised learning method, which uses both labeled and unlabeled datasets. In that case, each image does not have to be annotated before the network training phase and one can increase the database without a human intervention for the labeling process. Anwar et al. (67) proposed to use a CED on unlabeled data to create labels and thus enlarge their dataset. However, unlabeled data are not always available especially for the study of rare diseases. For this purpose, methods based on data generation using neural networks are emerging since the founding article on generative adversarial networks (GAN) (77). Recently, Yi et al. (78) made a review regarding the application of such methods in medical imaging. For lower limb muscle segmentation, solutions based on GAN were assessed with the aim of generating pathological images (68). Many issues related to the realistic nature of the generated images and their variability have still to be addressed.

One has to keep in mind that the neural network training phase tightly relies on a tuning phase of the network hyper-parameters, which has to be empirically performed thereby reducing the fully automatic aspect of the method. In other words, a given network has to be optimized for a given dataset. Deep learning solutions have to be optimized by experts and this commonly takes hours of implementation. In addition, the training phases can be time consuming and the final results could be equivalent to those obtained with more conventional methods (53).

Overall, although deep learning tools for the segmentation of fat-infiltrated muscles have a great potential, one should keep in mind two major issues related to the availability of large amount of annotated data and the need of a specific network tuning for each dataset. Semi-automatic propagation methods have proven their efficiency (60) and could be used to annotate large amount of images. These methods could be combined to data augmentation for the generation of databases compatible with deep learning methods. The corresponding potential is still to be proven for the segmentation of fat-infiltrated muscles.




5. CONCLUSION

This review highlighted the lack of fully automated approaches that could produce accurate segmentations of muscle images of patients with neuromuscular disorders. The few validated methods that addressed the difficulty of segmenting images with severe infiltrated muscles were proposed for the whole muscle only. That might not be optimal in neuromuscular disorders in which individual muscles are seen to be affected differently. However, for segmentation of individual muscles, approaches that validated segmentations that were accurate enough for clinical use were evaluated only on healthy subjects. Specific studies are warranted for the extrapolation of these approaches to images of pathological muscles as the confounding factors differ. Indeed, the issue of distinguishing muscle, intramuscular adipose tissue, and subcutaneous adipose tissue seems to be crucial for the follow up of patients with a severe fat infiltration. Semi-automatic methods has proven some efficiency in clinical context. But even if they reduce the manual load required for the study of large cohorts, some manual interventions are still needed. As recent techniques, deep learning based approaches are promising but they need databases that are representative enough of typical neuromuscular disease images. The community should promote the emergence of common dedicated image databases.
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Background: MR imaging of the spinal cord (SC) gray matter (GM) at the cervical and lumbar enlargements' level may be particularly informative in lower motor neuron disorders, e. g., spinal muscular atrophy, but also in other neurodegenerative or autoimmune diseases affecting the SC. Radially sampled averaged magnetization inversion recovery acquisition (rAMIRA) is a novel approach to perform SC imaging in clinical settings with favorable contrast and is well-suited for SC GM quantitation. However, before applying rAMIRA in clinical studies, it is important to understand (i) the sources of inter-subject variability of total SC cross-sectional areas (TCA) and GM area (GMA) measurements in healthy subjects and (ii) their relation to age and sex to facilitate the detection of pathology-associated changes. In this study, we aimed to develop normalization strategies for rAMIRA-derived SC metrics using skull and spine-based metrics to reduce anatomical variability.

Methods: Sixty-one healthy subjects (age range 11–93 years, 37.7% women) were investigated with axial two-dimensional rAMIRA imaging at 3T MRI. Cervical and thoracic levels including the level of the cervical (C4/C5) and lumbar enlargements (Tmax) were examined. SC T2-weighted sagittal images and high-resolution 3D whole-brain T1-weighted images were acquired. TCA and GMAs were quantified. Anatomical variables with associations of |r| > 0.30 in univariate association with SC areas, and age and sex were used to construct normalization models using backward selection with TCAC4/C5 as outcome. The effect of the normalization was assessed by % relative standard deviation (RSD) reductions.

Results: Mean inter-individual variability and the SD of the SC area metrics were considerable: TCAC4/5: 8.1%/9.0; TCATmax: 8.9%/6.5; GMAC4/C5: 8.6%/2.2; GMATmax: 12.2%/3.8. Normalization based on sex, brain WM volume, and spinal canal area resulted in RSD reductions of 23.7% for TCAs and 12.0% for GM areas at C4/C5. Normalizations based on the area of spinal canal alone resulted in RSD reductions of 10.2% for TCAs and 9.6% for GM areas at C4/C5, respectively.

Discussion: Anatomic inter-individual variability of SC areas is substantial. This study identified effective normalization models for inter-subject variability reduction in TCA and SC GMA in healthy subjects based on rAMIRA imaging.

Keywords: spinal cord gray matter imaging, MRI, normalization, inter-subject variability, minors, spinal muscular atrophy


INTRODUCTION

Substantial advances in understanding spinal muscular atrophy (SMA) etiopathogenesis have catalyzed the development of novel therapeutic strategies. With the approval of the first disease-modifying treatments for SMA, the need for biomarkers that allow reliable monitoring of the disease course and the therapeutic response in SMA patients has substantially grown. Current advances in morphometric MRI development allow gray (GM) and white matter (WM) quantification in the spinal cord (SC) (1–7), which may help in improving the in vivo characterization of motor neuron diseases or other neurodegenerative SC diseases. Imaging the cervical and lumbar enlargements could be informative, especially in lower motor neuron diseases, e.g., SMA, or lower motor neuron-predominant amyotrophic lateral sclerosis (ALS).

Radially sampled averaged magnetization inversion recovery acquisition (rAMIRA) (8, 9) is a novel magnetic resonance imaging (MRI) approach to perform SC imaging with favorable contrast in clinical settings, which is well-suited for GM/WM quantitation not only in the cervical, but also in the thoracic SC. Briefly, after an inversion recovery preparation, rAMIRA typically acquires five radially sampled images with increasing inversion times (8). The first images of the series with shorter inversion times display high gray matter to white matter contrast, while the images with longer inversion times show a bright CSF in contrast to a dark SC (8, 9). These acquired inversion images can be combined to fine-tune and even enhance the signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) (9). Due to the radial sampling scheme with a balanced steady-state free precession readout module, rAMIRA provides a low sensitivity to motion effects such as heartbeat and breathing, which is a crucial issue in imaging of the thoracic SC (8). Based on these advantages and a good in-plane resolution, rAMIRA images are well-suited for quantifying both GM area and total cross-sectional area (TCA) in the SC.

More recently, several semi-automated and automated tools (10–17) have been developed for segmentation of the SC GM and WM from MR images, including promising automated segmentation algorithms specifically developed for the AMIRA approach (7, 14). The reliability of the segmentation methods in single center studies is in general high, and some methods have been validated in multi-centric settings (18). Despite these substantial advances, the anatomic accuracy for delineation of SC GM is still judged based on manual algorithms (18), in particular in studies involving the thoracic SC.

Prior to applying morphometric SC techniques such as rAMIRA in larger clinical studies in lower motor neuron disorders, it is important to understand the sources of inter-subject variability of SC GM and WM area measurements in healthy subjects to increase both the sensitivity and specificity in detecting pathology-associated changes. Normalization aims to reduce biological, anatomical variation unrelated to the disease.

Previous studies in multiple sclerosis patients proposed to decrease anatomic inter-subject variability by applying normalization approaches based on correlations between the upper cervical total cross-sectional SC area/cervical SC volume and (i) skull size in healthy subjects (19, 20), (ii) lumbar enlargement SC area (21), or (iii) SC length (22, 23). However, results remain partly conflicting. Papinutto et al. (24) recently reported a 17.7% reduction of inter-subject variability in upper cervical total cross-sectional SC area at the intervertebral disc level C2/C3 based on a normalization approach combining SIENAX v-scale (25) and the product of the maximum axial anterior–posterior and lateral diameters of the cervical spinal canal in a cohort of healthy middle-aged adults based on phase-sensitive inversion recovery imaging.

The level C2/C3 has been the major target in multiple sclerosis imaging studies (26, 27) as it is clearly situated above the cervical SC enlargement and is therefore anatomically less variable than the levels below.

Nevertheless, the lower levels of the cervical and thoracic SC that contain the motor neurons to the arm and leg muscles are of special relevance to the study of lower motor neuron disorders (e.g., SMA) and have been less well-studied. There are only a few MRI studies assessing the SC of children and adolescents (28–30), none focusing on the SC GM. Children and adolescents are the leading target group for the recently approved SMA treatments; therefore, data on SC GM variations are needed to develop treatment monitoring methods.

The aims of this study were to assess the anatomic inter-subject variability in TCA and GM areas at several levels in the cervical and thoracic SC based on rAMIRA imaging in a cohort of healthy subjects with a broad age range including both adults as well as minors and to develop and evaluate potential normalization strategies for inter-subject variability reduction.



METHODS


Participants

Sixty-one healthy subjects (range 11–93 years, mean age 46.0 years, SD 24.7, 37.7% women) including 18 minors (range 11–17 years, mean age 13.9, SD 1.9, 46.2% female) without a neurological or cognitive disease were included into the study after written informed consent was obtained. The local ethics committee approved the study.



MRI Acquisition

All participants were examined with the same 3T whole-body MR system (Siemens Magnetom PRISMA, Siemens Healthineers, Erlangen, Germany) using a 64-channel head and neck coil and the built-in spine coil for reception. Axial two-dimensional rAMIRA images (8, 9) were acquired perpendicular to the SC at the intervertebral disc levels C2/C3, C3/C4, C4/C5, C5/6, T9/T10, and Tmax [level of the lumbar enlargement, which was identified by visual inspection on the corresponding sagittal and coronal T2-weighted turbo spin echo images of the spine (cf. below) by TH (>20 y of experience)]. The employed rAMIRA acquisition protocol was identical to the “optimized standard protocol version” presented in the corresponding methods paper (8). Thus, the relevant sequence parameters for rAMIRA were: field of view = 128 × 128 mm2, 512 readout samples (includes 2 × oversampling), 260 projections, isotropic in-plane resolution 0.50 × 0.50 mm2, slice thickness 8 mm, bandwidth = 310 Hz/Px, flip angle = 50 deg, signal averaging = 2. Five images with the mean inversion times TIeff = 174, 239, 304, 368, 433 ms were acquired simultaneously and later combined (cf. below and Figure 1). The sequence uses cardiac triggering to mitigate potential pulsation artifacts, which was realized with a standard infrared finger clip (simple pulse triggering). Hence, for a heart rate of 60 bpm, rAMIRA's acquisition time corresponds to 2:39 min per slice, for instance.


[image: Figure 1]
FIGURE 1. rAMIRA images of the spinal cord in an 11-year-old boy. From left to right: axial rAMIRA images at intervertebral disc level C4/C5 (top row) and Tmax (bottom row) acquired at five inversion times (TI), mean image (combination of the images at five TIs); and mean images with the region of interests (ROIs) spinal cord total cross-sectional area (TCA, green) and gray matter area (GMA, yellow) which were segmented using the software JIM.


Furthermore, all participants received T2-weighted turbo spin echo imaging covering the whole SC in sagittal and coronal slice orientation. Here, the most relevant sequence parameters were [1] sagittal: in-plane resolution = 0.7 × 0.7 mm2, 17 slices of thickness 3 mm, TR = 3,400 ms, TE = 102 ms; [2] coronal: in-plane resolution = 1.4 × 1.4 mm2, 17 slices of thickness 3 mm, TR = 3,500 ms, TE = 95 ms. Additionally, 3D isotropic high-resolution whole-brain T1-weighted images were acquired with the magnetization prepared rapid gradient echo (MPRAGE) sequence, using the following parameters: 1.0 mm isotropic resolution, TI = 1,100 ms, TR = 2,000 ms, TE = 2.12 ms, flip angle = 8 deg, matrix = 256 × 256 × 192.



MRI Analysis

All rAMIRA images were visually inspected for image quality [by TH (>20 y of experience), EK (1 y), MJW (3 y), and CW (>20 y)]. Only images with sufficient quality were segmented. Segmentations were not possible in 3 out of 244 images in the cervical SC and in 12 out of 122 in the thoracic SC (for details s. results section). For the quantitation of the GM area and TCA, one mean image of all five simultaneously acquired inversion images of the rAMIRA series was calculated, which shows a high gray matter to white matter contrast, as well as sufficient contrast between SC and CSF (Figure 1) (8, 9).

Total cross-sectional areas were segmented in a semi-automated way using the software JIM 7 (http://www.xinapse.com) (31). Following a previously published reliable segmentation algorithm (5, 6, 26), GM was segmented manually three times by one single rater and the mean was calculated (by MJW).

Brain T1-weighted images were investigated using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) to determine the total intracranial volume (TIV; a frequently used normalization parameter for brain volumes) (32) as well as brain GM and WM volumes.

In addition, the following parameters were determined as potential normalization factors at the levels C4/C5 and Tmax (Figure 2) (by EK):

- Maximum axial anterior–posterior and lateral spinal canal diameters, axial spinal canal area, maximum axial lateral vertebral body width on the axial two-dimensional rAMIRA images; additionally, the product of the anterior–posterior and lateral spinal canal diameter was calculated at both levels.

- Middle vertebra height C4 and T12 on the T2-weighted sagittal images.

- Anterior–posterior and lateral diameters, as well as area of the foramen magnum, and distance between Basion–Opisthion on an isotropic, high-resolution 3D whole-brain T1-weighted image. The product of the anterior–posterior and lateral diameter of the foramen magnum was calculated as well.


[image: Figure 2]
FIGURE 2. Definition of the skeletal metrics. (A) Sagittal T1 weighted MPRAGE: McRae line (distance between Basion–Opisthion). (B) Axial MPRAGE: anterior posterior and lateral diameters, as well as area of the foramen magnum. (C) Axial rAMIRA: Maximum axial anterior posterior and lateral spinal canal diameters, spinal canal area, maximum lateral vertebral body width. (D) Sagittal T2 weighted turbo spin echo: middle vertebra height C4 and T12.


The inter-rater reliability of the manually assessed anatomical parameters was determined in 14 datasets by two independent operators (by EK and CW) and showed excellent reliability with intra-class correlation coefficients (ICCs, two-way random, absolute agreement) (33) >0.96, as listed in the supplement (Supplementary Table 1). Segmentation was done with OsirixLite (https://www.osirix-viewer.com/).



Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics for Macintosh, Version 25.0, Armonk, NY: IBM Corp., and JMP pro, Version 14. SAS Institute Inc., Cary, NC, 1989-2019.

- Inter-Individual Variability Assessments

To assess the inter-individual variability of SC areas, the respective deviation from the group mean was calculated for each subject as
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- Assessing the Effect of Age and Sex

Differences in rAMIRA-based SC areas between men and women were assessed using linear regression analysis co-varying for age.

Linear and quadratic fits for (a) TCA and (b) SC GM areas vs. age were assessed for the whole study group (n = 61), and the r2 of the models was reported. For practicability reasons to facilitate future analyses in specific target populations, we also assessed SC areas in three nearly equally sized sub-groups: minors (Group 1: aged <18 years, n = 18), middle-aged (Group 2: aged 18–65 years, n = 23) and elderly subjects (Group 3: aged >65 years, n = 20) using linear regression analysis with sex as additional covariate, respectively.

- Normalization Models

For the development of the normalization models, the associations of the anatomical parameters with rAMIRA-based SC areas at C4/C5 and Tmax were first assessed using Pearson correlation coefficients since all variables were normally distributed. Bonferroni correction was performed with a correction factor of 17 (p < 0.05/17) to correct for n = 17 tests. This analysis was performed using the data from all subjects (n = 61).

We then performed a backward selection procedure starting with a model containing all anatomical variables with a Pearson correlation coefficient of |r| > 0.30 (34) in univariate analysis as well as age and sex as predictor variables and TCA at the level C4/C5 as outcome parameter.

This procedure was performed (a) considering brain GM and WM volumes as potential predictors (approach suitable for studies in healthy controls and diseases known to not affect brain GM and/or WM volumes) and (b) without considering brain GM and WM volumes (approach suitable for studies in diseases known to affect these brain volumes).

The adjusted r2 of the models resulting from the backward selection was reported.

For normalization we used the approach described by Sanfilipo and Papinutto (25, 35):

[image: image]

with a, b, and c being the estimates (regression coefficients) obtained by the linear regression analysis for the predictor variables surviving the backward selection procedure and X, Y, Z the measured values of these variables.

The performance of the resulting normalization models was expressed a) as the % reduction of inter-individual variability of the normalized SC areas of each model in relation to the variability of the non-normalized areas and b) as the % relative standard deviation (% RSD) reductions of the predicted areas to the % RSD of the non-normalized, measured areas. The relative standard deviation (RSD) is the standard deviation divided by the mean SC area.

The normalization model with the largest relative inter-individual variability reduction was then applied to all other SC level measurements.

In analogy, we developed a normalization model for the sub-group of minors (n = 18).




RESULTS

The acquired rAMIRA images displayed a good quality in general. Segmentations were not possible in 1.2% of the images in the cervical SC (due to motion artifacts in minors) and in 9.8% in the thoracic SC due to image artifacts originating from flow in near-by large vessels or due to artifacts originating from cardiac and breathing motion.


Inter-individual Variability of Spinal Cord Area Measurements in Healthy Subjects

The inter-individual mean relative variability for TCA and GM area, as well as the % relative SD (% RSD: defined as the SD divided by the group mean), are summarized in Table 1.


Table 1. Mean % inter-individual variability, mean, SD and % RSD (% relative SD) of spinal cord total cross-sectional areas (TCA) and gray matter areas (GMA) at the intervertebral disc levels C2/C3–C5/C6, T9/T10, and Tmax (level of the lumbar enlargement) of the whole study population.

[image: Table 1]



Effects of Age and Sex

Effects of age and sex are summarized in the supplement in Supplementary Tables 2, 3.

In brief, men showed significantly larger SC GM areas at C3/C4 (p = 0.0350) and at Tmax (p = 0.0497) than women. At all other levels, we detected no significant area differences between sexes (Supplementary Table 2).

The linear and quadratic fits for TCA and GM areas vs. age for the whole group showed in general relatively low r2 indicating low accuracy of the models: r2 (linear/quadratic fit) TCAC2/C3: 0.009/0.088; TCAC3/C4: 0.005/0.049; TCAC4/C5: 0.001/0.031; TCAC5/C6: 0.010/0.034; TCAT9/T10: 0.041/0.101; TCATmax: 0.000/0.014; GM areaC2/C3: 0.051/0.055; GM areaC3/C4: 0.000/0.017; GM areaC4/C5: 0.009/0.018; GM areaC5/C6: 0.038/0.045; and GM areaT9/T10: 0.229/0.24, GM areaTmax: 0.13/0.137.

For reasons of practicability, we also analyzed SC areas in age sub-groups of minors, middle-aged, and elderly subjects with adjustment for sex. These results are summarized in Supplementary Table 3. Maximum mean TCA values were consistently observed in the sub-group of middle-aged subjects at all levels, with TCA differences being significant between minors and middle-aged subjects at the level C2/C3 (mean difference 4.78 mm2, SE 2.34, 95% CI of the difference: 0.09–9.47, p = 0.0457), and between middle-aged and elderly subjects at the level T9/T10 (mean difference 3.30 mm2, SE 1.28, 95% CI of the difference: 0.72–5.88, p = 0.0131).

While minimum mean GM area values were consistently observed in the subgroup of elderly subjects at all levels, maximum mean GM area values were observed in the subgroup of middle-aged subjects only at the level C3/C4 (Supplementary Table 3). Significant GM area differences could be detected between middle-aged and elderly subjects at the level C2/C3 (mean difference 0.83 mm2, SE 0.41, 95% CI of the difference: 0.00–1.66, p = 0.0495) and between minors and middle-aged subjects at the level T9/T10 (mean difference 0.80 mm2, SE 0.37, 95% CI: 0.06–1.55, p = 0.0353) (Supplementary Table 3).



Normalization Models

Among the chosen metrics, TIV, brain WM volume, anterior–posterior spinal canal diameter, and area of the spinal canal, as well as the product of the anterior–posterior and lateral spinal canal showed a correlation with TCA at the level C4/C5 with Pearson correlation coefficients of |r| > 0.30 (Table 2), with the other parameters showing lower correlation coefficients. After Bonferroni correction, none of the investigated metrics did show a significant association with SC areas at Tmax (Supplementary Table 4); thus, normalization model development was primarily focused on the cervical SC.


Table 2. Associations between the anatomical metrics and total cross-sectional area (TCA) and gray matter area (GMA) at the C4/C5 level using Pearson correlation coefficients.
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The backward selection procedure yielded a model with sex, brain WM volume, and the area of the spinal canal at the level C4/C5 as predictor variables for TCA at C4/C5 as outcome (Model 1) (Table 3). Age was not a predictor variable.


Table 3. Linear regression analysis with total cross-sectional area (TCA) at the C4/C5 level as outcome and normalization variables after backward selection; corresponding models with gray matter area (GMA) as outcome.
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Normalization strategies that are based on brain WM or GM volumes can be used in healthy subjects, but are not well-suited in diseases with potential changes in WM or GM volumes caused by the underlying disease itself (e.g., gray matter pathology in ALS, SMA; or mainly white matter pathology in adrenomyeloneuropathy).

We, therefore, performed a second backward selection—without considering brain GM and WM volumes—yielding a model (in analogy to Model 1) with sex, TIV, and the area of the spinal canal at the level C4/C5 as predictors for TCA at C4/C5 as outcome, permitting variables with p < 0.1 (Model 1a). This model was further simplified using backward selection to a model only containing the area of the spinal canal at the level C4/C5 as univariate predictor (Model 2) (Table 3).

The effect of the normalization of TCA and GM areas at the level C4/C5 based on Models 1, 1a, and 2 on the mean inter-individual variability and % relative standard deviation is summarized in Table 4.


Table 4. % relative standard deviation (RSD, standard deviation divided by the mean area), relative % RSD reduction, mean % inter-individual variability [(measured area in a given subject–group mean area)/group mean area], and relative % inter-individual variability reduction with respect to the measured total cross-sectional cord area (TCA) and gray matter area (GMA) at the intervertebral disc level C4/C5 for normalizations based on Models 1, 1a, and Model 2.
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Model 1 and Model 2 were then applied to all SC level measurements (Table 5, Figure 3).


Table 5. Performance of normalization by Model 1 and Model 2 for total cross-sectional cord areas (TCA) and gray matter areas (GMA) at all other cord levels.
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FIGURE 3. Normalization effects of Model 1 and Model 2 on total cross-sectional cord areas and gray matter areas at all cord levels. The % relative standard deviation (RSD, standard deviation divided by the mean area) and relative % RSD reduction obtained by normalization based on Model 1 (sex, brain white matter volume and spinal canal area at the level C4/C5) as well as by Model 2 (spinal canal area at the level C4/C5) for (A) total cross-sectional cord areas and (B) spinal cord gray matter areas (whole study population, n = 61).




Normalization Models for Minors

In a subgroup analysis, we separately examined potential normalization variables for anatomical variability reduction in minors (n = 18) at the C4/C5 level. Supplementary Table 5 in the supplement shows the univariate associations between SC areas and potential covariates using Pearson correlation.

Backward selection (starting with a model containing all variables with a Pearson correlation coefficient of |r| > 0.30 in univariate analysis together with age and sex as predictor variables and TCA at C4/C5 as outcome parameter) resulted in a model with the area of the spinal canal at level C4/C5 and weight as predictor variables (Model 3 m) (p of the model = 0.0027, adjusted r2 = 0.48). Normalization reduced the RSD about 32.5% for TCA and 18.3% for GM area at the level C4/C5. Inter-individual variability was reduced from 8.1 to 5.7% for TCA and reduced from 9.3 to 7.1% for GM area. This normalization model was applied to all other measured SC levels (Table 6).


Table 6. Performance of normalization by Model 3 m and Model 2 m for total cross-sectional cord areas (TCA) and gray matter areas (GMA) at all other cord levels in minors.
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For reasons of practicability, Model 3 m was further simplified to a univariate model containing the area of the spinal canal of the C4/C5 level as single predictor variable in minors (in analogy to Model 2 named Model 2 m) (p = 0.0074, adjusted r2 = 0.33). This normalization model was also applied to all other measured SC levels in minors (Table 6).




DISCUSSION

Anatomical inter-subject variations in healthy subjects are a relevant source of SC TCA and GM area variability. Our study demonstrated an inter-individual variability of TCA and SC GM areas ranging from 6 to 9% in the cervical and 9–12% in the thoracic SC, which is in line with prior reports investigating the upper cervical SC (24).

Before applying morphometric SC GM/WM imaging techniques such as the novel rAMIRA approach for atrophy assessments in clinical studies in lower motor neuron disorders, it therefore seems necessary to develop efficient strategies to reduce the inter-subject variability of SC area measurements in healthy subjects to facilitate the detection of pathology-related changes.

This study explored potential normalization strategies for variability reduction in 61 healthy subjects with a broad age range from 11 to 93 years (including a subgroup of 18 minors).

Normalization models were developed using backward selection starting with a model containing the predictor variables age and sex as well as all anatomical metrics with a Pearson correlation coefficient of |r| > 0.3 in univariate analysis with TCA at C4/C5—the level of the cervical enlargement—as outcome. The backward selection procedure yielded a model including the predictor variables sex, spinal canal area at C4/C5, and brain WM volume. Normalization of SC areas by this model reduced the % RSD of TCA at the level C4/C5 by 24%, of GM area by 12%, and also at the other cervical SC levels in the range of 17–24% (TCA) and 9–12% (GM area). Therefore, this approach seems an effective normalization strategy suited for studies in healthy subjects or in SC diseases that do not affect cerebral WM.

However, as brain WM volume is frequently altered in SC diseases either directly by a disease pathology affecting both brain and SC (e.g., in multiple sclerosis) or potentially also secondary to lower motor neuron disorders, e.g., by retrograde trans-synaptic degeneration, we also performed a second backward analysis containing only demographic and skeleton-based variables otherwise following the above mentioned selection criteria. The resulting model contained the spinal canal area as single predictor. Normalization by this model reduced the % RSD of TCA and GM area at C4/C5 by 10%, respectively. However, application of this normalization to other SC levels, particularly to the thoracic SC, showed only small effects in our cohort, with relative % RSD reductions ranging from 1 to 7%.

Age was not a significant predictor variable for SC areas in this study. During normalization model development, age consistently was eliminated in the backward selection process. We consistently observed maximum mean TCA values in the middle-aged group at all SC levels. This is in line with the observation by Papinutto et al. (24) of a TCA peak at the level C2/C3 at ~45 years of age. While at all levels minimum mean SC GM area values were observed in the subgroup of elderly subjects, maximum mean SC GM area values were observed in the subgroup of middle-aged subjects only at the level C3/C4, with equally high or higher mean SC GM area values in minors at all other levels.

Since children and adolescents are the main target group for the recently approved SMA treatments (36) and no data exists on SC GM area inter-subject variability, we conducted a sub-group analysis in minors (n = 18). Following the same variable selection procedure as described above, normalization based on the spinal canal area at the level C4/C5 and the variable body weight resulted in a reduction of % RSD of TCA values at the level C4/C5 by 32%. Analogous normalization of GM areas reduced the % RSD by 18% at the level C4/C5, and also consistently at all other cervical and thoracic levels by 19–34%. The % RSD reduction observed in TCAs by this normalization method are slightly larger than what has been described in a very recently published study in minors aged 7–17 years by normalization with the product of the anterior posterior and lateral diameter of the spinal canal at the level C2/3 and skull volume (30). This difference could be partly explained by difference in in-plane resolution of the images used for SC segmentation (0.5 vs. 1 mm2) (30) and by the chosen predictors. Effects on SC GM area were not investigated in that study (30).

The spinal canal area is relatively easy to measure and showed excellent inter-rater reliability coefficients (33). Normalization based on spinal canal area at the level C4/C5 and body weight could therefore be a promising and brain volume-independent procedure in upcoming studies involving minors with lower motor neuron diseases to reduce anatomical inter-subject variability. Whether this approach increases the sensitivity and specificity in detecting disease-related changes in motor neuron disorders or treatment effects, needs to be further investigated in subsequent studies involving patients.

Image quality of the cervical rAMIRA images was generally high permitting SC, TCA, and GM segmentation in >98% of acquired cervical SC images of the study population. Imaging the thoracic SC is in general more challenging: Factors, that can negatively impact image quality at the thoracic levels include lower coil sensitivity in this area (Figure 1, bottom row) and potential artifacts arising from heart and breathing motion, from pulsating large blood vessels, and from increased susceptibility variations. Despite these limitations, the novel rAMIRA method enabled TCA and GM area segmentation in >90% of the acquired thoracic SC images. Segmentation was not reliably possible at the level T9/T10 and Tmax in 6 out of 61 subjects, respectively, because of the upper mentioned issues. The % RSD of the SC metrics was higher at Tmax compared to the cervical levels (Table 1), which is likely due to the high inherent anatomical variability in this region. None of the investigated regional anatomical metrics did show a significant association with SC areas at Tmax. A unifying normalization concept based on normalization of SC areas at different levels, by one model based on anatomical metrics measured at one selected level, and not by several models with regional normalization metrics, was therefore chosen. Though not perfect, this approach will also permit comparison of atrophy effects between levels.

It should be mentioned that the study has the following limitations: the sample size of 61 healthy subjects, including only 18 minors, is rather small. The assumption that the investigated skeleton-derived metrics are fully disease independent might be questioned, as secondary orthopedic complications, immobilization, and also treatment effects might alter spine metrics in a way that is not easily predicted. Spine-derived metrics were assessed manually in this study but showed excellent inter-rater reliability.

In conclusion, rAMIRA imaging is a novel approach to perform SC imaging with favorable contrast in clinical settings that is well-suited for GM/WM quantitation in both the cervical and thoracic SC. Our study demonstrates that the inter-individual variability of SC area measurements in healthy subjects is relatively high but can be effectively reduced in the cervical and to a lesser degree also in the thoracic SC, particularly in minors, by a model based on spinal canal area at the level C4/C5 and weight. By reducing anatomical inter-subject variability, these approaches may facilitate the detection of pathology-related changes and the improvement of therapeutic monitoring in lower motor neuron disorders in the future.
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Introduction: Nusinersen is a recent promising therapy approved for the treatment of spinal muscular atrophy (SMA), a rare disease characterized by the degeneration of alpha motor neurons (αMN) in the spinal cord (SC) leading to progressive muscle atrophy and dysfunction. Muscle and cervical SC quantitative magnetic resonance imaging (qMRI) has never been used to monitor drug treatment in SMA. The aim of this pilot study is to investigate whether qMRI can provide useful biomarkers for monitoring treatment efficacy in SMA.

Methods: Three adult SMA 3a patients under treatment with nusinersen underwent longitudinal clinical and qMRI examinations every 4 months from baseline to 21-month follow-up. The qMRI protocol aimed to quantify thigh muscle fat fraction (FF) and water-T2 (w-T2) and to characterize SC volumes and microstructure. Eleven healthy controls underwent the same SC protocol (single time point). We evaluated clinical and imaging outcomes of SMA patients longitudinally and compared SC data between groups transversally.

Results: Patient motor function was stable, with only Patient 2 showing moderate improvements. Average muscle FF was already high at baseline (50%) and progressed over time (57%). w-T2 was also slightly higher than previously published data at baseline and slightly decreased over time. Cross-sectional area of the whole SC, gray matter (GM), and ventral horns (VHs) of Patients 1 and 3 were reduced compared to controls and remained stable over time, while GM and VHs areas of Patient 2 slightly increased. We found altered diffusion and magnetization transfer parameters in SC structures of SMA patients compared to controls, thus suggesting changes in tissue microstructure and myelin content.

Conclusion: In this pilot study, we found a progression of FF in thigh muscles of SMA 3a patients during nusinersen therapy and a concurrent slight reduction of w-T2 over time. The SC qMRI analysis confirmed previous imaging and histopathological studies suggesting degeneration of αMN of the VHs, resulting in GM atrophy and demyelination. Our longitudinal data suggest that qMRI could represent a feasible technique for capturing microstructural changes induced by SMA in vivo and a candidate methodology for monitoring the effects of treatment, once replicated on a larger cohort.

Keywords: spinal muscular atrophy, muscle MRI, nusinersen (spinraza), motor neuron degeneration, spinal cord atrophy and degeneration, muscle fat fraction, quantitative magnetic resonance imaging, treatment monitoring


INTRODUCTION

Spinal muscular atrophy (SMA) refers to a spectrum of genetic neuromuscular disorders characterized by the degeneration of alpha motor neurons (αMNs) in the spinal cord (SC) (1) that leads to progressive muscle atrophy, consequent loss of muscular strength and paralysis. Within this group of disorders, the so-called 5q SMA is a rare condition (estimated incidence: from 1/6,000 to 1/10,000 live births) (2) caused by homozygous loss of function of SMN1 gene (survival motor neuron gene 1—telomeric form) (5q11.2-q11.3), with consequent SMN protein deficiency in lower motor neurons. SMA phenotypes encompass a continuum ranging from extremely severe neonatal onset to mild adult onset (3). Phenotypic variability in SMA is largely determined by the copy number of the SMN2 gene. Each SMN2 copy only codes for 10–15% of functional SMN proteins. In all SMA patients, because of the SMN1 deletion, SMN levels in neurons depend on SMN protein coded by the SMN2 gene, which in turn depends on the copy number of SMN2 gene. Therefore, the SMN2 copy number inversely correlates with disease severity (4, 5).

Once the role of the SMN protein expression from SMN2 was recognized, several strategies were developed to increase SMN protein expression (6). Three approved therapies for the treatment of SMA are currently available: nusinersen, a 2-O-methoxyethyl phosphorothioate-modified antisense oligonucleotide that modifies the splicing of the SMN2 pre-mRNA, increasing the production of full-length SMN protein from the SMN2 gene; onasemnogene abeparvovec (AVXS-101), a gene replacement therapy; and risdiplam, an orally administered small-molecule SMN2 splicing modifier that was recently approved by the Food and Drug Administration for the treatment of SMA in adults and children (2 months of age and older). Several other new therapeutic strategies are also currently under study in addition to the aforementioned molecules (e.g., small-molecule splicing modifiers, anti-myostatin agent, and troponin activator) (7). The current availability of such therapies actually requires the scientific world involved in SMA to rapidly identify reliable measures aimed at quantifying and understanding the response to treatment.

Functional scales such as Revised Upper Limb Module (RULM) (8), Hammersmith Functional Motor Scale Expanded (HFMSE) (9), and 6-Minute Walk Test (6MWT) (10) are commonly used to assess the clinical status and to grade the clinical disability in SMA, classifying patients into four different categories (11, 12). In vivo, nerve conduction and in particular compound muscle action potential (C-MAP) have been proposed to quantify the degeneration of αMNs (13). Serum levels of SMN protein have also been shown to correlate both with clinical severity and with C-MAP results. Alves et al. (14) have recently demonstrated that serum creatinine level correlates with both C-MAP results and disease severity, making it a candidate biomarker for SMA progression.

Magnetic resonance imaging (MRI) represents an extremely valuable tool that allows non-invasive assessment of both muscle and motor neurons degeneration. Muscle MRI is increasingly used to evaluate muscle involvement in neuromuscular disorders, to identify specific patterns of disease, to guide biopsy, to monitor the progression of the natural disease course and to assess response to therapy (15, 16). In SMA, muscular involvement has been described as a combination of muscle atrophy and muscle fatty substitution. Durmus et al. (17) reported a specific pattern of muscle involvement in 25 subjects with genetically confirmed SMA 3b, with prominent fat replacement evident in the iliopsoas and gluteus maximus muscles and in the triceps and biceps brachii muscles in the upper limbs. In a recent longitudinal study on two siblings with SMA 3b under treatment with nusinersen, fat replacement was assessed using a semi-quantitative method (18) and no significant changes were demonstrated at 10- and 24-month follow-up, presumably due to the elevated degree of fat replacement already present at baseline (19). Only one recent study explored quantitative muscle MRI measurements in SMA 2 and 3 subjects, showing a significant increase of fat fraction (FF) in SMA subjects compared to healthy controls (HCs) (47.6 vs. 7.6%) by using a four-point Dixon sequence, and investigating also water T2 (w-T2) in muscle (20). Two studies already explored the diffusion properties of muscle tissues in SMA by applying diffusion tensor imaging (DTI) cross-sectionally and longitudinally (19, 20), with promising results. To our knowledge, however, longitudinal quantitative muscle MRI data, in particular FF and w-T2, have never been reported in SMA patients undergoing therapy.

Quantitative MRI (qMRI) of the cervical SC has been widely used to investigate cord pathology in several neurodegenerative disorders such as MS (21, 22) and ALS (23, 24). Through the acquisition of images with high contrast between white matter (WM) and gray matter (GM), SC MRI enables tissue segmentation and measurement of the cross-sectional area (CSA) of the SC, total GM, and ventral horns (VHs), thus making it possible to quantify total SC and GM atrophy (25). Advanced techniques such as magnetization transfer (MT) and diffusion tensor imaging (DTI) of the SC can be used for in vivo quantification of possible pathology-related microstructural changes occurring within the SC (26). qMRI of the cervical SC has been recently applied in three recent cross-sectional studies focusing on pediatric and adult SMA patients not under therapy (27–29). El Mendili et al. (27) reported a significant cord atrophy gradient with a more evident reduction of SC CSA between C3 and C6 levels of adult SMA patients compared to HCs; Querin et al. (28) investigated both WM and GM, showing a significant reduction of the CSA of both total SC and GM (but not of WM) at each cervical level (from C2 to C7) in adult untreated SMA patients (SMA 3a, 3b, and 4); finally, in the third study, both pediatric and adult SMA patients (type 2 and 3) showed lower SC CSA values than HCs, though the difference was not statistically significant (29). Two of the studies mentioned above also explored the diffusion properties of SC in SMA: Stam et al. (29) reported significantly higher axial diffusivity (AD) in the GM of SMA patients than HCs, while Querin et al. (28) found preserved diffusion properties of SC WM. However, to date and to the best of our knowledge, there are no imaging studies that longitudinally describe the natural evolution of SC features in SMA patients or the effects of treatment on SC properties measured by qMRI over time.

The aim of this pilot study is to apply muscle and spinal qMRI in a small cohort of SMA 3a patients currently being treated with nusinersen at our Institution, in order to establish whether quantitative muscle and cervical SC MRI parameters can provide biomarkers to monitor the course of the disease, understand possible mechanisms of progression or recovery and assess the effectiveness of treatment.



METHODS


Subjects

In this study we enrolled three female patients affected by genetically diagnosed Type 3a SMA [age at the time of baseline examination—time point 1 (TP1) = 23.0 ± 3.5 years]. Our center provides nusinersen for patients with SMA using intrathecal injections via lumbar puncture, and the dosing schedule consists of four loading doses of 12 mg in the first 2 months of treatment, followed by maintenance doses every 4 months (30). All three patients started treatment at the same time, and the duration of treatment at the time of the last observation time point reported here (TP6) was 21 months. Patients underwent clinical examination at the first loading dose of nusinersen (TP1) and at the time of each maintenance dose. Muscle MRI started to be performed from TP1 as well and was repeated after 9 months (TP3) and 21 months (TP6) from the beginning of therapy. SC MRI examination started at TP3 (9 months after the beginning of treatment, age at TP3 = 24.0 ± 3.5 years) for a total of four time points, each at 4 months from the previous one (TP3 to TP6). Eleven female healthy volunteers, age-matched to that of the SMA patients at TP3 (age 24.5 ± 2.0 years), were also enrolled as HCs for SC MRI only, undergoing a single MRI examination. The study was approved by the local Ethics Committee and written informed consent was given by all participants.



Clinical Evaluation

At each time point, a neurological examination was performed, and the motor function was assessed through the HFMSE and the RULM tests. The 6MWT was also performed in the only ambulatory patient (Patient 1).



MRI Acquisition

MR images were acquired with a Siemens 3T MAGNETOM Skyra scanner using an 18-channel surface coil for the thigh muscle MRI, while for MRI of the SC, a 20-channel head/neck coil was combined with the 12-channel spine array integrated into the patient table.


MRI of the Thigh Muscles

The muscle MRI protocol was centered on the thighs, with simultaneous acquisition of both sides (total scanning time of approximately 15 min). The MRI protocol included a 3D six-point multi-echo gradient echo (GRE) sequence with interleaved echo sampling (matrix size = 432 × 396 × 52, TR = 35 ms, 6 echo times, TE = 1.7–9.2 ms, ΔTE = 1.5 ms, resolution = 1.0 × 1.0 × 5.0 mm3) and a turbo spin echo T2 multi-echo sequence (TE = 10.9 ms, TR = 4100.0 ms, resolution = 1.2 × 1.2 × 10.0 mm3, 17 echo times).



MRI of the Cervical SC

The SC MRI protocol adopted for this study is derived from the consensus acquisition protocol produced by a consortium of SC researchers [(31); Cohen-Adad et al., Submitted, https://spine-generic.readthedocs.io/en/latest/]. The whole protocol included T1-weighted (sagittal 3D MPRAGE, field of view = 320 × 260 × 192 mm3, resolution = 1.0 × 1.0 × 1.0 mm3, TI/TR/TE = 1,000/2,000/3.72 ms) and T2-weighted 3D morphological sequences (sagittal 3D SPACE, field of view = 256 × 256 × 52 mm3, resolution = 0.8 × 0.8 × 0.8 mm3, TR/TE = 1,500/120 ms), with the T1w volume providing full coverage of the brain and the T2w volume centered on the cervical SC at the level of the C3–C4 vertebral disc. These were followed by a DWI acquisition (axial 2D SE-EPI, field of view = 86 × 33 × 75 mm3, resolution = 0.9 × 0.9 × 5.0 mm3, TR/TE = 620/60 ms, b = 800 s/mm2, 30 directions) using the Siemens ZOOMit technology for reduced FOV (32) and cardiac gating a set of three 3D gradient echo sequences for MT imaging [axial, field of view = 230 × 230 × 110 mm3, resolution = 0.9 × 0.9 × 5.0 mm3, TR/TE = 35(15)/3.13 ms], and a 2D T2*-weighted (axial 2D MEDIC, field of view = 224 × 224 × 75 mm3, resolution = 0.5 × 0.5 × 5.0 mm3, TR/TE = 600/14 ms) scan, all centered at the level of C3–C4 vertebral disc. The total acquisition time for the cervical SC MRI was approximately 30 min, depending on heart rate.




Analysis of MR Images
 
MRI of the Thigh Muscle

A total of 12 muscle regions of interest (ROIs) were manually drawn by a single experienced operator using ITK-snap v3.0 (33). These ROIs were drawn at the medial level of the thigh (equidistant from the femur head and the tip of the patella), on two central slices of the first echo of the turbo spin echo sequence. ROIs were subsequently registered to the T2 GRE space. Given the considerable fat replacement of the subjects, a unique global ROI including all muscles and fascia was also drawn independently from the previous ROIs for separate evaluation (Global ROI). Figure 2 reports muscle segmentation of an exemplificative subject (Patient 2 at TP3). The segmented muscles are reported in the figure caption.

The Fatty Riot algorithm was used offline for the calculation of fat/water images from the GRE multi-echo acquisition (34, 35), and then fat fraction maps were obtained.

The images acquired with the multi-echo spin-echo sequence were processed with an extended phase graph (EPG) method for multi-compartment T2 fitting with slice profile correction: this produced a quantitative w-T2 map of thigh muscles (36–38).

Average values of FF and w-T2 were calculated for the global ROI and for each thigh muscle (see Figure 2) and, at a later stage, also for each thigh compartment (anterior, medial, and posterior) (39) at TP1, TP3, and at the end of the follow-up (TP6). Given the very small number of subjects, data were qualitatively compared to assess average FF and w-T2 at the different considered time points.



MRI of the Cervical SC

All MR images of the cervical SC were processed using the Spinal Cord Toolbox (40) and custom scripts in Matlab (The MathWorks, Inc., Natick, MA, USA). Results were visually inspected by a physicist and a trained neuroradiologist, blinded to clinical data, who evaluated the overall image quality and the presence of artifacts; they also manually corrected segmentation masks and vertebral labeling where an unsatisfactory performance or even a failure of the automatic algorithm made it necessary.

T2w images were used to compute the CSA of the SC from C2 to D3. The SC was segmented using a method based on neural networks (41); it was then manually labeled at the different vertebral levels and registered to the PAM50 template (42).

T2*w images were used to compute the CSA of the SC GM and of the VHs from C3 to C4. GM was segmented using a neural network method (43); the template of the SC was registered to T2*w images to obtain vertebral labeling and masks of the VH that were intersected with the GM mask. In order to assess possible asymmetries, GM and VH binary masks were also split into left and right side masks using the corresponding atlas labels that were intersected with the respective masks of interest.

T1w images served as anatomical reference and for diagnostic purposes; they were also used to improve the results of template registration with DWI and MT images.

DWI images were corrected for motion and the SC was segmented (41). They were registered to the SC template and the DTI model was fitted to the diffusion data (44). Warped atlas probabilistic labels were used to extract weighted average values of diffusion tensor metrics (fractional anisotropy, FA; mean diffusivity, MD; radial diffusivity, RD; axial diffusivity, AD) for tissues and structures of interest.

The MT set of images was processed to compute magnetization transfer saturation (MTsat) maps to evaluate the SC myelin content (45). Processing included image co-registration, cord segmentation, and image registration to the cord template. Warped atlas probabilistic labels were used to extract weighted average MTsat values of specific SC regions.

SC CSA values were averaged along the whole considered portion of the SC (from C2 to D3), along cervical and dorsal vertebrae separately, and also per vertebral level. Global DTI and MT average values were obtained from ROIs covering C3 and C4 vertebral levels. The ROIs considered for DTI and MT analysis corresponded to cord GM and its subregions [VHs, dorsal horns (DHs), and GM intermediate zone (IZ)] and cord global WM together with three WM bundles: the ventral corticospinal tract (vCST), the lateral corticospinal tract (lCST), and the fasciculus gracilis (FG). The sample standard deviation was calculated for each average value. The resulting CSA, diffusion, and MT values were compared between HC and SMA groups at the first SC MRI time point (TP3) and also longitudinally between successive time points for SMA patients. Given the small number of SMA patients involved in this study, only qualitative comparisons were performed of each patient quantitative metric against the distribution of values obtained in the HC group.





RESULTS


Clinical Evaluation

Clinical features of the cohort are summarized in Table 1. All patients showed the typical clinical picture of SMA (hypotonia, weakness, areflexia, fasciculations, ligamentous laxity in hands) and a slowly progressive clinical course of the disease. Notably, Patient 2 had developed a striking asymmetry in strength of upper limbs since the age of 17. Before starting the treatment, none of the patients needed mechanical ventilation, and only Patient 3 developed a moderate scoliosis not requiring spine surgery; such features have not changed over the time of observation.


Table 1. Main clinical features of the enrolled patients.

[image: Table 1]

The overview of the longitudinal data of the aforementioned standardized scales is summarized in Figure 1. Since the beginning of therapy, all three patients showed a mild improvement in HFMSE scores in the initial period of observation, with a continuous positive trend being only shown for Patient 2. Patients 2 and 3 improved RULM scores at TP6, while Patient 1 remained stable. Additionally, Patient 2, who had a pre-treatment asymmetric strength deficit of the upper limbs (see Table 1), showed a bilateral improvement during the observation period (as revealed by the RULM scale). The performance of Patient 1 in 6MWT remained constant over time points.


[image: Figure 1]
FIGURE 1. Longitudinal clinical scores. HFMSE and RULM scores of SMA patients are shown on the left and right, respectively, starting from the baseline when treatment began (TP1), up to the end of the follow-up 21 months later (TP6). Loading doses of nusinersen were administered between TP1 and TP2 and the following maintenance doses corresponded to displayed time points (TP2 to TP6) 4 months apart. HFMSE, Hammersmith functional motor scale expanded; RULM, revised upper limb module; BL, baseline; TP, time point.




Muscle MRI

The image quality was reviewed by an experienced radiologist and positively evaluated for subsequent analysis.

All data for individual muscles and global ROIs are reported for TP1, TP3, and TP6 in the Supplementary Tables 1A,B, while Table 2 show the FF and w-T2 and their evolution over time for each compartment separately and globally (global ROI) at TP1 and at the end of the follow-up (TP6).


Table 2. Per-compartment quantitative muscle MRI measures.

[image: Table 2]

The average value of FF across the three SMA patients evaluated with a single ROI (see Figure 2) was 50% at TP1 and increased to 56.7% at the end of the follow-up (TP6). All muscles showed progression of FF with the only exception of the adductor longus (AL), which showed a reduction of FF from 39 to 37% (−6.02%) at TP6 (Supplementary Table 1A). For this reason, we decided to exclude AL from the analysis of the medial compartment and considered it on its own. In the posterior compartment, the most involved muscle was the semitendinosus (ST) (0.47% FF at TP1), which also progressed to 0.77% at TP6.


[image: Figure 2]
FIGURE 2. Thigh muscle regions of interest. Example of manually drawn muscle ROIs at middle thigh level, superimposed on the T2 GRE sequence (Patient 2 at TP1). On top (A), the 12 muscle ROIs are individually displayed with different colors; at the bottom (B), the global ROI comprising all muscles is shown. The 12 ROIs include VL, vastus lateralis; VM, vastus medialis; VI, vastus intermedius; RF, rectus femoralis; S, Sartorius; G, gracilis; AM, adductor magnus; AL, adductor longus; SM, semimembranous; SM, semitendinosus; BFL, biceps femoris longus head.


For the anterior compartment, FF progressed from 51.2 to 57.1% (average increase of +10.87%); for the medial compartment (excluding AL), from 54.3 to 57.1% (+5.12%); and for the posterior compartment, from 45.8 to 54.5% (+19.81%).

For what concerns the evaluation of w-T2, we found that w-T2 on the global ROI was 43.73 ms at TP1 (the higher value being represented by the medial compartment), decreasing over time (−4.7% in average at TP6 compared to TP1). All muscles showed a decrease of w-T2 over time (from TP1 to TP6), with the exception of AL, which showed an increase over time of 6% (from 43.84 to 45.11 ms) (Supplementary Table 1B).



SC MRI
 
Dataset and Image Quality

Images from an exemplary dataset of a randomly selected HC are shown in Figure 3.


[image: Figure 3]
FIGURE 3. Exemplary spinal cord MRI dataset. On the left, T2w image with vertebral labels from C2 to D3. Top row: T1w image; T2w image; T2*w image; detail of T2*w image with WM and GM segmentation masks. Bottom row: MT (MT-off, MT-on and MT-T1w) and DWI (mean b0 image and mean DWI) dataset.


The image quality was overall very good. Where motion artifacts and loss of signal and contrast in 3D T1w and T2w images were detected, we interrupted segmentation and vertebral labeling below their D1 and D2 levels, respectively, for one HC, and below C6 for Patient 3 at TP5.



Cross-Sectional Analysis of SC

Figure 4 reports group results of CSA values evaluated on T2w images of HC and SMA subjects acquired at TP3. We found that SC CSA mean values of SMA patients fall in the lower range of the HC distribution, with two patients lying below the 25th percentile. The “per level” analysis additionally showed that the difference between the two groups was more pronounced at the cervical level with respect to upper dorsal vertebrae, even if the cervical intra-group variability is higher than the dorsal one for both groups; the difference between HC and SMA is maximum around from C3 to C6. SC CSA values computed on T2*w and T1w images confirmed this result.


[image: Figure 4]
FIGURE 4. Cross-sectional comparison of CSA values measured on T2w images at TP3. Top left: average SC CSA from C2 to D3 in HC (box on the left) and SMA patients (dots on the right). Top right: per-level SC CSA values from C2 to D3 in HC (boxes) and SMA patients (black lines). Bottom left: average SC CSA from C2 to C7. Bottom right: average SC CSA from D1 to D3. The color of patient dots relates to their position compared to the respective distribution of HC values: blue for patient values within the 25–75th percentile range, magenta for patient values outside the 25–75th percentile range but within the HC distribution, red for patient values outside the HC distribution. Red + represent outlier HCs.


CSA of GM and VHs analyzed on T2*w images were reduced in patients compared to HC. No noticeable asymmetry was found between the right and left sides of GM and VHs (see Figure 5).


[image: Figure 5]
FIGURE 5. Cross-sectional comparison of CSA values measured on T2*w images at TP3. From left to right and top to bottom: average CSA values of SC, GM, VHs, and WM measured from C3 to C4 in HC (box on the left) and SMA patients (dots on the right). The color coding of patient dots is explained in the caption of Figure 4. Red + represent outlier HCs.


Figures 6, 7 report group results of DTI measures (FA and RD, respectively) for HC and SMA subjects at TP3. Analogous plots for AD and MD can be found in Supplementary Figures 1, 2. In GM, we report a reduction in RD and an increase in FA in SMA patients with respect to HC, while no differences can be observed for AD and MD values. Accordingly, FA and RD values of the VHs of two out of three SMA patients fall outside the range of the corresponding HC distribution, while MD and AD of the VHs differ from the range of HC to a lesser extent.


[image: Figure 6]
FIGURE 6. Cross-sectional comparison of average FA values measured at TP3. From left to right: average FA values of GM, VHs, IZ, DHs, WM, vCST, lCST, and FG measured from C3 to C4 in HC (box on the left) and SMA patients (dots on the right). The color coding of patient dots is explained in the caption of Figure 4. Red + represent outlier HCs.



[image: Figure 7]
FIGURE 7. Cross-sectional comparison of average RD values measured at TP3. From left to right: average RD values of GM, VHs, IZ, DHs, WM, vCST, lCST, and FG measured from C3 to C4 in HC (box on the left) and SMA patients (dots on the right). The color coding of patient dots is explained in the caption of Figure 4. Red + represent outlier HCs.


We found no univocal variation in WM and that DTI values of most WM regions in SMA patients fell within the range of the respective HC distribution.

Figure 8 reports group results obtained from MTsat maps of HC and SMA patients at TP3. We found a decrease of MTsat values in both WM and GM of SMA patients with respect to the HC group. Moreover, we found an evident decrease of MTsat average values in the specific investigated WM bundles (vCST, lCST, and FG). In particular, we found that the MTsat values of two patients out of three fell always outside the corresponding HC group range of values for each of these regions. In GM, the reduction of MTsat is more pronounced in the intermediate regions of the GM, with respect to ventral or dorsal horns.


[image: Figure 8]
FIGURE 8. Cross-sectional comparison of average MTsat values measured at TP3. From left to right: average MTsat values of GM, VHs, IZ, DHs, WM, vCST, lCST, and FG measured from C3 to C4 in HC (box on the left) and SMA patients (dots on the right). The color coding of patient dots is explained in the caption of Figure 4. Red + represent outlier HCs.




Longitudinal Analysis of SC

We report a trend of increasing SC, GM, and VHs CSA values in T2*w images of SMA Patient 2. CSA values of Patients 1 and 3 do not show evident trends over time (see Figure 9). Mean DTI metrics computed do not show evident trends over time and they are consistent between patients (see Supplementary Figures 3–6). The longitudinal trend observed for MTsat values shows great similarities between different ROIs. In particular, this longitudinal analysis highlighted a substantially stable pattern of MTsat in each ROI of Patient 2. On the other hand, data from Patient 1 showed a remarkable increase from TP3 to TP4, while Patient 3 exhibited an abrupt drop from TP5 to TP6 (see Figure 10).


[image: Figure 9]
FIGURE 9. Longitudinal analysis of average CSA values measured on T2*w images. From left to right and top to bottom: average CSA values of SC, GM, VHs, and WM measured from C3 to C4 starting from TP3 to TP6.



[image: Figure 10]
FIGURE 10. Longitudinal analysis of average MTsat values. From left to right and top to bottom: average MTsat values of GM, VHs, IZ, DHs, WM, vCST, lCST, and FG measured from C3 to C4 starting from TP3 to TP6.






DISCUSSION

This pilot study applied qMRI to measure changes in muscle and cervical SC of three adult Type 3a SMA patients under nusinersen treatment with a longitudinal follow-up of 21 months, assessing muscle and SC degeneration, with the aim to evaluate whether MRI could provide useful biomarkers to monitor the clinical efficacy of nusinersen. Patients were clinically stable over the course of this study, while muscle qMRI suggested the presence of fat substitution progression and w-T2 slight decrease over time in thigh muscles. In the SC, we observed reduced CSA, GM, and VHs CSA of SMA patients transversally compared to HCs at TP3; these values remained generally stable over time, although Patient 2 exhibited a trend of increasing GM and VHs area over time. Diffusion parameters were altered when compared to HCs, but stable over time in SMA subjects, while MTsat values of SC structures were also reduced.


Clinical Data

Clinically, all enrolled SMA Type 3a patients were young adult females with similar features, characterized by the early onset of a typical clinical picture of SMA, and a slow progression.

The three patients reported a subjective general improvement as to their motor performance and “self-confidence” during the study; none of them experienced any side effect during treatment. This subjective perception of improvement in motor performance reported by patients was also confirmed by the results of validated motor function tests: all patients obtained an improvement in the HMFSE scale from TP1 to TP2, when they reached a plateau. Patients 2 and 3 exhibited also an improvement in the RULM score at TP6, while the score of Patient 1 remained stable. This could be due to a general better motor function of Patient 1, who had a very high score already at the baseline (TP1). Furthermore, Patient 2, who had developed asymmetric weakness in upper limb scores before the treatment, showed a bilateral good recovery, but asymmetry essentially remained identical. The normal cervical MRI (no signs of compression or plexopathy were found) and the absence of both a clinical history of trauma and other neurological signs suggest that such asymmetry could be considered as an atypical manifestation of the disease in this patient. Even though SMA is generally described as a symmetric disorder, it is not uncommon to see asymmetrical weakness: Kang et al. (46) reported three female type 3 SMA patients with asymmetrical weakness, showing also upper motor neuron signs that have always been absent in our patient. Despite the small sample size considered here and the relatively short observation period, our results are in line with those reported by the German and Italian studies (47, 48). It should also be noted that all patients reported some further improvement in motor function, which could not be captured by their repeated functional scores possibly because of the discrete nature of such scales.



Muscle MRI

In all three patients, a progression of thigh muscle fat substitution was documented over time (mean increase of roughly 7% in 21 months when considering the global cross-sectional muscle ROI). This progressive fat substitution can represent the natural evolution of the disease over time, despite the concomitant therapy and the global stability of clinical scales. Unfortunately, to our knowledge, no longitudinal quantitative muscle MRI data on the natural history of the disease are available for comparison at present. The posterior compartment of the thigh showed the greatest percentage increase in FF (+19.81%) in our cohort, but the most elevated fat replacement was shown in the anterior and medial compartments (both with 57.1% FF at the end of follow-up, TP6), the medial compartment being the most involved from the beginning of the study. This anterior compartment predominant involvement is in line with other qualitative and quantitative muscle MRI studies conducted so far, including the relative sparing of the adductor longus (AL) (26, 39). We also confirmed the greater fat replacement of the semitendinosus (ST) among other hamstring muscles, already demonstrated semiquantitatively by Brogna et al. (39). By contrast, the relative sparing of the medial compartment previously demonstrated semiquantitatively by Brogna and colleagues was not confirmed by the present quantitative data, possibly because we did not perform a muscle CSA analysis.

Given the small number of cases included in this pilot study, we did not perform any correlation analysis between quantitative muscle features and clinical scales, neither at TP1 nor at the end of follow-up. Even considering the global stability of the disease as observed with clinical scores, FF quantification was able to detect subtle changes in the muscle, thus once again demonstrating the potential of applying fat replacement quantification as a surrogate outcome measure for clinical trials.

FF, however, represents only part of the disease process, becoming evident at advanced stages pathology. By contrast, high w-T2 signal has been proposed in neuromuscular disorder studies as a potential marker of disease activity, though non-specific, mostly reflecting initial stages of the disease (15).

Previous studies exploring w-T2 in thigh muscles in SMA patients reported an increased value in thigh muscles (49, 50) compared to HCs. Bonati et al. (49) obtained w-T2 values exceeding 60 ms in SMA muscles, but used a mono-exponential fit for the T2w multi-echo sequence. Chabanon et al. (50) applied a multi-exponential signal model and found increased w-T2 values (ranging from 34.3 to 31.3 ms), but did not take into account EPG fitting. By contrast, Otto et al. (20) adopted a multi-exponential model accounting for EPG fitting and did not report values higher than 31 ms at most in SMA, thus suggesting that differences in values could be mostly due to methodological issues and not to pathological mechanisms.

In the present longitudinal study, we also applied multicompartment EPG fitting for T2 mapping and we found thigh muscle w-T2 ranging from 39.66 to 52.64 ms in SMA patients (average 43.73 ±3.73 ms at TP1, before the start of therapy), values that are slightly high when compared to previously reported values (20, 49). Additionally, w-T2 seemed to slightly decrease over time, with the greatest percentage reduction in the medial compartment at the last time point (TP6, 21 months after the beginning of therapy). As already reported by Otto et al. (20), such data have to be considered cautiously and we agree with the authors that artifacts or methodological issues may have a great impact in evaluating w-T2 in highly fat-replaced muscles. In addition to this, we know from the literature that w-T2 values are quite variable and linked to a number of physiological and paraphysiological conditions (in addition to the pathological ones) (15, 51). However, we still cannot say whether such abnormalities are due to the natural evolution of muscle pathology in SMA or therapy-induced. Longitudinal future studies applying quantitative muscle MRI to evaluate w-T2 with optimized methodological post-processing and performed on larger cohorts may help to address the question.

DTI has recently been applied as a supplementary advanced muscle MRI technique to evaluate microstructural changes in muscle in SMA: Barp et al. (19) found a reduced fractional anisotropy (FA) over time during nusinersen treatment (24 months follow-up) in two patients, whereas Otto et al. (20) found an increase in FA (and a decrease in MD) in SMA compared to HCs. DTI studies of thigh muscle may help to investigate muscle microstructural properties in SMA beyond FF and w-T2, as already suggested (20).



Cervical SC MRI
 
Cross-Sectional Analysis of SC

We found a clear difference in total CSA of the SC between SMA patients and HCs at TP3, in substantial agreement with previous studies (27–29). SMA patients showed a smaller CSA than HCs, with the largest discrepancy being observed in correspondence of the cervical vertebrae. Such finding is consistent with the typical limb girdle weakness of type 3 SMA. This result was confirmed by segmentations obtained from both T1w and T2w volumetric sequences; the difference in the absolute values of CSA from the two methods can be explained by the different spatial resolution of the two acquisitions. SC GM was segmented in high in-plane resolution T2*w sequences between C2 and C4 and SMA patients showed a reduced area with respect to HCs, thus confirming a pathology-related GM atrophy. The VHs contain the motor neurons population of the SC and, therefore, their shrinkage could reflect specific αMNs degeneration (12). However, given the small size of these structures in relation to the MRI resolution, this result could be affected by partial volume and segmentation errors and should therefore be interpreted with caution.

Even though SMA is generally described as a symmetric disorder, in clinical practice, it is not uncommon to see asymmetrical weakness. In this case, the analysis that we performed to investigate the asymmetry of clinical worsening observed in Patient 2 before beginning treatment produced no evidence of altered qMRI parameters between the two sides that could explain it.

Our measurements of the CSA of SC, GM, and VH are in line with the known degeneration of αMN caused by SMA. In agreement with previous studies (28, 29), we did not detect pathological alterations of diffusion parameters in the WM of SMA patients. Conversely, we documented an increase of GM FA and a slight reduction of RD, while AD and MD were unchanged. In particular, a similar FA variation was also found in VH ROIs. As pointed out also by Stam et al. (29), resolution-driven partial volume effects due to the inclusion of adjacent WM regions could be a possible cause of altered average FA values, because such effects can be further enhanced by GM shrinkage induced by pathology. However, partial volume effects should be limited by the use of probabilistic labels in the averaging operation. Furthermore, if such changes were due to only partial volume, we should also expect altered MD and AD values because DTI maps are inherently co-registered. Therefore, another possible explanation is that motor neuron degeneration, together with the consequent GM shrinkage, enhances the relative volume fraction of those WM fibers running through the SC GM, thus increasing the resulting FA. A third possibility is that we are observing the effects of gliosis, which was reported to occur in the VH of SMA patients (52). Given the low number of literature histopathological studies, these hypotheses should only be regarded as speculative. Future in vivo and ex vivo diffusion studies, conducted with newly developed high resolution DWI techniques and fitted with advanced diffusion models, together with concomitant histological studies, will certainly help to better discriminate between these scenarios.

To further understand the microstructural modifications underlying SMA, we acquired MT-weighted images. Changes in MTsat values are considered an indirect marker of changes in myelin content (45, 53). We found a remarkable reduction of MTsat values in both WM and GM, suggesting a loss of myelinated fibers. The reduced MTsat values observed in FG are in agreement with previous neuropathological studies of SMA, which consistently reported a loss of myelinated fibers in such tracts (52, 54, 55). In addition, myelin loss was also occasionally found to occur in the lateral columns (55, 56) and MTsat values from the corticospinal tracts of SMA patients confirm this. The alteration of MTsat values in SC GM could be explained by partial volume between GM regions and the abovementioned WM tracts; this hypothesis is supported by the fact that the most pronounced reduction of MTsat values was found in the intermediate region of the GM, which is the closest to the FG, the tract that was most frequently reported to be severely affected by demyelination. To the best of our knowledge, this is the first time that MT imaging is applied to investigate SC myelin content in SMA in vivo. Given the encouraging agreement between our results and those reported in neuropathological studies, MT measures certainly represent promising candidates for better understanding and monitoring the evolution of SMA.



Longitudinal Analysis of SC

The longitudinal evaluation of CSA and GM over time showed stable values for two out of three patients, while Patient 2 showed a slight increase in SC, GM, and VH CSA values. Therefore, the SC volume can be considered stable over 1 year of disease and treatment monitoring. We can hypothesize that the relative volume stability of SC could represent a positive response to therapy: we do not have the pre-treatment quantitative volumetric data of the natural history of the disease and we do not have a control group of untreated SMA patients, yet we could assume that SC volumes (total, GM, and VHs) would have presumably shown a progressive reduction over time without treatment. Such hypothesis is in line with the stability of SC and GM CSA values over time that mirror the clinical improvement shown by increased HMFSE and RULM scores. From the histological point of view, an increased volume of the VH could be compatible with the effects of nusinersen on the motor neuron population, as suggested in a preclinical study in mice (57). The authors used choline acetyltransferase (ChAT, a marker of αMNs) to stain the SC αMNs in a murine model of SMA and reported that nusinersen could effectively increase the number of ChAT-positive cells by 38%, and up to 62%, with respect to untreated SMA mice, thus proving the recovery of a fraction of the degenerated cell population. This result was also confirmed by another group that “detected a recovery in the number and chemical composition of Cajal Bodies” in treated SMA patients, suggesting that the depletion process of Cajal Bodies found in motor neurons from the VH of untreated SMA mice models may be reversed by nusinersen (58). The number of Cajal Bodies is strongly bound to the cell body size (59); therefore, the high number of motor neurons involved in the degeneration/recovery processes and the histological findings reported above suggest that an enlargement of GM, and in particular of the VH areas, could be expected during nusinersen treatment; our results suggest that this effect could also be detected with advanced MRI techniques. It can be argued also that such changes in cell body size during the observation period could impact GM diffusion parameters and, in particular, MD. However, it should be considered that no changes in GM MD were detected between HC and SMA groups at TP3 and that the MD of SMA patients remained stable over time. Consequently, we could hypothesize that the degree of cellular swelling may not be sufficient to produce detectable effects on MD, but it is not excluded that higher-order diffusion models may be able to capture such subtle changes. Furthermore, we do not know exactly the time scale over which these changes may occur after beginning treatment. In this regard, it is essential that future studies closely monitor SC parameters before and during the administration of the loading dose of nusinersen.




Limitations

In this study, we acknowledge a number of limitations. The first and most relevant is the small sample size of the cohort of enrolled patients that impacted our ability to perform statistical analysis. In addition to that, the study is penalized by the lack of a group of untreated SMA patients: this would have provided a benchmark to better quantify the effects of nusinersen on SC structures over the observation period. Second, we started muscle MRI at TP1, but SC at TP3, so we do not have a proper baseline for this technique. Moreover, it is also possible that 1 year is too short to detect possibly subtle, though significant, changes induced by therapy. To this end, we plan to recall the patients 1 year from the last MRI session to repeat the qMRI scan. These limitations prevented us from clearly assessing whether qMRI parameters can be considered valid biomarkers of disease evolution and treatment efficacy. Future studies should aim to enroll larger cohorts of patients for a longer observation period in order to further investigate the relationship between qMRI parameters and clinical scores through adequate statistical analysis and disease progression models. This could provide a valuable tool to better characterize the natural history of the disease and to predict its evolution in particular in relation to different therapeutic approaches.

A final consideration is that more advanced diffusion and myelin imaging techniques could provide more specific or sensitive biomarkers of pathology. However, we believe that the SC MRI protocol adopted here represents a good trade-off between clinical and research needs, thanks to its relatively short acquisition time in relation to the high number and variety of techniques involved, which allowed us to investigate several aspects of the SC (micro-)structure. On the basis of the findings reported here, it will be possible to make informed choices to better address more specific questions and challenges posed by the disease.




CONCLUSIONS

In this pilot MRI study, we demonstrated a progression of fat substitution in thigh muscles of SMA 3a patients during therapy and a concomitant trend toward a slight reduction of w-T2. The analysis of SC data confirmed a degeneration of tissues highlighted by both GM atrophy and, interestingly, reduced MTsat values, the latter of which have never been reported in SMA before. Our data warrant future studies to further investigate whether qMRI parameters may represent valid biomarkers of pathology and treatment efficacy in SMA, but this will require longer longitudinal studies on larger cohorts and proper statistical models of disease progression.
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Neurogenic thoracic outlet syndrome (N-TOS) is a chronic compressive brachial plexopathy that involves the C8, T1 roots, and/or lower trunk. Medial antebrachial cutaneous (MABC) nerve conduction study (NCS) abnormality is reportedly one of the most sensitive findings among the features of N-TOS. The aim of the present study was to report clinical features, imaging findings, treatment, and prognoses of two N-TOS patients with no abnormalities in electrophysiological studies. Both patients presented with paresthesia of unilateral arm, and examination revealed no neurologic deficits. Electrophysiologic studies including MABC NCS were normal. Computed tomography (CT) angiography and brachial plexus magnetic resonance imaging (MRI) of the patients showed compression and displacement of the neurovascular bundle in the thoracic outlet by causative structures. Due to their sensory symptoms and CT angiography and brachial plexus MRI findings, after excluding other diseases, we diagnosed them with N-TOS. With the development of imaging techniques, more patients presenting with clinical features of lower trunk brachial plexopathy and anomalous structures compressing the neurovascular bundle on imaging studies can be diagnosed with N-TOS, even if electrophysiologic studies including MABC NCS do not show abnormalities.
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INTRODUCTION

Neurogenic thoracic outlet syndrome (N-TOS) is a chronic compressive brachial plexopathy that involves the C8, T1 roots, and/or lower trunk (1). In N-TOS, the brachial plexus is pressed anteriorly and upwardly by the cervical rib or fibrous band, arising elongated transverse process of C7. The disease mainly invades through the T1 root because it is located at the lowermost side of the brachial plexus. As a result, the median-innervated intrinsic hand muscles receiving T1-dominant innervation are usually involved (2). The sensory symptom also occurs mainly in the medial side of the forearm, which is medial antebrachial cutaneous (MABC) nerve territory and T1 dermatome. Within the same mechanism, MABC sensory nerve conduction study (NCS) abnormalities are reportedly the most sensitive finding among the electrophysiological features of N-TOS (3, 4). However, we recently encountered two patients with no abnormalities in electrophysiological studies, including MABC NCS, although their clinical presentations and imaging findings were compatible with N-TOS. Here, we report their clinical features, imaging findings, treatment, and prognoses.



CASE DESCRIPTION


Case 1

A 49-year-old woman visited our locomotor pain clinic with a 4-year history of paresthesia in her left medial arm, medial forearm, and fourth and fifth fingers. Her symptoms were aggravated in the supine and left lateral decubitus positions and on rotating her head to the left side, and often woke her during sleep. The paresthesia was also aggravated when her left supraclavicular fossa area was compressed. Epidural steroid injection in the cervical spine at her local community hospital did not improve her paresthesia. Neurological examination showed no motor weaknesses or sensory deficits. Percussion of the left supraclavicular fossa provoked paresthesia of her left medial arm, medial forearm, and fourth and fifth fingers. An Adson's test was positive on her left side, showing the loss of her radial pulse. The test evaluate the reproduction of symptoms or loss of radial pulse by extending the neck and rotating the head to the symptomatic side while holding a deep inspiration. Spurling and upper extremity tension tests were negative. Sensory NCS was done in the bilateral median, ulnar and MABC nerves with the antidromic method. Median and ulnar motor NCS was also done on both sides, recorded in abductor pollicis brevis and abductor digiti minimi muscles, respectively. Age-stratified reference values derived from our electrodiagnostic laboratories were used for absolute criteria of amplitude abnormality. Needle EMG was done in limb muscles, especially the C8-T1 myotome, and cervical paraspinal muscles. These electrophysiological studies did not show any abnormalities. Computed tomography (CT) angiography of her upper extremities performed in 180° shoulder abduction showed the left cervical rib arising from the C7 vertebra and mild stenosis of the left subclavian artery near the lateral tip of the cervical rib, suggesting arterial thoracic outlet syndrome (A-TOS) (Figures 1A–C). The test showed no dissection, aneurysm, or thrombosis. Brachial plexus magnetic resonance imaging (MRI) revealed upward and anterior angulation and displacement of the left lower trunk or C8/T1 extraforaminal nerve roots of the brachial plexus, presumably caused by the anterior tip of the cervical rib (Figures 1D,E). Swelling or abnormal signal intensity of the brachial plexus were not definite. Evidence of C8 or T1 cervical radiculopathy because of neural foraminal stenosis or herniated intervertebral disc was not observed in cervical spine MRI. The results of the imaging tests indicated that the cervical rib was compressing the lower trunk/roots of the brachial plexus and the subclavian artery upwardly and anteriorly. With the sensory symptoms suggesting a lesion of the lower trunk/roots of the brachial plexus and cervical rib, along with findings of the CT angiography and brachial plexus MRI, and by excluding other diseases, we diagnosed the patient with N-TOS despite normal electrophysiological study findings. We decided to manage her conservatively because there were no ischemic symptoms/signs and focal neurologic deficits in her left upper extremities. We prescribed neuropathic pain medication (gabapentin 100 mg twice a day), which helped relieve the patient's paresthesia. The patient was trained to avoid behaviors that may cause neurovascular bundle compression, and instructed to observe if there was any weakness or numbness. We also planned to conduct imaging studies to follow the status of the subclavian artery at periodic intervals. At the last follow-up 12 months after her initial visit, although better than at initial visit, the paresthesia while lying on her left side persisted. She remained positive for Tinel's sign at the supraclavicular fossa, although weakness, atrophy, or sensory loss was not detected.


[image: Figure 1]
FIGURE 1. Imaging findings for Patient 1. (A,B) Computed tomography (CT) angiography performed with 180° shoulder abduction. (C–E) Brachial plexus magnetic resonance imaging (MRI). (A) Coronal image showing the tip of the left cervical rib arising from the C7 vertebra (arrow) abutting the left subclavian artery (arrowhead). (B) Sagittal image showing the tip (arrow) compressing the subclavian artery (arrowhead) in the anterior direction, causing stenosis. (C) Coronal maximum intensity projection (MIP) image showing stenosis of the left subclavian artery (arrowhead). (D) Coronal T2-weighted fat suppression MIP image showing upward angulation of the lower trunk (arrow), presumably caused by the anterior tip of the cervical rib, although not shown in this image. Swelling or abnormal signal intensity of the brachial plexus was not definite. (E) Oblique sagittal T2-weighted fat suppression image showing the spatial associations of the anterior tip of the cervical rib (arrow), brachial plexus (U, upper trunk; M, middle trunk; L, lower trunk), and subclavian artery (arrowhead).




Case 2

A 31-year-old man with a 4-month history of paresthesia on his right medial forearm and three ulnar digits was referred to our locomotor pain clinic. His paresthesia would get aggravated when lying on the right side and raising the right arm overhead for tasks, such as, when washing his hair. Neurological examination showed normal muscle strength and sensory function of his right upper extremities. No atrophy was noted in the intrinsic muscles of his right hand. Tinel's test was negative for his right supraclavicular fossa. At 90° abduction and external rotation of the shoulder (Roos test posture), the pain in his right palm and forearm worsened, and his right palm turned pale. An electrophysiological study performed at his local community hospital was reviewed by the authors. When the reference value of our institute was applied, NCS including MABC nerve did not show any abnormality. Needle EMG result was also normal. The patient's right first rib was anomalous (upwardly convex and anterior tip fused with the second rib) in cervical spine plain radiograph (Figure 2A). CT angiography of his upper extremities showed stenosis of the right subclavian artery overlying the anomalous first rib, suggesting A-TOS. The subclavian artery was dilated distal to the stenotic site. Segmental thromboembolic stenosis of the right brachial artery was also observed (Figures 2B–D). Brachial plexus MRI revealed high-riding T1 extraforaminal nerve root or lower trunk compared with that of the left side and anterior angulation of the right lower trunk by the anomalous right first rib (Figures 2E,F). Swelling or abnormal signal intensity of the brachial plexus was not definite. There was no evidence of lower cervical radiculopathy on MRI. Based on his sensory symptoms, anomalous right first rib, and CT angiography and brachial plexus MRI findings, and after excluding other diseases, we diagnosed the patient with N- and A-TOS despite normal electrophysiological study findings. The patient underwent surgical treatment (first rib resection, scalenectomy, and brachio-ulnar bypass with great saphenous vein graft) to resolve the neurovascular bundle compression and thrombosis of the brachial artery. The patient's paresthesia disappeared immediately after the operation.


[image: Figure 2]
FIGURE 2. Imaging findings for Patient 2. (B–D) Computed tomography (CT) angiography performed with 180° shoulder abduction. (E,F) Brachial plexus magnetic resonance imaging (MRI). (A) Plain radiograph of the cervical spine showing upwardly convex curvature and an anomaly of the right first rib (arrow). (B) When viewed from the front, a reconstruction image using volume rendering shows stenosis (arrow) and post-stenotic dilatation (arrowhead) of the right subclavian artery. (C) Axial image showing the spatial relationships of the anomalous right first rib (arrow) articulating with the second rib, narrowed subclavian artery (arrowhead), and clavicle (voided arrow). (D) Maximum intensity projection (MIP) image showing thromboembolic occlusion of the right brachial artery at the elbow level (circle). (E) Coronal T2-weighted fat suppression MIP image showing a high-riding right T1 extraforaminal root and lower trunk (arrow) compared to those on the opposite side. Abnormal signal intensity of the brachial plexus was not definite. (F) Axial T2-weighted fat suppression MIP image showing anterior angulation of the right lower trunk (arrow) by the anomalous right first rib (arrowhead).





DISCUSSION

TOS includes variable neurovascular symptoms and signs caused by compression of neurovascular bundle in the thoracic outlet. TOS is divided into three types depending on the compressed structures: arterial, venous, and neurogenic. Technical improvements in MRI is facilitating detection of brachial plexus compression in patients with N-TOS. Treatment options for N-TOS include surgery, physical therapy, behavioral modification, and pain management. It is the symptoms and physical examination findings that determines the type of treatment, rather than the presence of rib abnormalities or the results of electrophysiologic studies. Usually, initial management of N-TOS consists of conservative treatments. For patients with refractory symptoms or profound focal neurologic deficit, consideration of surgical management is needed. Optimal conservative treatment for N-TOS is still controversial. For patients with A- or V-TOS, initial intervention is most often surgical because physical therapy is not helpful (5).

Both patients described in this report showed typical neurologic symptoms of N-TOS, namely, paresthesia of the medial forearm and ulnar hand, and structural anomalies of the thoracic outlet (cervical rib and anomalous first rib). Diseases such as C8 or T1 radiculopathy, carpal tunnel syndrome, and ulnar neuropathy, which require differentiation from N-TOS, were excluded on the basis of physical examination, MRI, and electrophysiological study. It is reasonable to infer that compression of the neurovascular bundle by the structural anomalies causes neurologic symptoms. However, no neurologic deficit was observed in the neurologic examinations, and no abnormalities were observed in the electrophysiological studies. The traditional concept indicates that, because N-TOS is a slow progressing disease, patients seek medical care when overt deficits, such as weakness or atrophy of the T1 myotome muscles, occur (6). As a result, sensory abnormalities are less pronounced than weakness or atrophy (7). However, a recent study has shown that this is not the case, because more than half of the patients reported sensory symptoms as their chief complaint (3). In addition, about one-third of patients had no motor symptoms at initial presentation. Both patients in the present study also showed only sensory symptoms. Because sensory fibers are more sensitive to compression than motor fibers, it is reasonable that the sensory symptom appears early.

In electrophysiological studies, N-TOS typically reveals a characteristic “median-motor, MABC and ulnar-sensory” pattern (4, 8). The MABC is more involved than the ulnar nerve in sensory NCS because of the T1 predominance, as MABC nerve territory corresponds to the T1 dermatome and the ulnar nerve territory to the C8 dermatome (4, 9). Seror et al. (10) suggested that the MABC NCS could be used for the detection of mild lower brachial plexus lesions because they observed abnormal MABC nerve findings in all patients with unilateral, atypical pain and paresthesia of the upper limbs. Kim et al. (3) also observed MABC nerve abnormalities in all 13 patients with N-TOS and suggested that MABC NCS could be used as a screening test in patients with N-TOS because of its high sensitivity.

However, unlike previous reports, this report showed that MABC NCS is not a 100% sensitive test. In a literature review, Tsao et al. (4) described the electrodiagnostic findings of patients with N-TOS with surgical verification. Among 19 patients who underwent MABC NCS, one patient showed no abnormality. In a study of six surgically confirmed patients with N-TOS, Le Forestier et al. (8) reported one patient with normal MABC NCS. The possible explanation for the negative MABC NCS finding of N-TOS is the nature of compressive peripheral neuropathy. The pathophysiology of compressive neuropathy, such as carpal tunnel syndrome (CTS) or cubital tunnel syndrome (CuTs), is typically demyelination and may be associated with secondary axonal loss (11). Therefore, prolonged latency, reduced conduction velocity, or conduction block are usually observed initially, before amplitude reduction appears. In the case of MABC NCS, a latency delay cannot be observed because it is stimulated from the distal side of the lesion, unlike the median NCS in CTS. Therefore, patients with N-TOS in the very early stage of compressive neuropathy, before an axonal loss occurs, may not present electrophysiological abnormalities. Additionally, there are some reports that the MABC nerve is derived from both C8 and T1 dorsal root ganglia rather than T1 alone (12). In N-TOS, the T1 root is thought to receive initial compressive insult anatomically. Because of the dual supply of the MABC nerve, T1 root lesions alone may not cause abnormalities or a significant decrease of amplitude by more than 50% compared with the opposite side as the C8 root is intact.

Reports on the image features of N-TOS are scanty, mostly at the case report level, and there are no established criteria. Previous study suggested four imaging criteria for N-TOS; namely, upwardly-pushed neural structures in brachial plexus MRI, increased signal intensity of the lower roots/trunk in brachial plexus MRI, focal stenosis of the subclavian artery in CT angiography, and high-mounted subclavian artery in CT angiography (3). Because these criteria showed relatively low sensitivity (22–70%), the authors of the study recommended that imaging studies play ancillary roles in diagnosis. Baumer et al. (7) reported that only 7 of 30 patients showed abnormalities in brachial plexus MRI, which also showed low sensitivity. However, abnormalities in the imaging studies can play a definite role in diagnosis of N-TOS when there is no abnormality in electrophysiologic study. In this study, our two patients were diagnosed with N-TOS based only on the findings of imaging studies despite negative results for electrophysiologic studies including MABC NCS. Because the compressive neuropathy may progress over time and neurologic deficits or electrophysiologic abnormalities may appear later, careful monitoring of neuropathic symptoms/signs is required for patients in very early stages, especially those who had not undergone surgical decompression for causative structural abnormalities.

In conclusion, patients presenting with clinical features of lower trunk brachial plexopathy and anomalous structures compressing the neurovascular bundle on imaging studies can be diagnosed with N-TOS. The development of imaging techniques may reveal more such cases. Therefore, for these patients, brachial plexus MRI and CT angiography may be helpful to diagnose N-TOS and accompanying vascular TOS, even if electrophysiologic studies including MABC NCS do not show abnormalities.
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Background: Muscles from patients with cerebral palsy (CP) are often spastic and form contractures that limit the range of motion. Injections of botulinum toxin A (BTX) into the calf muscles are an important treatment for functional equinus; however, improvement in gait function is not always achieved. BTX is also used to test muscle weakening for risk evaluation of muscle lengthening surgery. Our aim was to assess the effect of BTX over time on calf muscle properties in pediatric CP patients with MRI.

Material and Methods: Six toe-walking CP patients (mean age 11.6 years) with indication for lengthening surgery were prospectively enrolled and received BTX injections into the gastrocnemius and soleus muscles. MRI scans at 3T of the lower legs and clinical examinations were performed pre-BTX, 6 weeks (6w), and 12 weeks (12w) post-BTX. A fat-suppressed 2D multi-spin-echo sequence was used to acquire T2 maps and for segmentation. Fat fraction maps were calculated from 3D multi-echo Dixon images. Diffusion tensor imaging (DTI) with a 2D echo-planar imaging (EPI) sequence yielded maps of the mean apparent diffusion coefficient (ADC) and of the fractional anisotropy (FA). Hyperintense regions of interest (ROIs) on the T2-weighted (T2w) images at 6w were segmented in treated muscles. Mean values of T2, fat fraction, ADC, and FA were calculated in hyperintense ROIs and in reference ROIs in non-treated muscles.

Results: Hyperintensity on T2w scans and increased T2 (group mean ± standard deviation: 35 ± 1 ms pre-BTX, 45 ± 2 ms at 6w, and 44 ± 2 ms at 12w) were observed in all patients at the injection sites. The T2 increase was spatially limited to parts of the injected muscles. FA increased (0.30 ± 0.03 pre-BTX, 0.34 ± 0.02 at 6w, and 0.36 ± 0.03 at 12w) while ADC did not change in hyperintense ROIs, indicating a BTX-induced increase in extracellular space and a simultaneous decrease of muscle fiber diameter. Fat fraction showed a trend for increase at 12w. Mean values in reference ROIs remained unchanged.

Conclusion: MRI showed limited spatial distribution of the BTX-induced effects in pediatric CP patients. It could be a promising non-invasive tool for future studies to test BTX treatment protocols.

Keywords: cerebral palsy, MRI, botulinum toxin A, T2, diffusion, fat fraction, calf muscles, pediatric


INTRODUCTION

Cerebral palsy (CP) is a sensorimotor dysfunction caused by damage to the developing brain and is the most common cause of lifelong motor disability in children (1), affecting movement and muscle coordination. Muscles from CP patients are often spastic and form contractures that limit the range of motion (RoM) and joint function. Botulinum toxin A (BTX) has been established as an important treatment modality, particularly for the management of spasticity (2) to reduce inadequate muscle activity in CP patients. BTX is injected locally into the affected calf muscles to control functional equinus and spasticity and thus improve gait function. In general, equinus treatment with BTX is moderately effective, especially in younger children under 6 years of age, with the clinical effect lasting for 3–6 months (3). There is no uniform BTX treatment strategy in CP; instead, there are several recommendations and guidelines about total doses, injection volume, and injection sites based on expert opinions and small clinical trials (2). However, it is unknown to what extent BTX is distributed into the muscle tissue and if it affects the muscle belly as a whole or only partially. BTX blocks the neurotransmission at the motor end plates, which are located in a specific zone within the muscle belly (4). Depending on the injection technique and on the subsequent diffusion of the drug, the complete zone of motor end plates or only a part of it is reached and affected by BTX. This leads to a variation in treatment response (4). Also, improvement in gait function is not always achieved with BTX treatment, especially in children over 6 years of age who may need a surgical lengthening of the calf muscles as an effective treatment for equinus (3). Thus, there is a need to study and monitor the effect on injected muscles.

There are various methods based on magnetic resonance imaging (MRI) that offer insight into muscle tissue changes. An increase in water content, i.e., muscle edema, leads to an increase in the MR transverse relaxation time T2 value that manifests as hyperintense areas on T2-weighted (T2w) images. Muscle T2w MR images and mainly quantitative T2 relaxation values of water can assess inflammation, e.g., in thigh muscles in dermatomyositis (5, 6), and edema, e.g., in calf muscles in Duchenne dystrophy (7). The measurement of fat infiltration and replacement in muscles monitors the extent and severity of muscle destruction, especially in chronic diseases like Duchenne muscular dystrophy (8) or diabetic neuropathy (9). Diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) are methods to investigate the tissue microstructural integrity since cell membranes and other structures restrict the diffusion of water molecules. In DTI, a diffusion tensor describing the diffusivity in different directions is generated from a series of diffusion-weighted images. From the eigenvalues of these tensors, the mean apparent diffusion coefficient (ADC; also called mean diffusivity MD in DTI) and the fractional anisotropy (FA)—a measure for diffusion anisotropy ranging from 0 (completely isotropic) to 1 (completely anisotropic)—can be calculated (10). These parameters vary with architectural changes occurring in muscles, e.g., in calf muscle injury (11) or in the lower leg of patients with muscle dystrophy (12).

Our aim was to assess the effect of BTX on muscle properties in pediatric CP patients with MRI over 12 weeks after the injections. We were interested in quantifying the following potential muscle tissue changes using MRI: the T2 of muscle water, diffusion of muscle water, and fat content in the BTX-treated muscles. Results from this pilot study may help to better understand the physiological and therapeutic effects of BTX on muscles in patients with CP.



MATERIALS AND METHODS


Participants

Six ambulatory patients diagnosed with CP (five boys and one girl, mean age 11.6 years, range 9.8–12.8 years, three bilateral spastic CP functionally diparetic and three unilateral spastic CP functionally hemiparetic) were included and prospectively monitored between 2018 and 2020. All patients were toe-walking and were scheduled for muscle lengthening surgery with a preoperative BTX test injection in the gastrocnemius muscles to investigate muscle weakening, which can be a side effect of the muscle lengthening surgery (13). Exclusion criteria were previous surgeries on the affected limb(s), claustrophobia, and difficulties in following instructions in the scanner. Full participant characteristics can be found in Table 1. Functional mobility level was classified as Gross Motor Function Classification System level (GMFCS) I (n = 4), II (n = 1), and III (n = 1) (14). Prior to participation, informed written consent was obtained from the participants' parents and additionally from those participants age 12 years or older. The study was approved by the local ethics committee.


Table 1. Patient characteristics, treatment, and results of the clinical examination pre-BTX, 6 weeks (6w), and 12 weeks (12w) post-BTX showing lower limb spasticity, passive range of motion (RoM), and manual muscle testing (MMT).

[image: Table 1]



Treatment

BTX (onabotulinum toxin A, Botox, Allergan plc, Dublin, Ireland) was injected under ultrasound guidance in the gastrocnemius lateralis (GL), medialis (GM), and soleus (S) muscles (dose 50–100 units per muscle, one to two injection sites per muscle, dilution: 50 units diluted to 1 ml). The injection sites were at a horizontal line separating the proximal 1/4 and the distal 3/4 of the muscle belly for the GM and GL and at a horizontal line separating the proximal 1/3 and the distal 2/3 of the muscle belly for the S. The dose was chosen according to the current state of the art recommendations (2, 15): the maximal dose per injection site was 50 units, and the dose per kg body weight was below 20 units/kg (Table 1). Target muscles were determined according to a prior gait analysis. The patients with bilateral paresis were injected in the more severely affected leg only. The injection was not intended to improve the patients' clinical symptoms but to test their reaction on weakness of this muscle for a risk evaluation of the planned lengthening surgery (13).



Study Protocol

MRI scans and routine clinical examinations were performed pre-BTX injection, as well as 6 weeks (6w) and 12 weeks (12w) post-BTX injection. Gait analysis [as described in Rutz et al. (13)] was performed on the same time points, but it is not reported here because it is out of the scope of this paper. The maximum BTX effect was expected 6w post-BTX (16). The second MRI scan was within 3 months after the first one.



Clinical Examination

Besides general parameters such as weight, height, and body mass index [BMI (17)], the passive RoM of the knee and ankle joints [passive RoM, using a goniometer (18)] and lower limb spasticity [Modified Ashworth Scale (19)] were measured. Manual muscle testing [MMT; Medical Research Council scale (20)] was performed in the legs to assess muscle strength.



MR Image Acquisition and Analysis

MRI exams were performed at a whole-body clinical scanner with 3T field strength (Siemens Prisma, Siemens Healthineers, Erlangen, Germany). The patients were positioned feet first supine on the MRI patient table, and the more severely affected leg was restrained with straps at a comfortable resting angle, with the knee in maximal extension. A Siemens 18-element-body array coil was placed on the lower legs. For T2 mapping, a 2D multi-spin-echo sequence was used: 32 axial slices, voxel size 1.0 × 1.0 × 3.0 mm3, reconstructed matrix size = 320 × 324 × 32, repetition time (TR) = 4.3 s, echo time (TE) = 11–115 ms, fat-saturated, acceleration factor 2, acquisition time 2 min 6 s (21). A 3D multi-echo Dixon protocol was employed to acquire fat-only and water-only images to calculate the fat fraction: VIBE sequence; 6 echoes; voxel size 1.1 × 1.1 × 3.0 mm3; reconstructed matrix = 320 × 190 × 96; TR = 20 ms; TE = 1.41, 2.87, 4.33, 5.79, 7.25, and 8.71 ms; flip angle = 12°; acceleration factor 2; and acquisition time 4 min 49 s (22). DTI with a 2D echo-planar imaging (EPI) sequence was used to acquire maps of the ADC and the FA: 46 consecutive sagittal slices, voxel size 2.5 × 2.5 × 2.5 mm3, reconstructed matrix = 128 × 52 × 46, TR = 4.0 s, TE = 49 ms, monopolar diffusion gradients in 30 directions with b-values of b = 0 and 700 s/m2, fat-saturated, partial Fourier acquisition factor 7/8, acquisition time 2 min 18 s. Maps of T2, ADC, FA, and fat fraction (defined as the signal intensity of the fat-only images divided by the sum of the signal intensities of fat-only and water-only images) were calculated online by the scanner software.

Image analysis was performed in the BTX-treated legs only. For each patient, segmentation of hyperintense regions of interest (ROIs) on T2w images (TE = 34 ms, from the multi-spin-echo acquisition) of the second MRI time point (6w post-BTX) was performed by an experienced medical imaging technologist (PM) with ITK SNAP 3.6 using thresholding, region growing, and manual correction. A reference ROI (volume 1–2 cm3) was drawn manually in the anterior muscle compartment (not BTX treated) with ITK snap. MR images were co-registered with FSL 5.0.11. First, within the same time point, the T2w image (TE = 34 ms) and the Dixon acquisition image (TE = 2.87 ms) were co-registered on the b0 image (=image without diffusion weighting) of the DTI dataset. Second, between the time points, T2w images pre-BTX and 12w post-BTX were co-registered on the T2w image 6w post-BTX. The calculated transformation matrices were used to transfer both the hyperintense and reference ROIs onto the T2 maps, ADC maps, FA maps, and fat fraction maps of each time point. The ROI mean values were calculated for each map.

The whole muscle delineation was done on the Dixon acquisition images (TE = 2.87 ms) at 6w time point by an experienced radiologist (TAD) using an in-house developed segmentation tool. Then the volumes of the GM, GL, and S in the treated legs were calculated. For calculating the relative ROI volume, the volume of the hyperintense ROI (after transfer on the Dixon acquisition images) was divided by the summed-up volume of the target muscles (GM+GL+S for patients 1 to 5; GM+GL for patient 6).




RESULTS


Clinical Examination

Clinical examinations did not show any relevant changes after treatment in five of six patients: there were no changes larger than 1 in the scores for spasticity and muscle strength (MMT) and no changes over 10° for RoM between pre-injection and 6w or 12w post-injection (Table 1). Only patient 5 showed an improvement in two out of six parameters (passive RoM for dorsiflexion and spasticity for the plantarflexor muscles).



Magnetic Resonance Imaging

Hyperintensity on T2w scans and considerably increased T2 (by approximately 10 ms compared with baseline) were observed in all patients in the GM and—more pronounced—in the S at the injection sites at 6w and 12w post-injection (Figures 1, 2). T2 in the reference region was constant over time, with a group mean value across six patients (±standard deviation STD across six patients) of 35 ± 1, 36 ± 2, and 36 ± 2 ms at time points pre-BTX, 6w, and 12w, respectively (Figure 3, top row, and Figure 4). In the hyperintense ROI, the mean value (±STD) across six patients increased from 35 ± 1 ms pre-BTX to 45 ± 2 ms at 6w and 44 ± 2 ms at 12w post-BTX injection. There was no hyperintensity in the S of patient 6, as expected, since this patient was not treated in the S (Figure 2, right column).


[image: Figure 1]
FIGURE 1. Axial and sagittal T2-weighted images in the calf of patient 2 (hemiparetic) pre-BTX and 6 weeks (6w) and 12 weeks (12w) post-BTX (top row) showing hyperintensity at the sites of injection in the soleus (S), gastrocnemius medialis, and lateralis (GM, GL). A region of interest (ROI) comprising the hyperintense regions was segmented and is shown as red overlay in the middle row. The increased T2 post-BTX can be seen in the calculated T2 maps (bottom row). BTX, botulinum toxin A; y, years; T2w, T2-weighted; TE, echo time; sag, sagittal.



[image: Figure 2]
FIGURE 2. Axial and coronal T2-weighted images in the calves of patient 3 (hemiparetic) and patient 6 (diparetic) 6 weeks post-BTX (top and bottom row) showing hyperintensity at the sites of injection in the soleus (S), gastrocnemius medialis, and lateralis (GM, GL) for patient 3, and the GM and GL for patient 6. The increased T2 post-BTX can be seen in the calculated T2 maps (middle row). BTX, botulinum toxin A; y, years; T2w, T2-weighted; TE, echo time; cor, coronal.



[image: Figure 3]
FIGURE 3. Time courses of T2, fat fraction, apparent diffusion coefficient (ADC), and fractional anisotropy (FA) in all six patients at time points pre-BTX, 6 weeks (6w), and 12 weeks (12w) post-BTX. The values are displayed as mean values in the hyperintense ROI (orange) and the reference ROI (blue). The error bars show the standard deviation in the ROIs. ROI, region of interest; BTX, botulinum toxin A.



[image: Figure 4]
FIGURE 4. Overview of all ROI mean values (T2, fat fraction, ADC, and FA) in the hyperintense (orange) and reference ROIs (blue) for all six patients at time points pre-BTX, 6 weeks (6w), and 12 weeks (12w) post-BTX. ROI, region of interest; BTX, botulinum toxin A; ADC, apparent diffusion coefficient; FA, fractional anisotropy.


The T2 effect, however, was spatially limited and was only observed in parts of the muscles. That was mainly obvious in the S when looking at the extent of the hyperintense ROI (Figure 1, middle row). The hyperintense ROI covered 9–15% of the total GM, GL, and S volumes in all patients except in patient 6, and 43% of the volume of the GM+GL in patient 6 treated the GM and GL only (Table 2).


Table 2. Volume of treated muscles and percentage of tissue with elevated T2, i.e., relative ROI size at 6 weeks post-BTX.

[image: Table 2]

ADC did not change in these hyperintense ROIs (Figures 3, 4): group mean values ± STD were 1.37 ± 0.05 * 10−3 mm2/s pre-BTX, 1.43 ± 0.09 * 10−3 mm2/s at 6w, and 1.41 ± 0.08 * 10−3 mm2/s at 12w. Also in the reference ROIs, there was no change in the mean ADC: 1.46 ± 0.09 * 10−3 mm2/s pre-BTX, 1.44 ± 0.08 * 10−3 mm2/s at 6w, and 1.47 ± 0.04 * 10−3 mm2/s at 12w. FA group mean ± STD was 0.30 ± 0.03 pre-BTX and increased to 0.34 ± 0.02 at 6w and 0.36 ± 0.03 at 12w. The FA values in the reference ROIs were stable: 0.26 ± 0.02 pre-BTX, 0.26 ± 0.02 at 6w, and 0.27 ± 0.03 at 12w.

There was a trend of an increase in the fat fraction in the hyperintense ROI at 12w: group mean values ± STD were 9.1 ± 3.7% pre-BTX, 10.6 ± 4.4% at 6w, and 13.7 ± 5.4% at 12w. Patient 2 was overweight (BMI > 85th percentile) and showed higher fat fraction values than the rest of the group, also in the reference ROIs (top data points in Figure 4, top right).




DISCUSSION

The effect of BTX injections into the calf muscles of pediatric CP patients was quantitatively assessed using MRI over 12 weeks. Our study showed substantial elevation of T2 values at the BTX injection sites in pediatric CP patients up to 12w post-treatment. It is not a direct visualization of BTX bolus, as reported by Elwischger et al. (23). In their study in healthy and spastic biceps brachii muscles in adults, the convection of the fluid depot was visualized as hyperintense areas in images at the injection site in a few minutes after BTX injection. The bolus expanded primarily along the muscle fibers and dispersed to a longer distance in healthy compared with spastic muscles. The distribution process was not completed at the second MRI at 11 min after injection, and therefore, it would be of interest to know the effect of BTX on muscle tissue after a more extended period. In our study, the bolus had already dispersed by the time of the MRI exam at 6w after the BTX injections. Our results are in line with O'Dell et al. (24). In their study, 200 units of BTX were injected in various leg muscles of adult patients who suffered a stroke (total dose of 200 units). An increase in T2 was observed 2 and 3 months after BTX injection. Schroeder et al. (25) observed a hyperintensity in T2w images up to 1 year in the gastrocnemius muscles of two healthy adults injected with a single dose of BTX (75 units). As already pointed out in these two studies, the increase in T2 is presumably caused by an increase in the extracellular space (ECS) around the atrophic muscle fibers after treatment. In Schroeder et al.'s study, the treated muscles' biopsies showed increased connective tissue and enlargement in ECS (25).

In the absence of fat-suppression techniques, global T2 increases with an increase in fat content, with fat having a longer T2 than water. In our study, we acquired the T2 maps with fat suppression. However, residual fat signal from an imperfect fat suppression may influence the measured T2 values (26). Since the fat fraction did not change at 6w post-BTX, the elevated T2 represents a T2 increase in muscle water and is presumably caused by an ECS increase.

Regarding the diffusion results, our ADC values of approximately 1.4 * 10−3 mm2/s are in the same range as in adult calf muscles (11). The FA values around 0.3 to 0.4 are in line with previously published results in healthy adult volunteers (27). We could not detect an increase in ADC as one would expect with an increased ECS. However, changes in muscle fiber size (i.e., fiber diameter) also have to be taken into account. BTX injections cause a decrease in muscle fiber size and, therefore, atrophy of the muscle (28). In the work by Berry et al. (29), a simulation of a standard single-echo DTI experiment in BTX-treated muscle with an increased ECS and decreased fiber size resulted in minimal changes in ADC, as ADC decreases with fiber size. As shown in the same study (29), FA is more sensitive to fiber size changes than ADC, as it increases with decreasing fiber size. The upper simulation of the BTX-treated muscle with reduced fiber size and increased ECS resulted in an increased FA. In our study, we observed a slight increase in FA over time post-BTX. Our results are also in line with a study in a surgical denervation model in rats causing muscle atrophy: no significant difference in muscle ADC was found between the control group and the denervated group, while FA increased in the atrophic muscle (30). These studies and our observations indicate that an increase in ECS and a simultaneous decrease of muscle fiber size by the application of BTX may counteract the effect on ADC, thus resulting in stable ADC values, whereas FA increases.

Concerning the fat quantification, we only observed a trend for an increase in fat fraction at 12w post-BTX. The fat fraction values had a large standard deviation across the ROIs. Chemical denervation by BTX—like denervation in general—leads to a partial replacement of muscle fibers by fat (3). However, the increase in fat content is only small after BTX treatment. A mild increase in the number of fat cells 12 months after a single dose of BTX was reported in biopsy calf muscle specimens (25). A small amount of lipids in the range of 1% relative to total muscle cross-sectional area (compared with almost 0% in controls) was detected in sections of rat muscle 3 months after a single dose of BTX (28). Such a slight change in fat fraction was challenging to detect in our study. Possibly, the fat fraction may further increase and be better detectable after 12w post-BTX until the BTX effect wears off and recovery of muscle morphology sets in Multani et al. (3).

As expected in our patient cohort, clinical examination showed no significant functional improvement after BTX. In this case, the intention of the injection was not the treatment of the equinus but to test the weakening of the muscle for a risk evaluation of the planned lengthening surgery (13). Therefore, their toe-walking remained unchanged after injection. This is in line with the general observation that a response to equinus treatment with BTX is barely detectable in children over 6 years (3). The patients in this study all showed fixed calf muscle contractures in the clinical examination. BTX thus would only have an effect on the additional functional part of the equinus and on stability. Muscle strength as assessed with MMT did not change in our patient cohort after injection. The decision to proceed with the planned lengthening surgery was based on the post-BTX gait analysis. Since the gait pattern did not deteriorate after BTX injection, all six patients were scheduled for surgery, as poor surgery outcomes due to further muscle weakening were considered unlikely.

T2w images and T2 maps showed hyperintensity and increased quantitative values, respectively, but only in parts and not in the muscles' complete cross section. Based on animal and human data and clinical experience, BTX diffusion is likely to occur up to a distance of 4.5–5 cm from the injection site (to some extent, even into adjacent muscles). This depends on the dosage and volume injected (31) and on the muscle fiber structure and presence of spasticity (23). The hyperintense region's extent in our study in CP patients with muscle contractures was smaller than this maximum distance. The same review (31) also points out that directly detecting BTX spread in the human muscle is difficult. T2-weighted imaging may be a potential tool to assess this spread non-invasively.

Our study has some limitations. The number of patients was small. Therefore, we refrained from using statistical testing for differences in the MRI results and solely used descriptive statistics in our preliminary report. Due to the relatively large standard deviations in the ROIs, a clear interpretation of the fat fraction and diffusion maps was difficult. However, the trends in the time courses after treatment were compelling and in line with the existing literature (e.g., simulations, biopsy data, and animal studies). The hyperintensity on T2w images and T2 maps up to 12 weeks after BTX treatment was clearly visible and confirmed the findings of the two published pilot studies in adults (24, 25). We performed this pilot study in children over 8 years of age since they could follow instructions in the scanner and lie still without sedation. It would be interesting to perform the experiments in younger children without fixed contractures, who are the main target group for BTX treatment, but then sedation might be necessary to avoid motion artifacts in the MR images. We only tested one specific treatment protocol with dose, dilution, and position of injection sites suited for the preoperative testing but not optimized for equinus treatment. The analysis of more patients within the current study and more studies on this topic are necessary to draw firmer conclusions.

The method may be applied in future studies with other BTX treatment protocols to quantify BTX-induced effects on muscle tissue and to investigate the spatial BTX distribution. A spatially limited extent of the BTX-induced effect, i.e., if the spread of BTX does not fully cover the zone of the motor end plates in the muscle (31), may help to explain a limited treatment effect on the gait and on the clinical scores of CP patients. Based on the MRI results, a revision of the applied treatment protocol regarding dose, dilution, or injections sites may be considered. The recommended total dose was reduced in the last years after serious side effects, especially in severely affected CP patients (2, 15). As discussed in a recent review (31), in relatively large muscles like leg muscles, it may be beneficial to use higher doses or higher dilutions (if a dose increase is not beneficial) and divide the dose over multiple injection sites.

In conclusion, our study shows that MRI is a useful tool for monitoring the spatial distribution of BTX treatment effects. It is especially well-suited to non-invasively determine BTX-induced changes and therapeutic responses in a pediatric population. To our knowledge, our study is the first to employ MRI to monitor BTX treatment effects in children. Using the proposed method as a monitoring tool in future studies will provide more detailed insight into the therapeutic effect of BTX in muscles of CP patients and may influence the treatment process (e.g., injection protocol).
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Introduction: Paraspinal muscles are important for gross motor functions. Impairment of these muscles can lead to poor postural control and ambulation difficulty. Little knowledge exists about the involvement of paraspinal muscles in Becker muscular dystrophy.

Objective: In this cross-sectional study, we investigated the involvement of paraspinal muscles with quantitative trunk strength measure and quantitative muscle MRI.

Methods and Materials: Eighteen patients with Becker muscular dystrophy underwent trunk, hip, and thigh strength assessment using a Biodex dynamometer and an MRI Dixon scan. Fourteen age- and body mass index-matched healthy men were included for comparison.

Results: Muscle fat fraction (FF) of the paraspinal muscles (multifidus and erector spinae) was higher in participants with Becker muscular dystrophy vs. healthy controls at all three examined spinal levels (C6, Th12, and L4/L5) (p < 0.05). There was a strong and inverse correlation between paraspinal muscle FF and trunk extension strength (ρ = −0.829, p < 0.001), gluteus maximus FF and hip extension strength (ρ = −0.701, p = 0.005), FF of the knee extensor muscles (quadriceps and sartorius) and knee extension strength (ρ = −0.842, p < 0.001), and FF of the knee flexor muscles (hamstring muscles) and knee flexion strength (ρ = −0.864, p < 0.001). Fat fraction of the paraspinal muscles also correlated with muscle FF of the thigh muscles and lower leg muscles.

Conclusion: In conclusion, patients with Becker muscular dystrophy demonstrate severe paraspinal muscular involvement indicated by low back extension strength and high levels of fat replacement, which parallel involvement of lower limb muscles. Assessment of paraspinal muscle strength and fat replacement may serve as a possible biomarker for both the clinical management and further study of the disease.

Keywords: paraspinal muscles, Becker muscular dystrophy, quantitative muscle MRI, quantitative trunk strength, fat fraction


INTRODUCTION

Paraspinal muscles consist of erector spinae, which has a superficial segment consisting of the iliocostalis, spinalis, and longissimus muscles, and a deep segment consisting of the multifidus muscle (1). Paraspinal muscles provide trunk stability and mobility and are vital in motor tasks such as rising from a chair and walking. Impairment of these muscles can impact activities of daily living and lead to poor posture, pain, and endurance.

Clinical assessment of paraspinal muscles is challenging because muscle volume is problematic to assess visually and testing the strength of these muscles is inherently difficult. Consequently, the involvement of paraspinal muscles is largely unexplored in patients with a variety of neuromuscular diseases (2). Currently, the prone Biering-Sørensen test is widely used to assess isometric back extension strength. This test uses a hand-held dynamometer which is held over the interscapulum region of the back by the examiner, against which the patient is asked to perform a maximal counter pressure. The test is dependent on the degree of resistance on the hand-held dynamometer generated by the examiner and has been shown to have poor reliability (3) and a ceiling effect as many test individuals overcome the strength of the examiner. An adaptation to the widely used Biodex system to assess muscle strength has introduced a new isometric trunk dynamometer. This system differs from other strength measure tests in that strength is measured from a seated position and is not examiner-dependent. A seated position allows for a feasible measurement of strength, allowing the examiner to assess the strength of weaker patients and removing the challenges of individuals frequently outperforming the examiner's strength.

Magnetic resonance imaging (MRI), using a Dixon technique to assess muscle fat fractions, provides a quantitative method to validate disease distribution and severity of muscle involvement (4–6) and has been shown to correlate with functional assessments and disease progression in several muscular dystrophies (7–12). Previous MRI studies have demonstrated that patients with Becker muscular dystrophy (BMD) exhibit high levels of fat replacement, particularly the hamstrings, adductors, quadriceps, and gastrocnemius muscles (7, 8, 13).

In patients with BMD, a systematic investigation of the paraspinal muscles has not been performed yet. Using a combination of strength measures and quantitative MRI (qMRI), we investigated paraspinal muscle involvement in patients with BMD.



MATERIALS AND METHODS


Study Design and Participants

This cross-sectional study was conducted at the Copenhagen Neuromuscular Center at the National University Hospital, Rigshospitalet in Copenhagen, Denmark from April 2018 to June 2020 in accordance with the declaration of Helsinki and was approved by the Danish National Committee on Health Research Ethics (approval number: H-16030358).

Inclusion criteria were (1) 18 years of age or older, because Copenhagen Neuromuscular Center is a center for adult patients, (2) genetically verified BMD, (3) able to comprehend and adhere to participation requirements, and (4) ability to stand with or without an assistive device or support on wall or furniture. Exclusion criteria were (1) conditions of the spine (i.e., severe scoliosis, past spine surgery) which could interfere with the results, and (2) contraindications to MRI.

Fifty-three patients with BMD from our center were potential candidates to participate in this study. Seven patients did not wish to participate for personal reasons, and it was not possible to obtain contact with nine patients. Another 19 patients were excluded due to exclusion criteria, 15 wheel-chair bound, one cognitively impaired, and three with contraindications to MRI. This left 18 patients who agreed to participate (Table 1). Fourteen age- and body mass index (BMI) -matched healthy men (HC) were included in the study for comparison of findings in patients with BMD. Quantitative muscle strength measure and qMRI were completed in a single visit. The participants were asked to refrain from non-habitual physical activity the day before the visit.


Table 1. Demographics of the 18 participating patients with Becker muscular dystrophy.
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Before data collection, written informed consent was obtained from all participants. Written informed consent was also obtained from the participants for the publication of any potentially identifiable images or data included in this article.



Quantitative Muscle Strength Measure

The maximal voluntary isometric contraction was measured in the following order: (1) hip flexion and extension in supine position of the dominant leg, (2) knee extension and flexion in sitting position of the dominant leg, and (3) trunk extension and flexion in sitting position. Hip and thigh muscle strength was acquired using a stationary dynamometer (Biodex System 4 Pro, Biodex Medical Systems, Shirley, NY).

Trunk muscle strength was acquired using a Biodex Dual-position back Extension/Flexion attachment (model number 830-450). The anterior superior iliac spine was aligned with the attachment's fixed axis of rotation and back support was set at 100° hip angle. To minimize the influence of muscles from other parts of the body, the chest, and thighs were immobilized with Velcro straps, and the participants were asked to cross their arms in front of their chest during the test. Each participant was instructed to perform a maximal isometric trunk extension and trunk flexion. One contraction lasted 5 s. To ensure maximal contraction, two sub-maximal test trials were performed to familiarize the participants with the testing protocol for each position, followed by three trials of maximal contractions (interchangeably between extension and flexion) with 30 s of rest in between each contraction. Standardized verbal encouragement was provided to each participant during testing. To avoid muscle fatigue, each participant rested for 30 min between the lower limb muscle strength test and trunk muscle strength test.



MRI Data Acquisition

Images were acquired with a Siemens 3.0 Tesla Magnetom Verio scanner (Erlangen, Germany) at the Department of Radiology at the National University Hospital, Rigshospitalet in Copenhagen, Denmark. Each participant was examined in the headfirst supine position. The MRI protocol was composed of a three-plane localizer sequence followed by a 2-point Dixon sequence (Field of view (FOV) 400–450 mm; slice thickness 3.5 mm; distance factor 0%; repetition time (TR)/echo time (TE) 2.45 and 3.675/5.59 ms; flip angle of 9 deg.) and a T1-weighted sequence (FOV 400–450 mm; slice thickness 6.0 mm; distance factor 20%; TE/TR 19/650 ms; flip angle of 120°).

The 2-point Dixon sequence had an in-plane resolution of 2.1 × 4 × 3.5 and consisted of a multi-slice sequence consisting of 60 slices per sequence. Also, for the Dixon sequence, we used a low flip angle of 9 deg. to suppress T1 relaxation effects to avoid an overestimation of the fat contribution. The T1-weighted sequence was performed to obtain a visual representation of the muscles and was not included in the statistical analysis.

Two body matrix coils and a peripheral leg coil were used for signal detection. The total scan time was approximately 40 min.



MRI Data Processing

Dixon sequences were used to quantify muscle fat fraction (FF) by defining a region of interest (ROI). Six cross-sectional slices were chosen for the investigation of muscle involvement (Figure 1). Horos software v. 3.3.6 was used to extract information from the 23 bilateral ROIs based on the raw Siemens data. The ROIs were drawn of the in-phase images and fat images and included the following muscles: Erector spinae at spinal level C6, Th12, and L4/L5, and multifidus at spinal level Th12 and L4/L5. Abdominal muscles were not mapped but instead inspected visually due to motion artifacts from respiration. Iliopsoas was mapped at spinal level L4/L5 and gluteus maximus at spinal level S4. Thigh muscles were mapped at mid-thigh, corresponding to 50% of the length of the femur, and included the following muscles: Rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), vastus intermedius (VI), sartorius (SA), biceps femoris (BF), semitendinosus (ST), semimembranosus (SM), adductor muscles (AM), and gracilis (GR). At the widest section of the lower leg, corresponding to around 1/3 of tibia from the knee down, the following muscles were mapped: tibialis anterior (TA), peroneals (PER), tibialis posterior (TP), soleus (SOL), gastrocnemius lateralis (GL), and gastrocnemius medialis (GM).


[image: Figure 1]
FIGURE 1. Localizers for cross-sectional MR assessments, and corresponding cross-sectional images. Picture on the left shows the six cross-sectional slices at spinal level C6 (A), Th12 (B), L4/L5 (C), S4 (D), thighs (E), and lower legs (F). Images on the right show the corresponding cross-sectional images. Thick white arrows indicate the paraspinal muscles examined at spinal level C6 (A), Th12 (B), L4/L5 (C). Thin white arrows indicate the abdominal muscles (B,C).


We investigated the erector spinae muscle and multifidus muscle at three spinal levels to cover the important segments of the spine following previous MRI studies done in neuromuscular disorders (14–16). The thigh and lower leg muscles were also chosen based on earlier MRI studies (7, 8, 10–13, 17, 18).

Cross-sectional area (CSA) was determined from each ROI followed by a quantitative FF estimation. Mean muscle FF was expressed as

[image: image]

Bilateral mean muscle FF was used in the analysis.

Contractile cross-sectional area (CCSA) was expressed as

[image: image]

Muscle FF distribution was examined in the thigh and lower leg muscles by examining additional ROIs located 15 slices proximally and 15 slices distally from the center slice of the thigh and lower leg.



Statistical Analysis

Statistical analysis was performed using SPSS v22. The Mann-Whitney U-test was used to test the null hypothesis of no difference in paraspinal muscle FF between BMD and HC and the level of significance was set at p ≤ 0.05.

The Friedman test was used to test for differences in FF distribution in the thigh and lower leg muscles. Wilcoxon test was performed with a Bonferroni adjustment on significant differences in FF distribution and the level of significance was set at p ≤ 0.017. We report median values and interquartile ranges (Q1, Q3) unless otherwise stated.

Spearman correlation was used to evaluate the correlation between (1) trunk extension strength and paraspinal muscle FF in BMD, (2) hip strength and hip muscle FF in BMD, (3) thigh strength and thigh muscle FF in BMD, (4) paraspinal muscle FF and disease duration, where disease duration was defined as the number of years from symptom onset to the participant's age on the day of the visit, (5) paraspinal muscle FF and age in BMD and HC, (6) paraspinal muscle FF and muscle FF of the thigh muscles and lower leg muscles in BMD, and (7) contractile cross-sectional area and hip flexion strength of iliopsoas muscle, knee extension strength of knee extensor muscles (quadriceps and sartorius), and knee flexion strength of knee flexor muscles (hamstrings) in BMD and HC.

A global muscle FF was defined as the average of all ROIs of one cross-sectional slice and included the following: (1) Th12 (multifidus and erector spinae), (2) L4/L5 (multifidus and erector spinae, not including iliopsoas), (3) combined Th12 and L4/L5 (multifidus and erector spinae), (4) thigh muscles (RF, VL, VM, VI, SA, GR, BF, ST, SM, AM, GR), and (5) lower leg muscles (TA, PER, TP, SOL, GL, GM).




RESULTS

Becker muscular dystrophy participants had a mean age of 36.1 ± 11.9 years and HC participants were 36.4 ± 11.8 years. The mean BMI of BMD participants was 27.5 ± 6.3 and HC had a BMI of 26.6 ± 2.9.


Fat Fraction in BMD vs. HC

All examined paraspinal muscles exhibited severe muscle affection in BMD. When compared to HC, we found a statistically significant difference in median muscle FF on all three spinal levels (Figure 2). The median muscle FF at spinal level C6 erector spinae in participants with BMD was 18.4% (14.5, 21.9%) and in HC FF was 7.9% (6.8, 16.9%). At spinal level Th12, fat replacement of multifidus was 17.8% (15.8, 26.3%), and in erector spinae 62.2% (22.4, 71.1%), and in HC FF was 10.2% (7.7, 15.4%), and 9.7% (6.6, 15.9%), respectively. In the lumbar region, median FF was 41.9% (20.3, 72.7%) in multifidus and 50.9% (37.2, 78.9%) in erector spinae and 9.1% (5.8, 13.2%) and 18.8% (15.7, 26.9%) in HC, respectively. The median muscle FF of iliopsoas in BMD and HC was 17.7% (13.9, 27.3%) and 14.1% (9.2, 17.5%). Furthermore, a visual inspection of the abdominal muscles revealed that the muscles were well-preserved. In addition, MR images obtained on the asymptomatic participant showed modest intramuscular changes in erector spinae and multifidus at spinal level L4/L5.
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FIGURE 2. Fat fraction of muscles at spinal level C6, Th12, and L4/L5 in Becker muscular dystrophy and healthy controls. Fat fraction of erector spinae at spinal level C6, Th12, and L4/L5, multifidus at spinal level Th12 and L4/L5, and iliopsoas of participants with Becker muscular dystrophy and healthy controls. Asterix indicate difference from healthy controls *p < 0.001, **p = 0.001, and ***p = 0.023. Missing value for C6 erector spinae (n = 1, due to phase-shift artifacts). BMD, Becker muscular dystrophy; HC, Healthy controls; ES, erector spinae; M, multifidus; P, iliopsoas.


We found no significant difference in muscle FF distribution of the hamstring muscles, tibialis anterior muscle, and peroneal muscles (p > 0.05). There was a significant difference in muscle FF distribution of the quadriceps muscle (x22 = 10.706, p = 0.005) and calf muscle (x22 = 13.059, p = 0.001). Median muscle FF of the three cross-sectional slices of the quadriceps were as follows: proximal slice 47.7% (15.8, 68%), center slice 52% (19.1, 70.2%), and distal slice 57.7% (22.4, 71.5%). There was a significant difference between the center slice and proximal slice (Z = −2.485, p = 0.013) and between the proximal slice and distal slice (Z = −2.595, p = 0.003), but there was no significant difference between the center slice and the distal slice (Z = −0.923, p = 0.356). Median muscle FF of the three cross-sectional slices of the calf muscle were as follows: proximal slice 18.2% (10.1, 43.3%), center slice 29.1% (14.9, 53.6%), and distal slice 27.7% (11.5, 52.3%). There was a significant difference between the center slice and proximal slice (Z = −3.574, p < 0.001) and between the proximal slice and distal slice (Z = −2.722, p = 0.006), but there was no significant difference between the center slice and the distal slice (Z = −1.728, p = 0.084).



Fat Fraction and Muscle Strength

Participants with BMD had statistically significant lower strength in trunk extension and flexion compared to HC (Figure 3). Median value of maximal trunk extension strength in participants with BMD was 88.4 Nm (48.1, 184.4 Nm) and 284.6 Nm (260.9, 431 Nm) in HC. Median value of trunk flexion strength was 93.7 Nm (65.8, 134.1 Nm) in BMD and 141.1 Nm (124.3, 154.8 Nm) in HC. There was a strong and inverse correlation between global muscle FF of combined Th12 and L4/L5 spinal level muscles (multifidus and erector spinae) and trunk extension strength in participants with BMD (ρ = −0.829, p < 0.001) (Figure 4A). The asymptomatic participant displayed a strength of 163.1 Nm in trunk extension and 41.2 Nm in trunk flexion, and his matched healthy control displayed 434.7 Nm in extension and 146.6 in flexion.


[image: Figure 3]
FIGURE 3. Maximal strength of trunk extension and flexion in Becker muscular dystrophy and healthy controls. Maximal strength of trunk extension and flexion in participants with Becker muscular dystrophy and healthy controls. Asterix indicate difference from healthy controls *p < 0.001, **p = 0.002. Nm, Newton-Meter; BMD, Becker muscular dystrophy; HC, Healthy controls.



[image: Figure 4]
FIGURE 4. (A–D) Correlation between muscle fat fraction and muscle strength in Becker muscular dystrophy. Correlation between global muscle fat fraction of combined Th12 and L4/L5 muscles (multifidus and erector spinae) and maximal trunk extension strength (A), gluteus maximus muscle fat fraction and hip extension strength (B), muscle fat fraction of the knee extensor muscles (quadriceps and sartorius) and knee extension strength (C), muscle fat fraction of the knee flexor muscles (hamstrings) and knee flexion strength (D). Missing value for hip and thigh strength measure (n = 4), due to time constraints (n = 3), difficulty with positioning in the Biodex chair (n = 1), and missing value for muscle fat fraction (n = 4), four data sets not used for hip and thigh because hip and thigh strength not measured on four participants. Nm, Newton-Meter.


Of the 18 BMD participants, 14 also underwent muscle strength measures of the hip and thigh. We found a strong and inverse correlation between gluteus maximus muscle FF and hip extension strength (ρ = −0.701, p = 0.005) (Figure 4B) but no significant relationship was found between FF of the iliopsoas muscle and hip flexion strength (ρ = −0.279, p = 0.334). A strong and inverse correlation was found between muscle FF of the knee extensor muscles (quadriceps and sartorius) and knee extension strength (ρ = −0.842, p < 0.001), and knee flexor muscles (hamstrings) and knee flexion strength (ρ = −0.864, p < 0.001) (Figures 4C,D).



Correlations

The disease duration was 20.3 ± 12.7 years. There was a moderate correlation between disease duration and muscle FF of C6 erector spinae (ρ = 0.500, p = 0.049), but no correlation was found between disease duration and global muscle FF of multifidus and erector spinae at spinal level Th12 and L4/L5 (Figure 5A).
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FIGURE 5. (A,B) Correlation between muscle fat fraction of paraspinal muscles and disease duration and age in Becker muscular dystrophy. Correlation between muscle fat fraction and disease duration in Becker muscular dystrophy: Erector spinae fat fraction at C6 spinal level (blue), global muscle fat fraction at spinal level Th12 (red), and global muscle fat fraction at spinal level L4/L5 (green) (A). Correlation between muscle fat fraction and age in Becker muscular dystrophy: Erector spinae fat fraction at C6 spinal level (blue), global muscle fat fraction at spinal Th12 (red), and global muscle fat fraction at spinal level L4/L5 (green) (B). Missing value for (A,B) (n = 1, due to phase-shift artifacts).


No correlation was found between age and muscle FF of C6 erector spinae, Th12 multifidus and erector spinae, and L4/L5 multifidus and erector spinae (p > 0.05) (Figure 5B).

We found a moderate correlation between muscle FF of C6 erector spinae and global muscle FF of the thigh muscles (ρ = 0.568, p = 0.022) and global muscle FF of the lower leg muscles (ρ = 0.506, p = 0.046). A strong correlation was found between global muscle FF of Th12 multifidus and erector spinae and global muscle FF of the thigh muscles (ρ = 0.713, p = 0.001), while the correlation was moderate between global muscle of Th12 multifidus and erector spinae and global muscle FF of the lower leg muscles (ρ = 0.664, p = 0.004). There was a strong correlation between global muscle FF of L4/L5 multifidus and erector spinae and global muscle FF of the thigh muscles (ρ = 0.848, p < 0.001) and global muscle FF of the lower leg muscles (ρ = 0.725, p = 0.001).

Contractile cross-sectional area of the iliopsoas muscle in relation to hip flexion strength lacked correlation (ρ = −0.415, p = 0.14) (Figure 6A), but not in the knee extensors (quadriceps and sartorius muscles) (Figure 6B) and knee flexors (hamstrings muscles) (p < 0.05).


[image: Figure 6]
FIGURE 6. (A,B) Muscle strength in relation to contractile cross-sectional area. Hip flexion strength and contractile cross-sectional area of iliopsoas muscle in Becker muscular dystrophy and healthy controls (A), knee extension strength and contractile cross-sectional area of knee extensors (quadriceps and sartorius) in Becker muscular dystrophy and healthy controls (B). Missing value for Becker muscular dystrophy (n = 3) due to participant time constraints and (n = 1) due to positioning difficulty in the scanner, missing value for healthy controls (n = 4) to match sample size of Becker muscular dystrophy participants. BMD, Becker muscular dystrophy; HC, Healthy controls; CCSA, contractile cross-sectional area; Nm, Newton-meter.


There was a significant correlation between the age of the HC participants and the muscle FF levels found at spinal level C6, Th12, and L4/L5 (p < 0.05) (Figure 7).


[image: Figure 7]
FIGURE 7. Correlation between muscle fat fraction of paraspinal muscles and age in healthy controls. Erector spinae muscle fat fraction at C6 spinal level (blue), global muscle fat fraction at spinal level Th12 (red), and global muscle fat fraction at spinal level L4/L5 (green).





DISCUSSION

This cross-sectional study is the first to systematically examine paraspinal muscle involvement in BMD. We studied the paraspinal muscles in a group of 18 patients with BMD using quantitative measures of trunk muscle strength and qMRI.

The main findings of our study are that paraspinal muscle FF and trunk extension strength differ significantly in patients with BMD compared to HC. Muscle FF of the paraspinal muscles is strongly and inversely correlated with trunk extension strength in BMD and muscle FF of gluteus maximus and thigh muscles correlated strongly and inversely with hip and thigh strength. Additionally, a correlation was found between muscle FF of the paraspinal muscles and muscle involvement of the thigh and lower leg muscles, indicating that disease progression of paraspinal muscles may follow general disease progression in BMD and possibly be considered as a potential biomarker.

Previous MRI studies have discovered paraspinal muscle involvement in other neuromuscular disorders. Dahlqvist et al. (14) reported paraspinal muscle affection in Facioscapulohumeral muscular dystrophy where the authors found a muscle FF of 30% at the cervical spinal level erector spinae, 45% at thoracic spinal level erector spinae, and 40% at the lumbar spinal level erector spinae. In our cohort, we found a lesser muscle affection in erector spinae at the cervical region and a larger affection in multifidus and erector spinae at the thoracic and lumbar region in comparison with Facioscapulohumeral muscular dystrophy. Furthermore, a case study reported paraspinal muscle affection in a patient with McArdle disease (21), and paraspinal muscle involvement was reported in Myotonic muscular dystrophy with large fat replacement observed in erector spinae at the lumbar spinal level (22). Muscle FF of 49.9% was observed in erector spinae at the lumbar spinal level in Duchenne muscular dystrophy (23), and Schreckenbach et al. (24) found paraspinal muscle involvement in two individuals with reducing body myopathy. Frequent involvement of the paraspinal muscles was also found in female carriers of dystrophinopathy (25), underlining the importance of MRI to identify muscle pathology in muscle diseases.

Paraspinal muscles are vital for the stabilization and mobilization of the trunk and consequently, weakness, and impairment of these muscles can have a profound impact on activities of daily living, resulting in a backward bent posture, poor mobility, postural control difficulties, and potential spinal malalignment. We assessed trunk strength using Biodex Dual-position back Extension/Flexion attachment unit. Biodex is a consistent method to assess muscle strength and has shown to be a reliable method to measure trunk muscle strength (26). Muscle FF found in the paraspinal muscles was strongly and inversely associated with reduced muscle strength in trunk extension in participants with BMD. A similar association between trunk extension strength and muscle FF was demonstrated by Dahlqvist et al. (14) where the authors found a connection between paraspinal muscle FF and back extension strength in Facioscapulohumeral muscular dystrophy. Furthermore, Schlaeger et al. (27) observed a relationship between muscle FF of erector spinae and back extension strength in healthy participants and found a muscle FF of 9%. In our study, the healthy population had a muscle FF of about 20%. The higher level of FF in our HC participants could be explained by age, in that age ranged between 18 and 59 years and it has previously been shown that paraspinal muscles are more susceptible to fat infiltration with aging (15), and Hadar et al. (28) also found a higher level of fat replacement in older males. Additionally, age in our HC group was related to muscle FF of the paraspinal muscles, despite a small sample size (Figure 7). In addition, Schlaeger et al. combined erector spinae and multifidus when determining the cross-sectional area, whereas, we separated the two muscles in our study. However, a combined muscle FF of erector spinae and multifidus resulted in a muscle FF of about 15% in our HC participants. Furthermore, Dahlqvist et al. (14) found an FF of 20% in their healthy population, which corresponds well with our study. Moreover, a previous study found a connection between fat replacement in the calf muscle and weakness in plantar flexors in patients with BMD, amplifying the relationship between muscle FF and muscle strength (20).

There was no correlation between disease duration and muscle FF of the paraspinal muscles, except at spinal level C6 erector spinae, and age, which could be explained by the heterogeneity of the clinical phenotype of BMD. In addition, we found a difference in muscle FF distribution in the quadriceps muscle and calf muscle, suggesting that muscle FF distribution is not homogenous in these muscles. Furthermore, muscle involvement is less severe in the proximal part of the quadriceps and calf muscles in relation to the center and distal slice of the muscles.

We found a large muscle FF in the gluteus maximus muscle, corresponding well to previous studies where a severe involvement of the gluteus maximus in BMD was established (13, 17, 29). The iliopsoas muscle was less affected in participants with BMD relative to the muscles of the thoracic spine, lumbar spine, and lower limbs. This finding agrees with an earlier study where the authors found that iliopsoas was less affected in patients with BMD relative to lower limb muscles (13). In other neuromuscular disorders, however, iliopsoas is prominently affected, such as in Bethlem myopathy (30), Hypokalemic Periodic Paralysis (31), and Limb-Girdle muscular dystrophy type R9 (32). The difference in the level of muscle affection in iliopsoas and paraspinal muscles may be linked to the specific molecular defect, but also variability in muscle fiber composition of these muscles. Earlier studies have shown that iliopsoas has a predominance of type 2A muscle fibers (33) and paraspinal muscles have a predominance of type 1 fibers (34). However, whether muscle fiber composition has an impact on the level of muscle involvement in BMD is unknown. Furthermore, our study showed that contractile properties of the iliopsoas muscle in relation to hip flexion strength were disrupted. A previous study also reported a contractile disruption of the calf muscle in BMD (20). In Duchenne muscular dystrophy, Wokke et al. (35) found a correlation between CSAA and muscle strength in the quadriceps muscle and hamstring muscles which corresponds well with our findings in the quadriceps and hamstring muscles in BMD. Additionally, Wokke et al. (35) found a disruption in contractile properties in the triceps surae muscle, resembling the findings of Løkken et al. (20). This suggests that there may be similarities to be found in the contractile properties in BMD and Duchenne muscular dystrophy. Disrupted contractile properties have also been found in other muscle disorders such as congenital myopathy (36) and spinobulbar muscular atrophy (37). Knee extension muscle strength ranged between 6.1 and 222 Nm in BMD and in HC the strength ranged between 214.8 and 323.9 Nm, indicating that patients with BMD have about 31–97% reduced muscle strength than HC. Despite a substantially lower muscle strength in knee extension, contractile properties in the quadriceps and sartorius muscles were not disrupted in BMD, suggesting that contractile properties may be related to muscle type, muscle fiber type composition, and the level of severity of muscle involvement.

Imaging studies using visual rating scales in BMD have distinctively been able to show patterns of muscle involvement (13, 29). However, to quantify pathological changes in the muscle and to monitor disease progression, qMRI has been shown to be more sensitive than a visual rating scale (8, 19). Quantitative MRI represents a valid biomarker and provides an objective endpoint to measure disease distribution (38). Intramuscular changes observed in the asymptomatic BMD participant show that MRI can detect subtle intramuscular degenerative changes before symptoms occur. Furthermore, previous studies done in patients with BMD have presented a correlation between muscle FF in the lower limbs and functional measures such as 6-min walk test, motor function measure, and the north star ambulatory assessment (7, 8, 19), suggesting that qMRI is valuable in the evaluation of the disease as a complementary tool to clinical functional testing.

Our study has some limitations: The investigated cohort of patients is relatively small. However, we were able to determine a relatively consistent muscle involvement in the paraspinal muscles. We did not test isokinetic muscle strength because the weight of the trunk flexion and extension unit exceeded what the majority of the patients could manage, and therefore, it is unknown whether isokinetic trunk strength assessment provides similar results. However, isometric testing is a reliable method to identify maximal strength in a muscle and has been shown to have a high intra-class correlation in relation to isokinetic testing (39). A 2-point Dixon technique may be more sensitive to phase-shift artifacts than a 3-point Dixon technique (40); However, we experienced phase-shift in just one participant at spinal level C6 and that one image was not included in the analysis.

We conclude that patients with BMD demonstrate severe paraspinal muscle involvement. The level of muscle involvement is based on fat replacement within the muscle and decreased muscle strength. We found high levels of fat replacement of the paraspinal muscles which strongly and inversely correlates with reduced muscle strength in trunk extension and the level of FF in the paraspinal muscles parallel involvement of the lower limb muscles. Findings from this study contribute to the clinical management of patients with BMD and suggest that assessment of paraspinal muscle strength, and fat replacement may serve as a possible biomarker in longitudinal investigations of BMD.
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As putative treatments are developed for Duchenne muscular dystrophy (DMD), sensitive, non-invasive measures are increasingly important to quantify disease progression. Fibrosis is one of the histological hallmarks of muscular dystrophy and has been directly linked to prognosis. EP3533 is a novel contrast agent with an affinity to collagen 1 that has demonstrated a significant and high correlation to ex vivo fibrosis quantification. Halofuginone is an established anti-fibrotic compound shown to reduce collagen skeletal muscle fibrosis in murine models of DMD. This experiment explored whether EP3533 could be used to detect signal change in skeletal muscle of mdx mice before and after a 12 week course of halofuginone compared to controls. Four age-matched groups of treated and untreated mice were evaluated: 2 groups of mdx (n = 8 and n = 13, respectively), and 2 groups of BL10 mice (n = 5 and n = 3, respectively). Treated mice received an intraperitoneal injection with halofuginone three times per week for 12 weeks, with the remaining mice being given vehicle. Both mdx groups and the untreated BL10 were scanned at baseline, then all groups were scanned on week 13. All subjects were scanned using a 7T Varian scanner before and after administration of EP3533 using a T1 mapping technique. Mice underwent grip testing in week 13 prior to dissection. Skeletal muscle was used for Masson's trichrome quantification, hydroxyproline assay, and immunofluorescent antibody staining. Untreated mdx mice demonstrated a significant increase in R1 signal from pre- to post-treatment scan in three out of four muscles (gastrocnemius p = 0.04, hamstrings p = 0.009, and tibialis anterior p = 0.01), which was not seen in either the treated mdx or the BL10 groups. Histological quantification of fibrosis also demonstrated significantly higher levels in the untreated mdx mice with significant correlation seen between histology and EP3533 signal change. Forelimb weight adjusted-grip strength was significantly lower in the untreated mdx group, compared to the treated group. EP3533 can be used over time as an outcome measure to quantify treatment effect of an established anti-fibrotic drug. Further studies are needed to evaluate the use of this contrast agent in humans.

Keywords: EP3533, muscular dystrophy, fibrosis, magnetic resonance image, mdx mouse model


INTRODUCTION

Duchenne muscular dystrophy (DMD) is caused by mutations in the DMD gene and is inherited in an X-linked recessive fashion. DMD is considered the most commonly inherited muscle disease in childhood, with an incidence of 1 in 3,500–6,000 live male births (1–3). Dystrophin, the protein product of the DMD gene, is a sub-sarcolemmal cytoskeletal protein present in all muscle (4). The phenotype of patients with DMD is of progressive weakness of the skeletal, respiratory and cardiac muscles. DMD is considered a devastating, life-limiting condition (3, 5).

Dystrophin-deficient muscle results in a loss of structural membrane integrity of muscle fibres during cycles of contraction and relaxation. The damaged sarcolemma leads to an influx of cations such as calcium and sodium (6) into the intracellular compartment and consecutively to myofiber necrosis and chronic inflammation. Subsequently there is an accumulation of fibrosis and adipose tissue within the muscle (7). Higher degrees of endomysial fibrosis in skeletal muscle has been associated with a worse prognosis in neuromuscular disease (8). Sensitive and preferably minimally invasive techniques are increasingly important to evaluate putative therapies by quantifying fibrosis in vivo as a biomarker of disease progression.

EP3533 is a gadolinium-based MRI contrast agent which has an affinity for type 1 collagen (9). EP3533 has been successful in quantifying and staging fibrosis in several murine models (9–13) as well as quantifying anti-fibrotic therapy response (14). EP3533-enhanced MRI has been previously evaluated in a murine model of DMD, quantifying fibrosis in skeletal and cardiac tissues (15). There was a significant linear correlation demonstrated between ex vivo measures of fibrosis and skeletal muscle measurement of R1 change using EP3533-enhanced MRI (gastrocnemius: r = 0.83, P = 0.001; tibialis anterior: r = 0.73, P = 0.01) (15). While there is evidence that EP3533-enhanced MRI could be used to quantify fibrosis, it is unclear whether it is sensitive enough to detect disease progression in mdx mice and able to demonstrate changes in response to treatment as an outcome measure.

Halofuginone is a potent anti-fibrotic which inhibits phosphorylation of Smad 3 and attenuates gene expression of collagen-α1 in fibroblasts. These effects have been shown to lead to a reduction in collagen deposition and fibrosis (16, 17). Halofuginone has been trialled as an anti-fibrotic in the treatment of mdx mice with success in vivo (17–19). Studies have shown that halofuginone administration to young and old mdx mice have demonstrated significant improvements in measures of fibrosis and skeletal muscle function (18, 19).

The primary aim of this study was to determine whether EP3533-enhanced quantitative MRI could be used to demonstrate significant differences between mdx mice treated with an established anti-fibrotic (halofuginone). The secondary aim was to evaluate whether EP3533-enhanced quantitative MRI correlated significantly to ex vivo measures of fibrosis and a measurement of muscle function.



MATERIALS AND METHODS

Four groups of age-matched (16 ± 3 weeks) mdx (C57BL/10ScSn-mdx/J, Jackson, Maine USA)and BL10 (C57BL/10ScSnOlaHsd, wild type, WT, Harlan Laboratories, Indianapolis, USA) male mice were utilised for the study. Groups were split to receive either vehicle (150 μl of 5% dimethyl sulfoxide and 0.9% saline) or halofuginone (7.5 μg) dissolved in the same solution (18, 20). All groups received vehicle or halofuginone via intraperitoneal injections three times per week for 12 weeks. The treated mdx group (n = 8), untreated mdx group (n = 13) and the treated BL10 mice (n = 3) would undergo baseline MRI scans with EP3533. The untreated BL10 group (n = 5) would be scanned at follow up (week 13) only. All groups underwent grip strength testing at week 13, then scanning of the lower limbs. Following this, mice were humanely killed and dissected for ex vivo quantification of fibrosis.


MRI Protocol

Animals were anaesthetised using 5% isoflurane in 0.5 L/min of oxygen, once induced, anaesthesia was maintained at 1 to 2% isoflurane. Hair removal cream was used to clear two patches of skin for contact with ECG electrodes, the tail vein cannulated and a line containing the EP3533 attached. The mouse was placed on a sled, incorporating ECG electrodes for cardiac imaging (Dazai, Canada) and positioned in a 39 mm internal diameter birdcage radiofrequency coil (Rapid Biomedical GmbH, Germany). Core body temperature was maintained using a warm air heating system interfaced to a rectal temperature monitoring probe and heart rate and respiration monitored (SA Instruments, NY).

Magnetic resonance scanning was performed on a 7-Tesla micro-imaging system (Varian; Agilent Technologies, Santa Clara, United States) equipped with a 12 cm micro-imaging gradient insert (maximum gradient, 40 mT/m). Following administration of 20 μmol/kg of EP3533, based on a previous study (15), subjects underwent all imaging at 60–70 min post-infusion using T1 weighted gradient recalled echo (GRE) imaging and then a gradient echo multi-slice inversion-recovery Look-Locker (gemsIR-LL). The T1 mapping sequence was performed on both upper and lower portions of the rear legs using a gemsIR-LL with 1 slice of 1 mm thickness selected through lower leg muscles with the following parameters: repetition time (TR) inversion = 5 s, 10 inversion times (from 0.1 to 5 s), TR/echo time (TE) = 9.68/4.86 ms, echo train length (ETL) = 4, flip angle (FA) = 4°, Field Of View (FOV) 30 × 30 mm, matrix = 128 × 128. The T1 weighted GRE acquired pre and post-contrast enhancement was acquired with TR/TE = 9.46/4.75 ms, FA = 20°, FOV = 30 × 30 × 30 mm, matrix 128 × 128 × 128, band width = 20 KHz.

For the lower leg muscles, mice were positioned with the upper border of the field of view beginning at the lower border of the knee. For the upper leg, mice were positioned with the centre of the knee joint as close as possible to the centre of the radiofrequency coil. Four slices were used to obtain the gemsIR-LL, two positioned above (+0.6 mm, 1.2 mm) and two below the knee joint (−0.6 mm, −1.2 mm). This enabled homogeneity in positioning for analysis.

All procedures performed were in accordance with the ethical standards of directive 2010/63/EU of the European parliament and under the auspices of the terms of the animals (scientific procedures) act 1986 and project licence PB3CA650C, authorised by the Home Secretary, Home Office, United Kingdom.



MRI Analysis and Region of Interest Selection

All scans were analysed using “Aedes software” (21). T1 maps were created by pixel-wise fitting of the lower limb datasets to the standard inversion recovery Look-Locker equation. Lower limb muscle ROIs were interactively defined in tibialis anterior and gastrocnemius muscles, based on previous MRI-based murine studies (22). Application of the ROIs to T1 maps were used to determine the change in R1 values in skeletal and cardiac muscles pre and post-contrast.



Ex vivo Fibrosis Quantification

Mice were humanely killed immediately after the second scan. The tibialis anterior, gastrocnemius, hamstring and quadriceps muscles were harvested. Samples were snap frozen in liquid nitrogen cooled isopentane and stored at −80°C. The left-sided muscles were collected for quantification of fibrosis markers via hydroxyproline, while right-sided muscles were obtained for histological analysis. In all muscles cryosections were cut 8 μm thick. To ensure more coverage of the muscle to detect focal fibrosis, sections were spaced 200 μm apart.

Histological staining was used to quantify fibrosis and confirm disease pathology. Cryosections were stained with Masson's trichrome (MaTr), haematoxylin and eosin (H&E) and immunofluorescent staining for collagen 1.

The percentage of fibrosis was quantified using the MaTr staining and regions of interest (ROIs) analysis via imaging software (Fiji 64 bit). Fibrosis was calculated as a percentage of the total area of the muscle section. A modified hydroxyproline assay was also used to quantify fibrosis in muscle (23).



Pharmacokinetics Sampling

To confirm serum levels of halofuginone, pharmacokinetics (PK) was performed in four halofuginone-naive mdx mice of similar ages to the experimental groups, using liquid chromatography—mass spectrometry/mass spectrometry (LC-MS/MS). Venesection of the saphenous vein was performed using a needle and capillary tubes after administration of halofuginone. To keep within UK Home Office guidance for volume of venesection per mouse, the samples were taken from four mice at two different time points each (24). From each mouse two samples of 150 μl were taken, with the second a terminal sample. PK levels were measured at: pre-injection, 5, 15, and at 30 min, then at 1, 2, 4, 8, and 24 h. These were stored as serum in lithium-heparin bottles and stored at −80°C. LC-MS/MS allowed quantification against a calibration curve from 0.5 to 1000 ng/ml. A stock solution of halofuginone in DMSO (5%) and saline (0.9%) was provided at a concentration of 10 mM as well as serum from a halofuginone naive mdx mouse. Quality control samples (3, 30, and 700 ng/mL) and mouse samples were mixed with organic solvent (methanol) containing a mixture of three generic internal standards. Samples were treated at a ratio of 3:1 solvent to sample. Following protein precipitation, samples were then centrifuged (30 min at 5,000 g). The resulting supernatant was diluted with double distilled water at a ratio of 2:1 parts of supernatant in a 96-well-plate. The plate was sealed, vortex mixed and analysed by LC-MS/MS with incurred samples quantified from the calibration line.



Functional Assessment of Grip Strength

Prior to the final scan, a measure of muscle function was assessed using a grip strength apparatus (BioSeb, Chaville, France), with both two and four limb assessment performed. These were tested using a “T” shaped bar attachment and were placed upon the apparatus before being pulled gently backwards by the tail. Mice had three attempts with at least a 1 min of rest between assessments. To reduce bias the same examiner performed the test, in the same temperature controlled, quiet environment. The weight and the maximal recorded value from the three attempts was used to calculate the normalised force (force/body weight) (25).



Statistical Analysis

All statistics were calculated using SPSS (version 23). Correlation is reported as a Pearson coefficient. Student's t-test was used to compare means, with p < 0.05 considered significant. One way anova was applied to compare grip test results with post-hoc analysis performed using the Tukey-Kramer test.




RESULTS

All mice (mdx n = 21, BL10 n = 6) tolerated halofuginone treatment, vehicle and EP3533 administration with no side effects attributed to the drug and no significant weight difference was seen between treated and untreated groups. There were no significant differences between BL10 mouse groups in terms of weight, functional assessment, ex vivo measures of fibrosis or baseline and follow up R1 change. The BL10 groups were therefore considered together for comparison with mdx mouse groups.


Halofuginone Treatment Effects

Pharmacokinetic results demonstrated that halofuginone was detectable in serum at six of the eight time points. The concentration range was from 2.85 to 21.2 ng/ml with the highest peak at 5 min post-administration, these findings suggest successful administration at a concentration expected to induce a treatment effect (Figure 1). Area under the curve analysis was 913.68 ng/ml/min.


[image: Figure 1]
FIGURE 1. A line graph demonstrating the change in serum halofuginone post-intraperitoneal (IP) administration of 7.5 μg (n = 4). To allow inclusion of all time points, time is measured in minutes. The last five data points are at 1, 2, 4, 8, and 24 h respectively.




Ex vivo Fibrosis Quantification

Histological analysis demonstrated the diffuse nature of the fibrotic changes in mdx mouse muscle and comparative differences between groups (Figure 2). All treated mdx muscles demonstrated significantly lower mean levels of fibrosis compared to untreated mdx using hydroxyproline assay. Comparing treated to untreated mdx, MaTr quantification was significantly lower in three of the four muscles, with the exception of the QUADS (p = 0.06). These results suggest that levels of fibrosis were lower in the majority of muscles in treated mdx groups compared to the untreated mdx groups (Figure 3).


[image: Figure 2]
FIGURE 2. (A) Examples of transverse sections from gastrocnemius (GCN) muscles. The left column shows H&E staining at ×20 magnification demonstrate that the mdx mouse groups have evidence of more centrally located nuclei, varying myocyte size and areas of fibrosis (white). The middle column demonstrates Masson's trichrome staining in ×20 magnification. Fibrosis is shown as dark blue, the mdx untreated group show diffuse fibrosis throughout with the BL10 group showing very small amounts of fibrosis, the treated mdx mouse group shows fewer areas of blue staining compared to the untreated mdx group. The right column is immunofluorescent staining for collagen 1 with DAPI, areas of red are areas with collagen 1, nuclei are highlighted as blue (Magnification ×10). Similar to the Masson's trichrome staining, the untreated mdx mice have large amounts of diffuse fibrosis evident across the whole slide, with the BL10 slide only showing collagen 1 staining in the sarcolemma in an ordered fashion. The treated mdx mice demonstrate an amount of collagen staining in between these. (B) Bar charts to show the differences in ex vivo quantification of fibrosis within muscle between treated mdx, untreated mdx and BL10 groups. (A) hydroxyproline quantification, (B) MaTr quantification. Significant differences are seen between the all muscles of the untreated mdx mice and the BL10 group using bother measures of fibrosis. Using Masson's trichrome (MaTr) quantification, all muscles had significantly lower amounts of fibrosis in the treated mdx group compared to the untreated. Hydroxyproline quantification identified 3/4 of these muscles as significantly lower in the treated mdx group. Error bars represent standard error. *p < 0.05, GCN, Gastrocnemius, HMS, Hamstrings, QUADS, Quadriceps, TA, Tibialis anterior.
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FIGURE 3. (A) Representative T1 weighted axial MRI scans through hind limbs with regions of interest labelled. P, posterior, A, anterior, L, left, R, right, S, superior, I, inferior. (B) Box plots to compare the difference in R1 change between the mdx groups from pre-treatment to post-treatment scans. The treated mdx mice did not show significant increases in R1 post-treatment whereas the untreated mdx group showed significant increases in R1 change over time in all three muscles: gastrocnemius p = 0.04, hamstrings p = 0.009, and tibialis anterior p = 0.01. *p < 0.05, GCN, Gastrocnemius, HMS, Hamstrings, QUADS, Quadriceps, TA, Tibialis anterior.




Functional Assessment

The mouse groups were compared using a one-way Anova test. Using the two-limb grip strength measure the untreated mdx mouse group was significantly weaker than the other groups (F = 6.08, p < 0.03). Post-hoc analysis demonstrated a significant difference between the untreated and the treated mdx mice (untreated mdx 21.5 mN/g vs. treated mdx 37.0 mN/g). There were no statistically significant differences between the BL10 groups and the treated mdx mice (p = NS).



R1 Change in EP3533 Enhanced MRI

Pre-treatment scans demonstrated no significant differences between the treated and untreated mdx mouse groups. Figure 3A shows representative T1 weighted axial MRI scans through hind limbs with regions of interest labelled. In the pre-treatment scans R1 change of all muscles were significantly higher at 60 min in the combined mdx groups than the BL10 at 60 min. These findings suggest that there was no detectable difference between the two mdx groups at baseline and that EP3533-enhanced scans were sensitive enough to discern between BL10 and mdx groups at an early age (12 weeks).

In the post-treatment scan, there were no significant differences between the untreated and treated BL10 groups in any of the muscles at any of the time points. No significant differences were seen between treated and untreated mdx groups in absolute R1 value at the post-treatment scan. When comparing the R1 change over time from pre-treatment to post-treatment scan there was a significant increase in three out of four of the muscle of the untreated mdx group (GCN p = 0.04, HMS p = 0.009, and TA p = 0.01; Table 1, Figure 3B). No significant change was seen over time in any of the muscles in the other groups.


Table 1. Table to show absolute R1 change at both the pre- and post-treatment scans.
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Correlation of EP3533-Enhanced MRI Findings to ex vivo Measures of Fibrosis

R1 values in all muscles at the post-treatment scan correlated significantly with Masson's trichrome (Table 1). R1 change at post-treatment correlated linearly in three out of four muscles with hydroxyproline. The strongest correlations to ex vivo measures of fibrosis were in the gastrocnemius muscle (Table 1).



Correlation of EP3533-Enhanced MRI to Functional Assessments

None of the two limb force assessments significantly correlated to the change in R1 values from the post-treatment scan, in either the individual muscles or all muscles grouped together. Considering all muscles together the change in R1 values including the pre and post-treatment scans correlated significantly, albeit weakly (r = −0.33, p = 0.004). The correlation may suggest that there is an association between R1 change at post treatment and muscle function, the lack of a strong correlation may be due to the other confounding factors that influence muscle function.




DISCUSSION

Muscular dystrophies such as DMD are slowly progressive conditions, the histological hallmarks include inflammation, fibrosis, and fat replacement of healthy muscle. Eventually, secondary to this pathology, the muscles are unable to function and clinical weakness is evident. Clinical trial outcome measures are biomarkers of disease progression that are increasingly important to test putative therapies. In clinical trials involving neuromuscular disease the most commonly used outcome measures are assessing muscle strength and muscle function. Use of a non-invasive outcome measure based on earlier pathology provides a potentially more sensitive biomarker to disease progression over a shorter period. Such outcome measures are sorely needed as muscular dystrophies may take several years to progress clinically, this makes drug development time consuming and expensive. This is the first study to look at use of EP3533 as an outcome measure in muscular dystrophy. Previous studies have shown that EP3533-enhanced MRI can demonstrate sufficient sensitivity to fibrosis in vivo to accurately stage disease, demonstrate disease progression and quantify fibrosis in organs with low proton density (9, 10, 12–14). This study showed that EP3533 was able to demonstrate a treatment effect as well as demonstrating strong correlations with ex vivo measures of fibrosis, and a weaker correlation to a functional assessment.

Halofuginone was chosen as an anti-fibrotic as it has previously demonstrated that it can induce a reduction in collagen and an improvement of muscle function in murine models (18, 19). Halofuginone is currently being evaluated in a clinical trial (26). This study further supported the use of halofuginone to reduce fibrosis in vivo and to improve muscle function. In this experiment the mdx treated and BL10 groups were not significantly different in a number of ways including: absolute values of R1 change over time, functional assessments, and degree of ex vivo fibrosis in several muscles (Figure 3). Other anti-fibrotics have been trialled in DMD patients, though in humans factors such as fat replacement may reduce the effectiveness of these drugs (27–29). Anti-fibrotics do have the advantage of not being mutation dependent, unlike a number of recent medications aimed at increasing dystrophin production (30–32). As anti-fibrotic agents are potential drug candidates to treat muscular dystrophies, we tested if EP3533-enhanced MRI could be used as an outcome measure, as it has been shown to be successful at monitoring fibrosis progression over time in murine models. A further advantage of EP3533 is that due to the non-invasive nature of the test fewer animals would need to be sacrificed to demonstrate interim changes in experiments.

Currently the only validated way to quantify fibrosis in human skeletal muscle is via muscle biopsy (33). Muscle biopsy is invasive, risks sampling error and includes the risk of a general anaesthetic in patients with reduced respiratory function. EP3533, by contrast, has been shown to be able to measure change in skeletal muscle fibrosis over time in a relatively non-invasive manner. As seen in humans with muscular dystrophy, mdx mice demonstrate individual variation in fibrosis. This may explain why it was the change in R1 value from pre-treatment to post-treatment which demonstrated a significant difference between the treated and untreated groups rather than the absolute R1 change in the post-treatment scan alone (34, 35). This is important for future experiments using EP3533, with baseline and post treatment scans being the correct way to demonstrate change, rather than a single measurement.

Other quantitative MRI methods have been used clinically in muscular dystrophies, including native T1, T2, magnetic resonance spectroscopy, and Dixon fat fraction (FF) (36–41). In particular, FF has been shown to be a sensitive measure of disease progression. A drawback of the mdx mouse model is that it demonstrates minimal intramuscular fat replacement compared to humans with the condition. Therefore, the utility of EP3533-enhanced MRI scan would have to be compared against FF as an outcome measure. In human pathology, fat replacement eventually becomes the dominant pathology with large percentages of muscle replaced, therefore it is unknown whether EP3533-enhanced MRI is likely to be helpful in advanced disease or to be merely used alongside established biomarkers such as FF.

In murine experiments several standardised assessments have been developed to measure motor function and strength in a reliable way (25, 34, 42). External validity may be reduced due to different compensatory mechanisms employed by both species (43). Grip strength tests in rodents are most akin to quantitative muscle assessment in humans (44), with such grip assessments able to demonstrate significant differences between control and mdx mice at an early age (34). In this experiment functional results correlated significantly to R1 change (r = −0.33, p = 0.004), and demonstrated a significant difference between untreated and treated mdx groups (p < 0.001). In contrast to these results, Huebner et al. who performed halofuginone studies in mdx mice, did not report a significant difference between treated mdx mice and control in grip assessment (19). This difference may be due to the smaller group sizes used by Huebner et al. (19) (n = 5). As with functional outcome measures in humans, other factors such as cognition, stress and motivation can be confounding variables (35). In humans with DMD, quantitative MRI such as Dixon fat fraction (FF) measurement has been shown to have higher levels of correlation to the 6 min walk test (6MWT), (r = −0.65, p < 0.001), as well as other functional assessments (45–48). The correlations seen in this experiment were lower than that of FF in humans. Any future evaluation of efficacy of EP3533-induced R1 change in clinical trials should therefore be compared with functional assessments as well as MRI measures (45, 49). The relatively weak correlation between function and EP3533-induced R1 change may be due to the non-linear development of fibrosis throughout muscle, as seen in other human and murine studies (37, 50, 51).

There have been concerns around gadolinium-based contrast agents and their repeated use in humans due to potential neurotoxicity (52). Even less is known of the safety profile of peptide-based gadolinium agents which may be excreted less readily due to their complex structure. Further preclinical studies are required to provide safety data findings used to inform a future application for registration of potential human trials before this agent can be used as an outcome measure or in clinical practise.



CONCLUSION

As new therapies are trialled in muscular dystrophies there is great potential for EP3533 to be used as an outcome measure, adding important, quantifiable information relatively non-invasively. EP3533 can also be used to reduce animal numbers in murine experiments, allowing accurate quantification of fibrosis over time. Our study showed that EP3533-enhanced MRI can be used in a muscular dystrophy mouse model to demonstrate disease progression over time and to effectively monitor a treatment response.
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Objective: Fatty infiltration of paraspinal muscle is associated with spinal disorders. It can be assessed qualitatively (i.e., Goutallier classification) and quantitatively using image processing software. The aims of this study were to compare paraspinal muscle fatty infiltration as assessed using the Goutallier classification vs. quantitative magnetic resonance images (MRI) measurements and to investigate the association between anthropometric parameters and paraspinal muscle morphology and fatty infiltration in patients with symptomatic lumbar spinal stenosis (LSS).

Methods: Patients affected by symptomatic LSS scheduled for surgery with available MRI of the lumbar spine were included in this retrospective cross-sectional study. Fatty infiltration at each lumbar level was rated qualitatively according to the Goutallier classification and quantified based on the cross-sectional area (CSA) of the paraspinal muscle, of its lean fraction (LeanCSA), and the ratio between LeanCSA and CSA and the CSA relative to the CSA of vertebral body (RCSA). Considering the muscle as a single unit, overall fatty infiltration according to Goutallier, overall CSA, LeanCSA, LeanCSA/CSA, and RCSA were computed as averages (aGoutallier, aCSA, aLeanCSA, aLeanCSA/aCSA, and aRCSA). Associations among parameters were assessed using Spearman's respective Pearson's correlation coefficients.

Results: Eighteen patients, with a mean age of 71.3 years, were included. aGoutallier correlated strongly with aLeanCSA and aLeanCSA/aCSA (R = −0.673 and R = −0.754, both P < 0.001). There was a very strong correlation between values of the left and right sides for CSA (R = 0.956, P < 0.001), LeanCSA (R = 0.900, P < 0.001), and LeanCSA/CSA (R = 0.827, P < 0.001) at all levels. Among all anthropometric measurements, paraspinal muscle CSA correlated the most with height (left: R = 0.737, P < 0.001; right: R = 0.700, P < 0.001), while there was a moderate correlation between vertebral body CSA and paraspinal muscle CSA (left: R = 0.448, P < 0.001; right: R = 0.454, P < 0.001). Paraspinal muscle CSA correlated moderately with body mass index (BMI; left: R = 0.423, P < 0.001; right: R = 0.436, P < 0.001), and there was no significant correlation between aLeanCSA or aLeanCSA/CSA and BMI.

Conclusions: The Goutallier classification is a reliable yet efficient tool for assessing fatty infiltration of paraspinal muscles in patients with symptomatic LSS. We suggest taking body height as a reference for normalization in future studies assessing paraspinal muscle atrophy and fatty infiltration.

Keywords: paraspinal muscles fatty infiltration, muscle fatty infiltration, Goutallier, paraspinal cross-sectional area, paraspinal muscles morphology


INTRODUCTION

Muscle impairment is an important component of spinal disorders. In fact, muscle dysfunction can be considered both a cause and a consequence of low back pain (LBP) (1)—for instance, several studies have shown an association between fatty infiltration and the reduced cross-sectional area (CSA) of paraspinal muscles with chronic LBP (2–7). Moreover, fatty degeneration may lead to functional limitations such as deterioration of balance and alignment of the spine (8, 9). However, to date, the contribution of compromised muscles to pain in spinal pathologies, such as facet arthropathy, disc degeneration, spinal stenosis, or deformity, is unclear. Paraspinal muscle fatty degeneration and atrophy have been reported in patients with LBP and disc herniation (10–13) or degenerative lumbar flat back (14). In patients with disc herniation, muscle infiltration may be asymmetric and more pronounced on one side than the other (15). Moreover, greater fatty infiltration in muscles such as multifidus, longissimus, and psoas correlates with poorer functional outcomes with an even stronger relation in persons with a history of LBP (16). Similarly, patients with lumbar spinal stenosis (LSS) or symptomatic LSS (sLSS) show increased muscle atrophy and fatty infiltration (17). LSS is one of the most frequent spinal disorders and the most common reason for spine surgery in the population aged above 65 years (18). While there are several studies investigating the correlation of muscle composition and morphology in patients with LBP, to date, evidence for this relationship in patients with LSS is lacking.

Fatty degeneration of the multifidus and reduced CSA of the psoas muscles have been associated with a lower functional performance in terms of higher scores on the Oswestry Disability Index (ODI) (19–21). In addition, a reduced CSA of the multifidus may predispose patients to worse outcome after surgery for sLSS (22). Moreover, the relation between CSA of paraspinal muscles and anthropometric parameters has been explored. The results of previous studies are inconclusive, where some studies did not observe a significant association between paraspinal muscle CSA and body height or body mass (23–25), while others reported a greater paraspinal CSA in taller and heavier persons (26).

Magnetic resonance imaging (MRI) facilitates the detailed investigation of the lumbar spine and the estimation of the morphology and composition of paraspinal muscles, including multifidus and erector spinae (longissimus and iliocostalis). These assessments can be performed in a qualitative or in a quantitative way. The Goutallier classification is a visual grading system to qualitatively assess fatty infiltration (27–30). Initially proposed for grading fatty degeneration of the rotator cuff muscles on computer tomography, the Goutallier classification has been expanded to MRI and to the evaluation of other muscles, including back muscles (6, 31, 32). Moreover, there is evidence of positive correlations between Goutallier grades and the severity of disc degeneration as well as age (33). Previous studies have shown a substantial to excellent intraobserver and a good interobserver reliability (32, 33) as well as a significant positive correlation of Goutallier grades, with the percentage of fat in the multifidus muscle measured in a quantitative way (32). Although the Goutallier classification is simple to apply and a useful tool for clinicians when evaluating their patients, it has the disadvantages of qualitative measurements and ordinal scales. This classification depends on the experience of the assessor and is reported on an ordinal scale with five discrete levels. In contrast, the quantitative MRI measurements of paraspinal muscles overcome such limitations by being objective and continuous measures. However, these quantitative measures are more time consuming and hence more suitable for research rather than clinical settings. To date, data on comparisons between qualitative and quantitative assessments of paraspinal muscle fatty infiltration and their association with patient characteristics in patients with sLSS are lacking. The aims of this study were to compare paraspinal muscle fatty infiltration as assessed using the Goutallier classification vs. quantitative MRI measurements, assess asymmetry in muscle degeneration, and investigate the association between anthropometric parameters and paraspinal muscle morphology and fatty infiltration in patients with sLSS.



MATERIALS AND METHODS

This single center cross-sectional study was approved by the regional ethics committee and conducted in accordance with the Declaration of Helsinki. All enrolled patients provided written informed consent.


Study Cohort

Patients with a diagnosis of sLSS scheduled for decompressive surgery at the University Hospital Basel from April 2019 to August 2020 were screened for this study. The participants were recruited in the context of a larger clinical research project, and eligible patients were informed about the study after admission to the hospital on the preoperative day. The inclusion criteria were as follows: diagnosed sLSS and availability of MR images of the lumbar spine from L1 to S1. The exclusion criteria were the following: prior surgery of the lumbar spine, additional pathologies that influence the mobility of the pelvis (such as internal fixation of the sacro-iliac joint or hip disorders affecting the gait), use of walking aids, and inability to provide informed consent. Age, sex, body mass, body height, and body mass index (BMI) were recorded. The level of LBP of the participants and the extent to which the pain impacts their daily activities and social life were estimated using the validated German version of the standardized questionnaire ODI (34, 35). The ODI comprises 10 self-administered items describing the pain and limitations experienced when performing daily activities: pain intensity, personal care, lifting, walking, sitting, standing, sleeping, sexual life, social life, and traveling. The resulting score ranges from 0 (no impact) to 100 (bed-bound and extremely limited).



Lumbar MRI

All patients received MRI of the lumbar spine for clinical purposes. All MRI examinations included at least a sagittal T1- or T2-weighted sequence that was used to define the corresponding axial cut to be measured and an axial T2-weighted sequence to perform the qualitative and quantitative measurement of muscle morphology and composition. The MR images were obtained at our clinic (Prisma 3T, Siemens Healthineers, Erlangen, Germany) or provided by external providers at first consultation.



Qualitative Assessment of Paraspinal Muscle Fatty Infiltration

A qualitative assessment of paraspinal muscle fatty infiltration was performed using the Goutallier classification system (27). Accordingly, the muscle composition of the paraspinal muscles multifidus and longissimus on MRI was classified independently by two readers (FM and YZ) into five different grades based on the visually assessed fat/muscle ratio at each disc level from L1/L2 to L5/S1 (five segments in total; Figure 1). The inter-reader reliability was 0.701 (Cohens Kappa, P < 0.001). In case of disagreement between assessments, consensus was reached by a third reader (CNe). The grades range from grade 0—no visible fatty infiltration to grade 4—more than 50% of fat within the muscle. Overall qualitative fatty infiltration was computed as average Goutallier (aGoutallier) of all segments because fatty infiltration measured at each segment presumably affects the function of the entire muscle.


[image: Figure 1]
FIGURE 1. T2-weighted axial images showing the grading of fatty infiltration of paraspinal muscles according to the Goutallier classification (left) (27) and grading of lumbar spinal stenosis according to the Schizas classifications (right) (36).




Quantitative Assessment of Paraspinal Muscle Fatty Infiltration

The quantitative assessment of paraspinal muscle fatty infiltration was performed using ImageJ image analysis software (version 1.52t, National Institutes of Health, Bethesda, Maryland) according to Fortin et al. (20, 37). ImageJ has been used in previous studies to assess fatty infiltration in MRI series of the lumbar spine (20, 32, 38, 39) and has shown a good intra- and interobserver reliability (37). Measurements of paraspinal muscle fatty infiltration were performed independently by two assessors (FM and YZ). A T2-weighted axial image was selected at each vertebral body level in the center of the body itself as identified on the sagittal-view image. For L1 to L5, we measured the CSA of the paraspinal muscles on each side, including the multifidus and the erector spinae (longissimus and iliocostalis) muscles, and the CSA of the vertebral body. The inter-reader reliability was very high [intraclass correlation coefficient, ICC (95% confidence interval)]—CSA: 0.939 (0.917, 0.955) and vertebral body CSA: 0.894 (0.722, 0.944). The relative CSA (RCSA) was defined as the ratio between muscle CSA and vertebral body CSA and calculated for each level and side. Thresholding of grayscale for lean muscle was repeated for each level, and each image was segmented according to the specific threshold (Figure 2). The CSA of lean muscle in the region of interest was defined as LeanCSA and measured on each side. The inter-reader reliability of LeanCSA was ICC (95% confidence interval)—LeanCSA: 0.959 (0.944, 0.970). The ratio of LeanCSA to the paraspinal muscle CSA was defined as functional CSA (LeanCSA/CSA), represented as percent of muscle CSA and calculated for each level and side. The overall CSA, RCSA, and LeanCSA were computed as average CSA (aCSA), average RCSA (aRCSA), and average LeanCSA (aLeanCSA) across all levels, considering the muscle as a single unit for each side. The total muscle CSA, total RCSA, and total LeanCSA at each level were calculated as the sum of the left and right muscle CSA, RCSA, and LeanCSA, respectively. Overall LeanCSA/CSA was computed as average LeanCSA/CSA (aLeanCSA/aCSA) of all segments and both sides.


[image: Figure 2]
FIGURE 2. Using the ImageJ analysis software, the left paraspinal muscles are contoured and the cross-sectional area is measured (top); after thresholding, the lean muscle is represented in red, and its area (LeanCSA) is measured (bottom).




Radiological Assessment of Severity of Spinal Stenosis

We graded the severity of the spinal stenosis according to the Schizas classification (36). The grading system is based on cerebral spine fluid/rootlet ratio on axial T2 images and consists of seven grades (A1, A2, A3, A4, B, C, and D) of stenosis (Figure 2). The severity of stenosis was assessed for each lumbar level addressed during the scheduled surgery and carried out by one reader (FM). The number of levels with stenosis and the highest severity of stenosis were determined and used in the analysis. A1 to A4 grades were grouped into a single group A.



Statistical Analysis

Statistical analyses were performed in SPSS Statistics, version 27 (IBM Corporation, Armonk, New York, USA). All data were checked for normality using the Kolmogorov–Smirnov test. The descriptive statistics for normally distributed parameters were performed using mean and one standard deviation (SD) and for all others as median and interquartile range (IQR). Differences in CSA, RCSA, LeanCSA, and LeanCSA/CSA between levels were identified for each side using analysis of variance (ANOVA) for repeated measures, with levels as within-subject factor, and upon significant results, t-tests for dependent samples were performed as post-hoc tests for comparisons between pairs of levels. The associations between continuous and normally distributed parameters were detected using Pearson's correlation coefficient. The associations between or with ordinal (Goutallier grade) and/or not normally distributed parameters were detected using Spearman's correlation coefficient. All correlations were performed separately for each side, except for correlations between parameters describing average muscle atrophy and fatty infiltration where the combined values for both sides were included. Correlations were considered very weak for 0 ≤ |R| < 0.2, weak for 0.2 ≤ |R| < 0.4, moderate for 0.4 ≤ |R| < 0.6, strong for 0.6 ≤ |R| < 0.8, and very strong for 0.8 ≤ |R| ≤ 1.0 (40). The significance level for all tests was set a priori to 0.05.




RESULTS


Patient Characteristics

Eighteen patients with a mean age of 71.3 years (SD: 8.4) were included. The proportion of male patients was 45% (eight of 18 patients). The mean body mass was 75.8 kg (SD: 15.0). The mean height was 167.1 cm (SD: 8.6). The mean BMI of all patients was 27.0 kg/m2 (SD: 3.9). The mean ODI score was 28.7 (SD: 13.5). The highest severity of LSS across all levels was grade B in four (22.2%) patients, grade C in 12 (66.7%) patients, and grade D in two (11.1%) patients. None of the patients had the highest stenosis severity grade A.



Qualitative Assessment of Paraspinal Muscle Fatty Infiltration

The median fatty infiltration according to the Goutallier classification system among all levels in all patients was 2.0 (IQR: 1.0–3.0). Figure 3 shows the Goutallier grade at each level. The mean aGoutallier of all patients was 1.7 (SD: 0.6).


[image: Figure 3]
FIGURE 3. Box plot showing the median and interquartile range of Goutallier grades at each level of the lumbar spine.




Quantitative Assessment of Paraspinal Muscles

The MR images of two subjects did not include an axial cut of the L1 level; data at this level for 16 of the 18 patients were included. The sum of the left and right total aCSA of the paraspinal muscles was 54.2 cm2 (SD: 9.3), with the highest total paraspinal muscle CSA value of 58.0 cm2 (SD: 9.9) at the L3 level and the lowest value of 45.4 cm2 (SD: 20.0) at the L1 level (Figure 4). The statistically significant differences in paraspinal muscle CSA between levels are indicated in Figure 4. The total aRCSA was 4.4 (SD: 0.7), with the highest total (sum of left and right) RCSA value of 4.5 (SD: 0.7) at L2 level, although the differences between levels were not statistically significant (Figure 4). The total aLeanCSA was 27.7 cm2 (SD: 10.0), with the highest total (sum of left and right) LeanCSA value of 30.9 cm2 (SD: 10.9) at L2 and the lowest value of 22.8 cm2 (SD: 8.2) at L5 (Figure 4). The statistically significant differences in LeanCSA between levels are indicated in Figure 4. The total aLeanCSA/aCSA was 50.2% (SD: 12.0%), where the values decreased from L1 to L5, with the highest value of 57.8% (SD: 12.6%) at L1 and the lowest value of 42.2% (SD: 13.3%) at L5 (Figure 4). The statistically significant differences in LeanCSA/CSA between levels are indicated in Figure 4.


[image: Figure 4]
FIGURE 4. Mean and 95% confidence interval of the paraspinal cross-sectional area (CSA; top left), relative CSA (RCSA; top right), lean muscle cross-sectional area (LeanCSA; bottom left), and the ratio of LeanCSA/CSA and CSA (LeanCSA/CSA; bottom right) for the left and right sides at each level of the lumbar spine. The horizontal lines indicate significant differences between levels. Because significant results of paired comparisons were observed for both sides for each indicated pair, horizontal bars represent differences for both sides (t-test for paired samples, P < 0.05).




Association Between Qualitative and Quantitative Measures of Fatty Infiltration

There was a moderate correlation between the Goutallier classification system and LeanCSA across all levels, both for the left and right sides (left: R = −0.520, P < 0.001; right: R = −0.497, P < 0.001; Figure 5). There was a strong correlation between Goutallier grades and LeanCSA/CSA across all levels on both sides (left: R = −0.643, P < 0.001; right: R = −0.604, P < 0.001; Figure 5). Across both sides, aGoutallier correlated strongly with aLeanCSA and aLeanCSA/aCSA (R = −0.673 and R = −0.754, both P < 0.001) (Supplementary Figure 1). There was a very strong correlation between the values of the left and right sides for CSA (R = 0.956, P < 0.001), LeanCSA (R = 0.900, P < 0.001), and LeanCSA/CSA (R = 0.827, P < 0.001) considering all levels (Figure 6).


[image: Figure 5]
FIGURE 5. Scatter plots comparing the Goutallier grade for the paraspinal muscles with the lean muscle cross-sectional area (LeanCSA; top) and the ratio between LeanCSA and paraspinal muscle cross-sectional area (LeanCSA/CSA; bottom) of the left side. R, Spearman's correlation coefficient.



[image: Figure 6]
FIGURE 6. Scatter plots comparing the left and right sides of the paraspinal muscle cross-sectional area (CSA; top), lean muscle cross-sectional area (LeanCSA; middle) and the ratio between LeanCSA and the paraspinal muscle cross-sectional area (LeanCSA/CSA; bottom). R, Pearson's correlation coefficient.




Association Between MRI Measurements and Morphometric Parameters

There was a strong correlation between paraspinal muscle CSA and body height (left: R = 0.737, P < 0.001; right: R = 0.700, P < 0.001) and between LeanCSA and body height (left: R = 0.648, P < 0.001; right: R = 0.612, P < 0.001). There was a weak to moderate correlation between LeanCSA/CSA and body height (left: R = 0.442, P < 0.001; right: R = 0.340, P = 0.001). The Goutallier grade correlated weakly with body height (R = −0.219, P = 0.039). There was a moderate correlation between vertebral body CSA and body height (R = 0.536, P < 0.001). The paraspinal muscle CSA correlated moderately with the BMI (left: R = 0.423, P < 0.001; right: R = 0.436, P < 0.001), and there was no significant correlation between LeanCSA or LeanCSA/CSA and BMI. None of the parameters describing fatty infiltration correlated with age in this cohort.

We observed a moderate correlation between vertebral body CSA and paraspinal muscle CSA (left: R = 0.448, P < 0.001; right: R = 0.454, P < 0.001). The vertebral body CSA showed no significant correlation with LeanCSA or LeanCSA/CSA.




DISCUSSION

The aims of this study were to compare paraspinal muscle fatty infiltration as assessed using the Goutallier classification vs. quantitative MRI measurements and to investigate the association between anthropometric parameters and paraspinal muscle morphology and fatty infiltration in patients with sLSS. We observed a moderate to strong correlation between the Goutallier classification system of muscle fatty infiltration and the quantitative assessment of the LeanCSA and lean fraction of the paraspinal muscle CSA, named as LeanCSA/CSA. Moreover, paraspinal muscle morphology and fatty infiltration correlated strongly with body height. These results support the value of assessing fatty infiltration at all levels in the lumbar region and the importance of considering the stature of a patient when interpreting fatty infiltration in the context of LSS.

Patients with higher Goutallier grades had lower LeanCSA and LeanCSA/CSA, representing smaller absolute and relative lean muscle CSA. Similarly, Battaglia et al. reported a strong to very strong correlation for MR images of 25 randomly selected subjects between Goutallier grades and mean percent fat value measured with the same method as in our study (32). Though, to date, the role of fatty infiltration and atrophy of paraspinal muscles is not clear, there is evidence of their association with LBP—for instance, Kjaer et al. found that fatty infiltration of the multifidus muscle was strongly associated with LBP (5). These results are consistent with those of Goubert et al., who found a positive correlation of fatty infiltration with chronic LBP (4). Other authors investigated the association of muscle morphology and composition with spinal disorders. Yanik et al. reported a significant increase in fatty infiltration in individuals affected by disc herniation (6), and this was corroborated by other studies (15, 41). Yarjanian et al. found a reduced functional CSA of paraspinal muscles in patients with sLSS compared to asymptomatic individuals; however, the difference was not significant when compared to subjects with chronic LBP without evidence of LSS (17). Overall, the evidence for the relation of back muscle to spinal disorders emphasizes the importance for clinicians to regularly evaluate the morphology of paraspinal muscles on the MR images of patients. However, quantitatively measuring paraspinal muscle CSA and lean fraction is time consuming and hence not feasible in the clinical setting. Our results showed that fatty atrophy, assessed using the Goutallier classification system, strongly correlates with quantitative measures and thus—despite being a qualitative measure—is a good and, most importantly, efficient method for evaluating the degeneration of paraspinal muscles in sLSS.

The quantitative measures of paraspinal muscle morphology and fatty infiltration CSA, LeanCSA, and LeanCSA/CSA correlated strongly between the left and right sides across all levels of the lumbar spine. We interpret this as a sign of symmetry in muscle morphology and degeneration. However, because we did not record data on the laterality of symptoms nor of spinal stenosis, we cannot exclude that, in case of asymmetric symptoms or spinal stenosis, an asymmetric muscle degeneration may be observed. In fact, in a study on patients affected by disc herniation, Battié et al. reported greater fatty infiltration in the multifidus muscle on the side of the radicular compression at the level below the herniation, although the total paraspinal muscle CSA was greater on the affected side (15). In another study on patients with symptomatic posterolateral disc herniation at L4 and L5, Fortin et al. did not observe an asymmetry of the multifidus but of the erector spinae muscle, with smaller CSA and greater fatty infiltration on the affected side both of the multifidus muscle and the erector spinae muscle (41). The mechanism of these findings seems to be related to abnormal muscle activation as a result of the altered neural signal (42). Conversely, we did not observe any significant asymmetry of the paraspinal muscles. While we did not assess a possible laterality of symptoms and laterality, we would have only been able to detect a systematic laterality of all patients, which was not the scope of this study. Another possible explanation for this discrepancy is that LSS and its symptoms are more commonly bilateral compared to disc herniation. Nevertheless, further investigation is needed to support this statement.

Fatty infiltration generally increased from cranial to caudal, with the highest value at L5. This result confirms previous studies by Kjaer et al. (5) and Lee et al. (14), who showed that L4 and L5 are the segments most affected by fatty infiltration. In our study, both LeanCSA and LeanCSA/CSA differed significantly between L5 and all other levels. One possible explanation is that most degenerative spinal processes involve the segments L4/L5 and L5/S1 (43), but there is a lack of evidence regarding a causal link between fatty atrophy of paraspinal muscles and spinal disorders. Furthermore, Lee et al. (14) observed an increasing fatty infiltration toward the more caudal levels in 10 healthy volunteers. Kjaer et al. (5) found that the lowest lumbar levels had the greatest signs of fatty infiltration regardless of age in adults and adolescents with a history of LBP. These results suggest that the most caudal lumbar levels are physiologically more prone to fatty infiltration even in young and healthy individuals. Spinal pathologies known to be more frequent at these levels and to be associated with an increase in fatty infiltration of the back muscles may further exaggerate the difference in muscle composition between the cranial and caudal portions of the paraspinal muscles.

Our secondary aim was to determine the association between quantitative measurements of paraspinal muscle morphology and fatty infiltration and anthropometric parameters. We found that CSA and LeanCSA had a strong and LeanCSA/CSA had a weak correlation with body height. The results of previous studies on this association are inconclusive—for instance, our results confirm those reported by Gibbons et al., who observed a positive correlation between the CSA of paraspinal muscles and body height, body mass, and BMI in a large sample of male monozygotic twins (130 subjects) (26). In contrast, two smaller studies by Wood et al. (25) and McGill et al. (23) (13 and 26, respectively) did not find any significant association of CSA with body height, body mass, or BMI in persons with various suspected injuries and diseases. Moreover, Reid et al. reported that greater body height was not a predictor of larger CSA (24). Biomechanically, an association of CSA with body height is intuitive because the greater a person is, the greater are the moment arms of the forces generated by the weight of the upper torso, arms, and head relative to the lumbar spine area during daily activities. Frequently, the paraspinal total and lean CSA are normalized to the vertebral body or intervertebral disc CSA (19, 44–47). It is interesting to note that, in our study, both overall CSA and LeanCSA correlated more strongly with body height than with vertebral CSA (strong vs. moderate correlation). Although we consider the vertebral body or the disc as reasonable choice of reference for reducing the bias of differences in anthropometric measures between persons, our results suggest that body height greatly influences paraspinal muscle CSA and should hence be used for normalization.

In our study, only CSA, but not LeanCSA or LeanCSA/CSA, correlated with BMI. This result is consistent with the study by Kjaer et al. (5) who did not find BMI to have an influence on the amount of fatty infiltration in the paraspinal muscles. Moreover, Gibbons et al. (26) found that a greater BMI was a predictor of greater CSA, and Kalichman et al. (48) reported a negative correlation between muscle density on CT scan and BMI. Our results show that people with higher BMI are not prone to greater fatty infiltration of paraspinal muscles, possibly because stronger muscles are required to account for the larger body weight in obese persons when stabilizing the spine. These observations suggest that the higher levels of fatty infiltration of paraspinal muscles are likely not related to obesity but rather to the degenerative process of the muscle itself or to the spinal disorder affecting the patient.

The main strength of our study is the measurement of qualitative and quantitative parameters of paraspinal muscles at each level of the lumbar spine regardless of the level of stenosis. Despite the evidence that fatty infiltration is greater between L4 and S1 and given the anatomy and function of the erector spinae and multifidus muscles, we believe that these entire muscles should be considered as a single unit. Hence, we introduced global qualitative and quantitative parameters for assessing fatty atrophy of the entire paraspinal muscle unit which aGoutallier and aLeanCSA defined as the average of the respective parameters across all levels. The main limitation of our study is the small sample size, and thus we could not correct for multiple testing. However, while this study can be considered a proof-of-principle investigation, the strong correlations and clear differences observed in our study suggest that these results should hold true when investigated in larger samples. Moreover, we included only individuals affected by sLSS and scheduled for surgery. Similar analyses should be conducted in patients with less severe LSS or who were treated conservatively and in age-matched healthy controls to elucidate the role of muscle atrophy and fatty infiltration in the etiology of the disease and the effects of different treatments on these parameters. The MR images were either obtained at our clinic or transferred by external providers. While using the same make and model for all measurements may have provided even better results, we intended to conduct this study in a real-world environment. In other words, if the same make and model had been used for all patients, the generalizability of the data to other MRI systems would have been unknown/limited. In contrast, our data showed strong correlations despite the different make and models of the MRI systems used, suggesting that the agreement between the assessments is robust regarding the specific MRI system, making our result even more relevant in a clinical context. Finally, while the quantitative method employed here has shown good interobserver and excellent intraobserver reliability, the accuracy of the thresholding procedure has yet to be confirmed with MRI sequences based on chemical shift (Dixon) or spectroscopy. Nonetheless, the sequence used here is a standard clinical sequence, and extracting information on fatty infiltration in standard clinical sequences is relevant especially in cases where Dixon sequences are not available.



CONCLUSION

The correlation of the Goutallier classification with the quantitative assessment of fatty infiltration of paraspinal muscles suggests that clinicians should consider this classification as an efficient tool for evaluating paraspinal muscle fatty infiltration. Nonetheless, this qualitative measure does not consider muscle morphology, which may add insight into the role that paraspinal muscle status plays in the etiology of LSS. Because paraspinal muscle CSA correlates with body height, we suggest taking body height as a reference for normalization in future studies assessing paraspinal muscle atrophy and fatty infiltration.
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Parameter Control group ~ Cerebral palsy ~ Fisher's

(=12 group exact test P
(=9 value
Age 111(06-187)  11.5(10.6-12.0) 0.730
Sex 0.061
Female, n (%) 6(50%) 1(11%)
Male, n (%) 6 (50%) 8(89%)
Height 1400 (134.0-162.5) 146.0(135.0-151.0)  0.634
Weight 32.35 (28.15-49.25)  32.7 (26.6-44.6) 0822
BMI 164 (157-17.8) 161 (14.6-183) 0.861

Unless otherwise specified, data are medians and interquartile ranges. BMI, body
mass index.
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Minors % RSD measured Model 3m Model 2m
level
% RSD normalized % RSD normalized
[relative % RSD reduction [relative % RSD reduction
(%) (%)

c2/c8 TCA 9.1 7.0 (23.1) 7.5(17.6)

carcs TCA 98 6.7(318) 7.9(18.9)

c4/05 TCA 11.3 7.6(32.5) 9.0(206)

C5/C6 TCA 93 5.0(45.9) 6.1(345)

ToT10 TCA 90 62(31.9) 80(12.0)

Tk TCA 96 8802 9.6(04)

% relative standard deviation (RSD) and relative % RSD reduction of normalization by Model 3m (spinal canal area at the C4/C5 level and weight) and Model 2m (spinal canal area at
the C4/C5 leve)) applied to ll other measured cord levels in minors.
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Level % RSD measured Model 1 Model 2
% RSD normalized % RSD normalized
[relative % RSD reduction [relative % RSD reduction
(0] (%)
c2/c3 TCA 9.0 7.3 (19.0) 89 (1.4)
c3/c4 TCA 95 79 (17.1) 93(1.9)
carcs TCA 101 7.7 (23.7) 9.1(10.2)
C5/C6 TCA 9.3 7.2 (23.5) 89 (4.5)
TOT10 TCA 9.3 80(13.9) 9.1 2.7)
Trnax TCA 10.4 96(7.5) 103(1.3)

9% relative standard deviation (RSD) and relative % RSD reduction ob?slnedbynoﬂnollzawn based on Model 1 (sex, brain WM volume and spinal canal area at the level C4/C5) as well
populati

as by Model 2 (spinal canal area at the level C4/C5) (whole study,
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Whole study population TCA c4/C5 GMA c4/C5

P Adjusted r? Estimate P Adjusted r2 Estimate
Model 1: <0.0001 0.43 00014 0.20
Sex 0.0082 ~2.8534 04019 ~0.2523
WM volume <0.0001 00861 0.0495 0.0096
GAN_C4C5_area <0.0001 0.1235 0.0008 0.0266
Model 1a: 0.0005 023 0.0057 0.15
Sex 0.0975 -2.1357 05926 —0.4727
v 0.0271 00177 503237 0.0020
GAN_C4C5_area 0.0010 0.1063 0.0024 0.0247
Model 2: 0.0004 0.18 0.0006 0.17
CAN_C4C5_area 0.0004 0.1094 0.0006 00257

(CAN_C4C5 _area, spinal canal area at the level C4/C5; TV, total intracranial volume.
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Whole study TCA ca/C5 GMA C4/C5
population (n = 61)

Metric p-Value  Pearson  p-Value  Pearson
correlation correlation
coefficient coefficient

CAN_C4/C5_ap 0.000 043

CAN_C4/C5_lat 0470 026

CAN_C4/C5_area 0.000 044

Prod_CAN_C4/C5_ap'lat 0.000 045

VBW_C4/C5_lat 0.706 005

VBH_C4 0519 008

McRae 0532 008

ForMag_ap 0943 001

ForMag_lat 0.998 000

ForMag_area 0377 0.12

Prod_ForMag_ap’lat  0.992 ~0.00

w 0012 032

Brain GM volume 0394 011

Brain WM volume 0.000 048

Height 0.197 017

Weight 0.170 0.19

BMI 0296 014

P-values surviving the Bonferroni correction are bolded (o < 0.0029). CAN_C4/C5._ap,
anterior-posterior diameter of the spinal canal at the level G4/C5. GAN_C4/C5_at, lateral
dliameter of the spinal canal at the level C4/C5. CAN_C4/CS_area, area of the spinal canal
at the level C4/CS5; Prod_CAN_C4/C5_ap'lat, product of the anterior-posterior and lateral
dliameter of the spinal canal at the level C4/C5; VBW_C4/C5_lat, maximum vertebra body
width at the level C4/C5; VBH_C4, middle vertebral body height of C4; McRae, McRae
line (distance between Basion-Opisthion). ForlMag_ap, anterior posterior diameter of the
foramen magnum; ForMag_at, lateral diameter of the foramen magnum; ForlMag_area,
area of the foramen magnum; Prod_ForMag_ap'let, product of the anterior-posterior and.
lateral diameter of the foramen magnum; TIV, totel intracranial volume; GM, gray matter;
WM, white matter; BMI, body mass index.
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0
Distal leg MRI (n = 160)
Number of patients 39
Male (%) 14(36)
Symptom onset age in years—median (range)* 25.00 (12-48)
Symptom duration in years—median (range)** 20,00 (4-41)
Age at assessment in years —median (range)*** 47.00 (22-86)
Thigh MRI in (n = 106)
Number of patients 26
Male (%) 9(36)
Symptom onset age in years - median (range)(’) 25.00 (12-48)
Symptom duration in years—median (range) 21(4-41)
Age at assessment in years—median (range)**** 47.00 (32-86)
Pelvic MRI (n = 67)
Number of patients 11
Male (%) 2(18)
Symptom onset age in years—median (range)" 26.00 (14-39)
Symptom duration in years —median (range)** 16,00 (10-41)
Age at assessment in years—median (range)*** 47.00 (32-66)

MRI: T1 weighted magnetic resonance imaging.
*Median age of symptom onset significantly higher in group 0 compered to group 1, 2, and 3.
‘Medlan disease duration significantly shorter in group 2 than in group 0 or group 3.

“Group O are significantly older than group 3 who are, in tu, significantly older than group 2.
sroup 0 s significantly older than group 2.

Exercise group

17
9(53)
17.00 (12-60)
11.00 (2-42)
35.00 (15-71)

12
6(50)
18.5 (12-60)
18.5 (3-42)
375 (15-71)

6
3(50)
16.00 (12-60)
14.00 (3-26)
3250 (15-71)

54
30 (56)
18.00 (10-41)
12.50 (2-38)
3150 (15-57)

40
23(58)
18.00 (10-41)
13.00 (2-38)
30.00 (15-57)

28
13 (46)
18.00 (12-41)
13.00 (4-23)
32,500 (19-57)

50
28 (56)
18.00 (12.5-40)
17.00 (3-51)
3750 (22-67)

29
17 (59)
17.5(13-28)
16.5 (3-51)
37.00 (22-64)

22
12 (55)
17,50 (18-27)
19.00 (6-51)
39.00 (22-64)
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Patient Treated
number muscles

GM, GL, S
GM, GL, S
GM,GL, §
GM, GL, S
GM, GL, S
GM, GL

@ O & 0N o=

Total volume
of treated
muscles (cm?)

225
223
231
166
203
58

ROl size
(em?®)

19.6
322
32.7
243
213
252

Percentage of
tissue with
elevated T,
relative ROI size
%

9
14
14
15
10
3

RO, region of interest; GM, m. gastrocnemius medalis; GL, m. gestrocnemius lateralis;
S, m. soleus; BTX, botulinum toxin A.
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Patient Patient characteristics Treatment Spasticity Passive RoM MMT
number (Modified Ashworth scale) (deg) (Medical Research
Council scale)
Pre/6w/12w Pre/6w/12w Pre/6w/12w

Agerange Height  Body BMI CPuni/bi GMFCS Side  BTX BTXdose  BTXdose PF(at90° PF(atKE) KF  DF(atKE)  KE (atHE) PF KF
pre-BTX pre-BTX weight percentile treatment perbody  KF)
(vears)  (cm)  pre-BTX pre-BTX naive weight
(kg) (U/kg)

1 1214 1465 827 5 uni r n  GMGLS: 46 14444 AN+ 0N —10/-5/-10 000 2+/24/2+ 5/4/4
50U diluted in
1miat 1
injection site
each
2 1042 1510 538 95 uni v n GMGLS: 28 onn 140 OOA+ —20/-20/-30 —15/-20/=10 2+/24/2+ 4/4/4
50U diluted in
1miat 1
injection site
each

3 10-12 146.0 344 23w r n GMGLS: 4.4 1A 1 000 15/10/5 0/0/0 24/2+/3  5/5/5
50U diluted in
imiat1
injection site
each

4 1012 1370 326 49 bi | y  GMGLS: 46 1101 100 00 —10/-15/-15 —20/-20/=15 2+/24/2+ 4/4/4
50U diluted in
1miat 1
injection site
each
5 1012 1350 266 3 b [ | n GMGLS: 85  1+2A  4AA+ 21 -30/-15/-15  —50/=10  3/2/2+ 4343
75U diluted in
15ml
distributed at 2
injection sites
each
6 8-10 1275 227 4 b 1] | N GMGL100U 88  1A4/1+ 140 A4/ —5/-15/=15 —10/=15/=10 3+/24/2+ H3+/3+
diluted in 2mi
distributed at 2
injection sites
each

BMI, body mass index; GMFCS, Gross Motor Function Classification System; GM, m. gastrocnemius medialis; GL, m. gastrocnemius lateralis; S, m. soleus; U, units; BTX, botulinum toxin A; CP, cerebral palsy; uni, unilaterel; bi, bilateral;
PF, plantarflexor muscles; KF, knee flexor muscles; DF, dorsiflexion; KE, knee extension; HE, hip extension.





OPS/images/fneur-12-630435/fneur-12-630435-g004.gif
10

T2(ms)

I

A0C{I0° ]

-~ o

v

o
om

ftfraction (%]

FR |
I
-

— o

#hyperintonse ROY
arterence 801

12w






OPS/images/fneur-12-630435/fneur-12-630435-g003.gif
H

R T

] R

erennacasssaees R1ITRRES

oty

*

[ T————-an ]






OPS/images/fneur-12-630435/fneur-12-630435-g002.gif
patient 3 patient 6

diparetic, treated left

=34 m:

T,w (TE

-
g
S

7
£

<
™

(TE=

adhesive
marker






OPS/images/fneur-11-577052/fneur-11-577052-g002.gif
Semsriaky (%)






OPS/images/fneur-11-577052/fneur-11-577052-g003.gif





OPS/images/fneur-11-577052/crossmark.jpg
©

2

i

|





OPS/images/fneur-11-577052/fneur-11-577052-g001.gif





OPS/images/fneur-11-577052/math_1.gif
z—score = (X—u)f o= (CSA measured

— CSA expected from wrist circum ference)/standard deviation.





OPS/images/fneur-11-577052/math_2.gif
z-score *standard deviation = (C5A measured

— CSA expected from wrist circumference).





OPS/images/fneur-11-577052/fneur-11-577052-g004.gif
Number of patiats

Wi ciramroce.
oo






OPS/images/fneur-11-577052/fneur-11-577052-t001.jpg
Participants (n)

Men/women

Mean age (y)

Median age (y)

Left/right

Mean height (om)

Mean weight (kg)

Mean BMI

Mean wrist circumference (cm)
Mean CSA (mm?)

Healthy controls

%
47149
44.6 (£11.4)
46
48/48
175.8 (+9.0)
773 (£135)
25 (+3.6)
16.8 (+1.4)
95(+2.0)

Patients

253
51/202
47.1 (£10.9)
48
149/104
167.3 (£7.9)
76.6 (£15.6)
27.3(+4.9)
16.6 (£1.2)
135 (+4.4)

<0.001
0.080

<0.001
0.692
<0.001
0203
<0.001
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Anterior Medial Posterior  Global ROI
compartment compartment compartment

() Average Fat fraction (FF) percentage for each compartment (anterior, medial,
and posterior) and for the global ROl at baseline (TP1) and at the end of
follow-up (TP6). Left and right sides are averaged. The increase/decrease (defta)
is reported as percentage.

TP1 51.2 543 45.8 50
6 57.1 571 545 57
Delta +10.9% +5.1% +19.8% +14%

(B) Average w-T2 in ms for each compartment (anterior, mediial, and posterior)
and for the global ROl at baseline (TP1) and at the end of the follow-up (TP6).
Left and right sides are averaged. The increase/decrease (delta) is reported as
percentage.

TP1 437 44.4 30.4 4378
TP6 426 411 28.1 41.68
Delta —2.4% —-7.2% —-0.6% —-4.7%
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Age at BL (years)
Age at onset (months)
Family history

Symptoms at onset
Clinical pecuiarities

Age at diagnosis (years)
SMN2 copies (1)

Age at loss of ambulation (years)
Respiratory problems/scoliosis
Treatment duration at TP6 (months)

BL, baseline.

Patient 1

27
24-36

Walking impairment, frequent falls,

problems in rising from the floor

6 (molecular diagnosis)
)

- (still ambulatory)
No/No

21

Patient 2

21
12-24

Asked to be carried, used her upper
limbs to better move lower limbs

Strength asymmetry in upper imbs.
(left < right)

3

3

16

No/No

21

“Patient 3 started using a wheelchair for outdoor at 4; she was still able to move a few steps with support until the age of 11.

Patient 3

21
31

One maternal uncle affected by
genetically proven 5 SMA

Wadding gait

3
4

19°

NorYes (no surgery)
21
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Pre-treatment scan
change in R1 from

baseline
™)
maxTA 0.11005"
BLIOTA 0.11 £0.02
mdx GON 0,104 004"
BL10 GON 004005
‘mdx HMS 0.11 £0.04"
BL10 HMS 003004
mdx QUADS 009%0.12*
BL10 QUADS 0001 +0.12

Also demonstrates the high degree of significant Pearson correlation between A1 change at post-treatment scan and ex vivo measures of fibrosis.

Post-treatment scan
change in R1 from
baseline
™

0.14 £ 0.06*
0.07 £0.01
0.10 £ 0.05*
0.04 £0.05
0.12 £ 0.04"
0.08 +0.08
0.09 + 0.05*
0.04 £0.08

TA, Tibialis anterior; GCN, Gastrocnemius; HMS, Hamstrings; QUADS, Quadriceps.

*P<0.05.
P <0.001.
*BL10 and mdx considered together.

Correlation of change in
R1 at post-treatment
scan to Masson’s
Trichrome?

0.84

0.80

0.69"

0.69*

Correlation of change in
R1 at post-treatment
scan to hydroxyproline
assay’

0.58"
0.59"
0.41"

0.24
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SubjectID Age BMI First symptom Age at Symptoms at visit Pathogenic variant Disease

symptom onset duration
BMD 1 45 276  Difficulty running, 28 Severe difficulty walking and rising froma ~ ¢.676_678del; 17
stifiness chair. Climbing stairs possible with support.  p.(Lys226del)
BMD 2 50 275  Stifness 41 Moderate to severe pain and joint stiffness. ~ Del26; 9
p(Val1145_Lys1201del)
BMD3 36 226 Pan 10 Mild pain and joint stiffness. Deld5-48; 26
p.(Glu2147_GIn2366del)
BMD 4 30 258 Fatigue 10 Moderate fatigue and muscle cramps. ©.691241G>T; p.() 20
BMD5 37 280  Unabletojump 2 Dependent on an electric wheslchair for Deld5-48; 35
most functions. Severe difficulty walking p.(Glu2147_GIn2366del)
and rising from a chair. Climbing stairs not
possible.
BMD 6 82 261  Pain, muscle 29 Severe difficulty walking, rising from a chair,  ¢.1602 G>A; p.(2)¢ 3
weakness and stair climbing. No use of assistive
device.
BMD7 27 238  Difficulty climbing 2 Moderate diffculty walking, rising from a Deld5-47; 3
stairs chair, and ciimbing stairs. No use of p.(Glu2147_Lys2304de])
assistive device.
BMD8 33 286  Muscle cramps 5 Electric wheslchai for most functions. Able  Del45-48; 28
to stand for very short duration with p.(Glu2147_GIn2366del)
support.
BMD9 18 209  Fatigue 1 Severe fatigue. ©5632C>T; p.(Gin1878") 17
BMD 10 38 236 Difficulty climbing 22 Severe difficulty walking, rising from a chair,  Del45-48; 16
stairs and climbing stairs. Occasionally uses cane  p.(Glu2147_GIn2366de)
for walking.
BMD 11 38 266  Pain 6 Severe difficulty walking, rising from a chair,  Del45-48; 32
and climbing stairs. No use of assistive p.(Glu2147_GIn2366del)
device
BMD 12 29 274 Asymptomatic N/A N/A Deld5-47; NA
p.(Glu2147_Lys2304de])
BMD 13 31 843  Muscle weakness, 8 Severe difficulty walking, rising from a chair,  Del45-47; 23
cramps and climbing stairs. No use of assistive p.(Glu2147_Lys2304de])
device.
BMD 14 25 248 Fatigue 6 Severe difficulty walking, rising from a chair,  Del45-49; 19
and climbing stairs. No use of assistive p.(Glu2147_Lys2400de))
device.
BMD 15 50 229  Difficulty climbing 35 Severe difficulty walking, rising from a chair,  Del48; 24
stairs and climbing stairs. No use of assistive p.(Val2305_GIn2366de!)
device.
BMD 16 50 482  Pain, difficulty 7 Electric wheelchai for most functions. Able  Deld5-47; 52
running to stand for very short duration with p.(Glu2147_Lys2304de])
support.
BMD 17 45 341 Pain,cramps 17 Pain and severe fatigue. Del2; p.(Tyr11Phefs'7) 28
BMD 18 18 205  Diffoulty with 4 Severe difficulty walking, rising from a chair,  Del4d; 14
acthvities and climbing stairs. No use of assistive p.(Arg2098ASNfs"16)
device.

Table displays age, BM, fist symptom, age at symptom onsst, age at dlagnosis, symptoms at visit, pathogenic variant, and disease duration in years. BMI, body-mass-index.
$The variant c.1602G>A predicts a synonymous effect on the protein (p.(Lys534=)), but changes the last bese in exon 13, and is predicted to disrupt the & spice site for which the
protein consequence cannot be predicted confidently (o.(?).
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Sites Mean CSA of Stage | (mm?) Mean CSA of Stage II/Ill (nm?) P value

M1 1154 3.29) 11.36 (3.25) 069
M2 9(2.16) 909 2.1) 0949
M3 952 (3.02) 964 (2.14) 0774
M4 11.19 (3.48) 10.73 (2.54) 0.987
M5 13.213.7) 13.16 (4.09) 0691
U1 4.38 (0.84) 5.41(2.04) 0.299
u2 5.38(1.38) 6.18(2.02) 0.134
us 623(1.9) 6.98 (2.04) 0.082
U4 923 (3.81) 9.98 (4.46) 0.474
us 834 (3.56) 9.3 (3.06) 0.119
Soit 7851 (22.7) 74.4(15.25) 0924
Sci2 70.93 (24.28) 69.05(14.6) 0524
Po 14.35 3.53) 13.18 (3.8) 0339
Tib 4824 (12.8) 50.15 (12.75) 0373
Sural 427 (1.08) 51 (2.1) 0.456

Mean (SD).
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Mean CSAs Mean CSAs  Mean CSAsof MeanCSAs  Mean CSAsof MeanCSAsof MeanCSAsat Mean CSAs at

of median ofulnar  sciatic nerves  of common tibial nerves  sural nerves. M-5 sites Sci-1 sites
nerves nerves peroneal
nerves
MCV of median =0.133, NA NA NA NA NA NA
nerves 0.469 p=059%
Mean CMAP of NA NA NA NA NA r=0.177, NA
median nerves p=0331
MCYV of ulnar r=-0.095, NA NA NA NA NA NA
nerves p=0645
Mean CMAP of NA ~0.491,p NA NA NA NA NA NA
ulnar nerves =0.008"
MCV of common NA NA NA NA NA NA NA
peroneal nerves
Mean CMAP of NA NA NA NA NA NA NA
common peroneal
nerves
MCV of tibial NA NA NA NA NA NA
nerves
Mean CMAP of NA NA NA NA NA NA
tioial nerves
Course of SMPN r=-0.015, r=0012,
0954 p=0961
NiS 0026,
0919
m-PND 0092, r=0057,
0717
Norfok QOL-DN ~ r=—0.045,
p=0861
NiS-muscle 0.2, r=0324, r=0.009,
weakness p=0938 p =019 p=0971 p=0719

Spearman analysis was used to test the correlation between CSAs and electrophysiology, as wel as measuring scales.

**Significant correlation at 0.01 level.

Al significant p values are printed in bold,

NA, not available; -5, site-5 of bilateral median nerves; Sci, site-1 of bilateral sciatic nerves; SMPN, sensory motor peripheral neuropathy; IS, Neuropathy Impairment Score;
NIS-muscle weakness, Neuropathy Impairement Score only inciuding the items of muscle weakness; m-PND, modified polyneuropathy disabilty; Norfolk QOL-DN, Norfolk Quality of
life-diabetic neuropathy score.
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Sites

Scit
Sci2
Pc
Tib
Sural

Mean (SD). *Significance at 0.05 level.
‘Significance at 0.01 level.

Mean CSAs
(mm?) of HC

826 (1.65)
7.31(1.36)
7.21(1.69)
9.12(1.97)
9.11(1.92)
5.04(1.74)
5.95(1.26)
5.83(1.89)
821(1.97)
6.52 (2.01)
5415 (15.7)

54.67 (14.49)
11.49 (3.79)
3236 (7.58)
5.16(1.29)

Mean CSAs
(mm?) of
TTR-FAP

11.46 (3.19)
9.04 (2.11)
957 (2.63)
10.98 (3.07)
13.19 (3.62)
4.84 (1.56)
5.74(1.72)
6.56 (1.97)
956 (4.07)
8.77 (3.34)

76.68 (19.59)

70.00 (2031)
13.83 (3.65)

49.00(12.63)
4.62(1.59)

Mean CSAs
(mm?) of CIDP

11.1(3.89)
15.11 (10.07)
14.26 (10.68)
15.20 (8:32)
24.84(18.45)
6.37 (2.67)
986 (5.02)
10.78 (6.92)
12.2(8.52)
15.76 (15.25)
8236 (39.19)
11892 (70.48)
19.63 (11.93)
47.57 (17.08)
531(1.42)

P value (HC

vs.

TTR-FAP)

0.000**
0.001**
0.000**
0.065
0.000**
0.456
0.267
0.112
0.583
0.003**
0.000**
0.001**
0.024*
0.000**
0.075

Al significant p values are printed in bold, and discriminative sites of TTR-FAP and CIDP groups in italics plus bold.
CSAs, cross-sectional areas; CIDF, chronic mﬂammatory demyelinating polyneuropathy; TTR-FAF, transthyretin familial amyloid polyneuropathy; HC, healthy control.

M, median nerve; U, ulnar nerve; Sci, sciatic nerve; Tib,

I nerve; Pc, common peroneal nerve; Sural, sural nerve.

Pvalue
(TTR-FAP
vs. CIDP)

0.628
0.029%
0.180
0.015*
0.058
0.004**
0.000**
0.001**
0.284
0.049%
0.936
0.005**
0.022*
0476
0.064

P value (HC
vs. CIDP)

0.001**
0.000**
0.000**
0.000**
0.000**
0.049*
0.005**
0.000**
0.073
0.000**
0.002**
0.000**
0.001**
0.000**
0.590
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TTR-FAP CIDP HC P value

TTR-FAP v.s. CIDP TTR-FAP v.s. HC
M-CSAV 1.58(0.32) 3.06(1.88) 1.59 (0.44) 0,000 0074
U-CSAV 2.14(0.47) 322 (2.50) 1.95 0.54) 0608 0823

Mean (SD).
**Significant difference at 0.01 level.
M/U-CSA-V: CSA variability of median/ulnar nerve, defined as “maximum CSA/ minimum CSA". All significant p values are printed in bold.

CIDP v.s. HC

0.000**
0.057
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AuC

M-CSA-V 08
M2 059
M4 0.699
ut 0.695
u2 0.736
u3 0.734
us 061
Sci2 0.707
Pc 0715

**Significant difference at 0.07 level.
*Significant difference at 0.05 level.

Cutoff values

1.77
11.95
10.756
4.45

92

82
19.45
788
13.15

Sensitivity

0692
0.533
0.667
0.8
0.4
0.533
0.267
0.667
0.867

AUC, area under the curve; M-CSA-V, CSA-Variability of median nerve. All significant p values are printed in bold.

Specificity

0.833
0.861
0.667
0.639
0972
0.889
1
0.722
05

p value

0.000**
0316
0.026*
0.029%
0.008**
0.009**
0.219
0.021*
0.016*
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Mean age,
years
Sox

Side

Good
diagnostic
image quality
(%)

Mean
attenuation,
HU

Mean
stenosis, %

ALL

Male

Female

Left side
Right sidetab

Computed tomography
angiography (CTA)

Virtual non-calcium images
produced by the previous
non-modified calcium
removal algorithm (VNCa 1)
and2

CTA

Virtual non-calcium images
produced by the modified
algorithm (VNCa 2)

cTa

VNCa 1
VNCa 2

Digital subtraction
angiography (DSA)

5647

29 (70.73%)
12 (29.27%)
33(51.56%)
31 (48.44%)
62 (96.88%)

62 (96.88%)

435.30 + 83.60

399.37 £ 84.24

59.03 + 25.96

39.33 4+ 19.76
16.35 + 18.70
10.78 £ 2.44

0.001
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SubjectID  Age at Ageat  Mutation Disease duration

follow-up ~ symptom onset in years
BMD 1 46 28 .676_678del; 18
p.Lys226del
BMD 2 51 41 Del26 10
BMD 3 37 10 Deld5-48 27
BMD 4 31 10 ©.6912+1G>T 21
BMD 5 38 2 Deld5-48 36
BMD 6 33 29 1602 G>A 4
BMD 7 28 24 Deld5-47 4
BMD 8 34 5 Deld5-48 29
BMD 9 19 1 ©.5632C>T, 18
p.(GIn1878")
BMD 10 39 2 Deld5-48 17
BMD 11 39 6 Deld5-48 33
BMD 12 30 29 Deld5-47 1
BMD 13 32 8 Deld5-47 24
BMD 14 26 6 Deld5-49 20
BMD 15 60 35 Delds 25
BMD 16 60 7 Deld5-47 53

Table displays age at follow-up, age at symptom onset, gene mutation, and disease
duration in years.
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Wrists ()
Men/Women

Mean age (years, SD)

Leftrright

Median height (m, IQ range)
Median weight (kg, IQ range)
Median BMI (kg/m?, IQ range)
Median duration symptomns
(months, IQ range)

Median wrist circumference (m, IQ
range)

Minimum-maximum range wrist
circumference in cm

Median GSA (mim?, IQ range)

%Pearson Chi-Square test.
bUnpaired t-test.
< Mann-Whitney U-Test.

Normal fixed

12
210
545 (12.0)
57
1630 (11.8)
695 (15.3)
25.4(4.1)
40(7.0)

16.0 (0.7)

14.0-16.7

10.3(06)

Others.

163
51/112
55.9(15.4)
78/85
1680 (10.8)
785 (20.0)
27.6(6.0)
6.0(22.0)

17.0(1.6)

14.0-20.0

1.7 (4.4)

0.2872
0.760°
0.679*
0.268°
0.013°
0.030°
0.078°

<0.001°

0.281°

Normal flow

18
3/15
52.8(12.9)
71
164.0 (11.0)
72.0(16.3)
26.8(4.9)
4.0(10.0)

16.0 (0.7)

14.4-18.0

1.0 (1.7)

Others

157
50/107
56.1 (15.4)
76/81
169.0 (10.8)
785 (20.3)
27.9(6.9)
60(22.0)

17.0(1.6)

14.0-22.0

11.3(4.8)

0.184%
0.374°
0.4442
0.061°
0.071¢
0.267°
0.162°

<0.001¢

0.618°
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Sonography Total number of - Zuyderland Radboudume CWZ
wists (1=175) (1=71) (1=41) (1=63)

Abnormal FC 83(503%)  21(29.6%) 23(56.1%) 44
(69.8%)

WDC  97(55.4%)  29(40.8%) 25(61.0%) 43
(68.3%)

IFC  82(469%)  20(282%) 23(56.1%) 39

(61.9%)
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FC wbC IFC

US abnormal 21 (20.6%) 29 (408%) 20 (28.2%)
US abnormal feft 12 16 12
US abnorml right 9 13 8
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FC wDC IFC

US abnormal 23 (56.1%) 25 (61.0%) 23 (56.1%)
US abnormal left 9 9 9
US abnormal right 14 16 14
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FC wDC IFC

US abnormal 44 (69.8%) 43 (68.3%) 39 (61.9%)
US abnormal left 24 22 22
US abnormal right 20 21 17
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Patients

Age, years
Sex

The location of severe
stenosis

Degree of stenosis on
DSA(%)a

Degree of stenosis on
CTAG)a

Degree of stenosis on
VNCa 1(%)a

Degree of stenosis on
VNCa 2(%)a

49
Male
©6 segment of right ICA

30

70

50

40

61
Male
C6 segment of right ICA

75
Male
C6 segment of left ICA

7%

0

76

Female

C4 segment of Right ICA
50

70
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Zuyderland Radboudume Canisius-Wilhelmina Total P
hospital (CWZ)

Participants (n) 71 a1 63 175
Men/women 22 (31.0%)/49 (69.0%) O (22.0%)/32 (18.0%) 22 (84.9%)/41 (65.1%) 53 (30.8%)/122 (69.7%)  0.367*
Mean age (y, SD) 53.8(153) 57.0(12.8) 57.3(16.3) 55.8(15.2) 0347°
Leftright 35/36 16/25 32/31 83/02 04610
Median height (cm, IQ range) 1680 (12.0) 168.0 (9.0) 169.0(9.0) 168.6 (10.0) 0962°
Median weight (kg IQ range) 775 (22.0) 78.0(21.0) 78.0(20.0) 780(21.0) 0559°
Median BMI (kg/m?, IQ range) 27.1(67) 27.1(65) 27.7(6.2) 27.4(6.0) 0210°
Median duration symptoms (months, IQ range) 6.0 (20.5) 6.0(21.8) 12.0 (21.0) 60 (22.0) 0.379°
Median wrist circurference (cm, IQ range) 17.0 2.0) 17.02.0) 16.9(1.7) 17.0(1.8) 0950°
Minimum-maximum range wrist circumference in cm 14.0-20.0 14.0-19.5 14.4-20.0 14.0-20.0

Median left wrist circurnference (cm, IQ range) 17.0(1.2) 17.8(1.4) 16.8(1.4)

Mean right wrist circumference (cm, SD) 17.02.7) 17.0(1.8) 17.2(1.8)

Median CSA wrist (mm?, IQ range) 103(@2.7) 123 (4.8 12.2 (6.4) 11.1(4.3) <0.001°t
Median CSA wrist left (mm?, 1Q range) 103 (23) 12.8(6.5) 12.4(4.3)

Median CSA wrist right (mm2, 1Q range) 9.8(2:6) 12.0(4.2) 12.0 (6.0)

Intraneural flow 6(8.5%) 0 13 (20.6%) 19 (10.9%) 00014
Intraneural flow left 1(1.4%) 0 7 (1.1%) 8(4.6%)

Intraneural flow right 5(7.0%) 0 6(9.5%) 11(6.3%)

Intraneural flow absent 65 (91.5%) 41(100%) 50 (79.4%%) 156 (89.1%)

@ Pearson Chi-Square test

b One-way between groups ANOVA analysis.

© Kruskal-Walls test.

9 Likelihood ratio Chi-Squere test.

in the Zuydertand hospital compared to CWZ, and the Zuyderland hospital comparedto the Redboudum, a statistically significant different CSA at the wrist, p < 0.001 and p = 0.042,
respectively, was found. The CSA at the wrist in the Radboudumc compared to CWZ was not statistically significantly different (p = 0.318) (Mann-Whitney U-test)
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Stenosis 1, %

VNCa 1

VNCa 2

CTA

Mean 1 & SD

39.33 + 19.76

15.35 £ 18.70

59.03 + 26.96

Stenosis 2, %

CTA
VNCa 2
DSA
CTA
DSA
DSA

Mean 2 + SD

59.03 + 26.96
16.36 + 18.70
1319 £ 17.12
59.03 £ 25.96
1819 £17.12
1819 £17.12

P
(Stenosis
1vs.2)

0.001
0.000
0.000
0.000
0.076
0.000





