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Abstract

:

Spinal muscular atrophy (SMA) is an autosomal recessive disorder caused by the deletion or/and mutation in the survival motor neuron 1 (SMN1) gene on chromosome 5. Until now, only a few articles investigating the relationship between upper limb function and the gross motor function in untreated SMA patients have been published. However, there is still a lack of publications including the relationship between structural changes such as cervical rotation, trunk rotation and side trunk shortening, and upper limb function. The aim of the study was to examine the upper limb function in patients with spinal muscular atrophy and the relationship between the upper limb function, gross motor function, and structural parameters. We present an analysis of 25 SMA patients, divided into sitter and walker groups, undergoing pharmacological treatment (nusinersen or risdiplam), examined twice between the initial examination and evaluation after a 12-month period. The participants were tested using validated scales such as the Revised Upper Limb Module (RULM), the Hammersmith Functional Motor Scale—Extended (HFMSE), and the structural parameters. Our results showed that patients demonstrated greater improvement on the RULM scale than on the HFMSE scale. Moreover, persistent structural changes negatively affected both the upper limb function and gross motor skills.
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1. Introduction


Spinal muscular atrophy (SMA) is an autosomal recessive disorder caused by deletion or/and mutation in the survival motor neuron 1 (SMN1) gene on chromosome 5 [1,2]. Mutation in the SMN1 gene results in insufficient production of the survival motor neuron (SMN) protein and degeneration of motor neurons in the spinal cord and the brain stem [3]. This leads to muscle weakness, contractures, deformities of the spine and chest, and respiratory disorders, which significantly reduce the quality of life [3,4,5]. The SMA incidence is approximately 1 in 10,000 live births, while the carrier status incidence varies by ethnicity and ranges from 1 in 54 [2,6].



Due to the dynamic development of diagnosis and the targeted treatment of SMA, the clinical pattern of the disease has changed [7,8]. Previously known classifications into types SMA1, SMA2, and SMA3 have stopped being relevant [1,9]. From a certain date, it has become more common to use division depending on the children’s functional level such as sitters, no-sitters, or walkers [10]. SMA patients undergoing treatment not only regain previously lost functions but also are able to achieve new milestones [3,6,8]. It is becoming increasingly common to define this disease as chronic instead of progressive and untreated. Thus, it becomes necessary to observe long-term changes in the new clinical pattern of SMA [9,11]. Validated functional scales are useful in this regard [12,13,14].



The generally available literature indicates the Hammersmith Functional Motor Scale with expanded version (HFMSE) and Revised Upper Limb Module (RULM) as the most common scales used to assess SMA patients with at least an unsupported sit [12,13,14]. The HFMSE scale is a validated tool to evaluate the gross motor function of SMA patients [13,14]. The RULM scale is used to determine the upper limb function. It is a revised version of the Upper Limb Module including additional tasks to decrease the possibility of a ceiling effect in stronger patients [12,15].



Until now, only a few articles investigating the relationship between upper limb function and gross motor function in untreated SMA patients have been published [9,16]. However, there is still a lack of publications including the relationship between structural changes such as cervical rotation, trunk rotation and side trunk shortening, and upper limb function.



The aim of the study was to examine the upper limb function in patients with spinal muscular atrophy and the relationship between the upper limb function, gross motor function, and structural measurement.




2. Materials and Methods


The study had a prospective character and focused on 12 months of observation with children examined at the time of enrollment and followed-up at the end of this period. The data were collected between July 2020 and October 2022.



2.1. Materials


Twenty-six patients at the Department of Developmental Neurology, Heliodor Święcicki Clinical Hospital of the Karol Marcinkowski University of Medical Science in Poznan (Poland) were recruited into the study. One child was excluded from the research due to an interruption during the first examination. A total of 25 of the included patients aged 5 to 20 years (Me = 6; Q25–Q75 = 6–12) had a genetically confirmed diagnosis of SMA type 2 or type 3 and achieved at least the unassisted sit function. Fourteen out of this group were females and eleven were males. The patients enrolled in the study were undergoing pharmacological treatment with nusinersen (14 children) and risdiplam (11 children). The study included the division of patients into sitter and walker groups according to the milestone achievement. Detailed characteristics of the participants are presented in Table 1.




2.2. Methods


To assess the relationship between the upper limb and gross motor function and the correlation between upper limb function and structural measurement, the following tools were included.



The Revised Upper Limb Module (RULM) was used to assess the function of the upper limb [12]. The children were examined in a sitting position using a specific test set consisting of coins, a Ziploc container, a button light, and weights of different masses. The test consists of 20 tasks with the entry item (A) serving as functional class identification, which is not included in the total score. Each of the items can be performed three times. Eighteen of them were scored from 0 to 2 points, where 2 points means the task was completed correctly, 1 point means the task was completed with compensation/or less effective, and 0 means the task was not completed. One question with a Ziploc container was scored from 0 to 1, where 0 means a failure to perform and 1 is the correct performance of the task. The total RULM score to obtain is 37 points, and the task evaluates functions such as bringing hands from their lap to the table, completing the path bringing the car to the finish line without stopping or taking the pencil off the paper, picking up coins, placing a coin into cup, reaching to the side and touching the coin, pushing a button light with one hand, tearing paper, opening a Ziploc container, raising a 200 g cup to their mouth, lifting 200 g and 500 g and bringing it from one circle (midline to outer circle), lifting 200 g and bringing to the outer circle on the opposite side, bringing a 500 g sand weight from their lap to eye level, shoulder abduction with and without 500 g and 1 kg of weight, and shoulder flexion with and without 500 g and 1 kg of weight [12,16].



The gross motor function of each of the participants was evaluated with the Hammersmith Functional Motor Scale–Extended (HFMSE) [13,14]. The scale consists of the basic version (20 items) and the supplementary module (13 items). Each question can be scored from 0 to 2 points, where 2 points means the task was completed correctly, 1 point means the task was completed with compensation, and 0 means the task was not completed. The items included functions such as sitting with hands to head, rolling supine to prone, rolling prone to supine, propping on forearms and extended arms, crawling, standing, or walking. The supplementary module consisted of more difficult tasks such as squat, jumping forward, and ascending and descending stairs. The maximum number of points is 66 [13,14]. Both the RULM scale and the HFMSE scale were previously validated [12,17].



The last part of the examination focused on physical impairments (structural parameters). The study included parameters such as the cervical rotation test (CR), supine angle of trunk test (SATR), and side length trunk difference [4,10,18]. CR was measured using a plurimeter (Rippstain Inclinometer) and presented the range of cervical spine rotation. SATR using a scoliometer evaluated the angle of upper (SATR-U) and lower (SATR-L) trunk rotation. The side length trunk difference was tested in a sitting position after previously marking anatomical known surface landmarks of the inferior angle of the scapula and posterior superior iliac spine [19]. The length between these two points on the same side was checked using a tape measure. Detailed characteristics of the functional scales and physical impairments were published in our previous study [10,20]. In order to better present the study protocol, the flowchart presented below was created (Figure 1).



The study was conducted in accordance with the Declaration of Helsinki [21], and approved by the Ethics Committee of Poznan University of Medical Sciences Bioethical Committee (no. 1035/19).




2.3. Statistical Analysis


All test results were analyzed using Statistica 12.2 Software by StatSoft (Kraków, Poland). Due to the relatively small sample, the distribution of data for the interval variables differed from normal (Shapiro–Wilk and Lilleforse tests), thus, as for all ordinal variables, the results were shown as the median and quartiles [Me (Q25–Q75)]. Non-parametric statistical tests were used (i.e., U Mann–Whitney test) to assess the differences between the two groups, and Spearman’s rank correlation (rs). For time variability, a sign test was used. In all of the tests, the level of significance was set as p < 0.05.





3. Results


The study analyzed the patients’ upper limb, motor function, and structural parameter changes between the initial examination and evaluation after a 12-month period.



3.1. Individual Results in RULM, HFMSE, and Structural Parameters


Two of the examined patients in the sitter group obtained the maximum RULM score at the first examination, thus having no possibility of improvement during the second observation. Additionally, among all of the participants, three out of four patients in the walker group achieved the maximum score in the HFMSE part 1, thereby also having no opportunity to improve this score. None of the patients had a baseline maximum score in the total HFMSE score. A detailed description of the results of the scales and structural parameters is presented in Table 2. Due to the relatively small walker group (n = 4), only the min–max value without a median score is given in the table.



The largest range of improvement was visible in the RULM scale. Patients improved by an average of 3 points after a 12-month follow-up. On the HFMSE scale, participants showed progress by an average of 2 points on the first part of the scale and in the total score. However, in the case of the sitter group, the median value dropped in the first part of the scale while remaining at the same level in the total results, which was not observed in the walker group. Additionally, when evaluating the structural parameters, most of them showed no significant changes with the exception of the side length trunk difference. The average value of the difference increased from 2.25 to 3 cm, reaching a maximum difference of up to 13 cm from one child in the sitter group in the second examination.




3.2. Comparison of the Changes in RULM and HFMSE in All Participants and Functional Subgroups (Sitter, Walker)


Subsequently, using the RULM scale and the HFMSE scale, it was verified which patients showed improvement, which had deterioration, and which presented unchanged function. To elaborate the results, the changes for all participants as well as with the sitter and walker groups were analyzed. The results are presented in Table 3.



The upper limb function (expressed in the RULM total score) improved more in the whole group than the gross motor function evaluated with the HFMSE. It was also true for the subgroups divided according to the highest function achieved, though exact statistical analysis was not possible for the walker group due to the too small number of children. The improvement was also more expressed in the HFMSE total score than in part 1.




3.3. Difference in RULM Items


Another essential point of the study was the insightful analysis of all RULM scale items. It was verified as to in which tasks the highest improvement, deterioration, or stabilization of function occurred. Table 4 presents the number of children in whom such changes after a 12-month period were observed. The evaluation included all participants as well as the sitter and walker groups.



All participants presented function stabilization in the majority of items after 12 months of observation. However, particular elements showed distinct changes. The highest improvement was observed in the tearing paper task (H). The increase in this function included up to 11 patients. Equally important items were shoulder abduction function with 500 g weight (P), where progression was seen in eight participants. The difference was also observed in the shoulder abduction function with 1 kg weight (Q) and shoulder flexion with 500 g weight (S), but only in the whole group and sitters. The only example of the task with marked deterioration rather than improvement was the shoulder flexion with 1 kg weight (T). This change affected three patients.




3.4. Correlation between Measured Parameters


Finally, the last analyzed issue was to check the relationship between the upper limb function, gross motor function, and physical impairments during the first and second examination as well as the relationship between the physical impairments themselves. Due to the relatively small walker group (n = 4), the correlation was not analyzed in this group. The results are presented in Table 5.



Both in the first and the second examination, a strong correlation was observed between the RULM total score and the HFMSE total score concerning all participants (first examination Rho = 0.927; second examination Rho = 0.929) and those in the sitter group (first examination Rho = 0.928; second examination Rho = 0.911). Furthermore, considering the RULM total score and structural parameters during the initial examination, it was seen that the total RULM score interacted with right-side cervical rotation (CR-R) and amounted to = 0.408. This change affected all patients and was not observed in the second test. According to the analysis of all patients in the second study, it was noted that the higher the value of the lower trunk rotation (SATR-L), the lower value of the RULM total score (Rho = −0.397). This was not observed for the sitter group. Additionally, it was seen that the shortening of one side (side length trunk difference) had a negative impact on the RULM total score in all participants (Rho = −0.571) and the sitter group (Rho = −0.487).



Subsequently, according to the analysis of the first part of the HFMSE scale, it was observed that the increase in the value of cervical rotation leads to higher improvement in the HFMSE part.1 score. This change is seen in all participants and concerns the right side in both examinations (Rho = 0.404; Rho = 0.415) and only the left side in the initial observation (Rho = 0.398). In addition, during the second examination, a strong negative correlation was noticed between the HFMSE part 1 score and the side length trunk difference in all patients (Rho = −6.676). Moreover, as a result of convergence between the HFMSE total score and the structural parameters, a strong relationship was seen with a side length trunk difference (Rho = −0.99 in all participants, Rho = −0.642 in the sitter group) during the second examination and a medium correlation was observed with CR-R in both examinations (Rho = 0.430; Rho = 0.417), and CR-L only in the initial observation (Rho = 0.416).



Furthermore, in comparison to the structural parameters in the first examination, it was seen that the greater the SATR-U and SATR-L, a greater side shortening was presented in all patients (Rho = 0.632; Rho = 0.590) and the sitter group (Rho = 0.573; Rho = 0.530). In contrast, in the second examination, it was demonstrated that with the decrease in CR-R, the side differences started to increase in all participants (Rho = −4.04). However, it is worth mentioning that the correlation was different for the side length difference and CR parameters during the first examination. The positive correlation was seen in comparison with the CR-R parameter (Rho = 0.276), and a negative relation was observed in the CR-L value (Rho = −0.314).





4. Discussion


The purpose of our 12-month follow-up was to assess the upper limb function in SMA patients and to verify its relationship with general motor function and the structural parameters. The examined patients were undergoing pharmacological treatment and came from a single ethnic and cultural area.



Our results showed that patients demonstrated greater improvement on the RULM scale (18 patients) than the HFMSE scale (13 patients), with an average of 1 point on each scale. The range of improvement was compatible with studies conducted on treated SMA2 and SMA3 patients, which were published by Coratti and Pane [22,23]. In both articles during the 12-month observation, the children improved by 1.59 points (Coratti) and 1.2 points in SMA2 and 0 points in SMA3 (Pane) on the RULM scale. In the case of the HFMSE, the increase was 1.9 points according to Coratti and 1.6 points in SMA2 and 0.9 points in SMA3 in Pane’s publication. However, only a few papers reported an improvement in the treated SMA patients, whereas the data were dominated by the deterioration ranging from 0.13 to as much as 3 points on the RULM scale and about 0.5 points on the HFMSE scale [9,11,24,25,26]. This is most likely due to the later initiation of treatment and the large deficits that have already occurred. More importantly, in the natural course of the disease, Coratti noted a deterioration of function in HFMSE by 0.54 points, while in the RULM it was by only 0.13 points, which may indicate a slower rate of loss function in the upper extremities [9]. Stępień et al. also observed that improvements in the patients’ motor function were associated with improvements in upper trunk muscle strength, which may confirm that improvements in the RULM scale apply to a larger group of patients and are more rapidly noticeable than in the HFMSE [4]. Our study also demonstrated that the HFMSE total score improved more than HFMSE part 1 score. This may be due to the fact that many of these children achieved a relatively high level of gross motor function and thus the improvement was not as probable as the improvement in more complicated tasks. Hence, it is worth mentioning that considering the HFMSE scale, three out of four patients in the walker group achieved the maximum result in the first part of the HFMSE scale, thus having no chance to improve this result after a 12-month observation. A similar situation was visible in the RULM scale, where two patients from the sitter group obtained the maximum baseline score.



On the other hand, these results differed from our previous publication, where an improvement of four points in the first part and a six point total score was shown at the 10-month follow-up [10]. However, that study also included young patients who were both diagnosed and received treatment relatively early, sometimes just after birth, and showed a surprisingly high improvement of nine and 13 points, which agreed with Pane’s assumption that patients show a significantly higher improvement in function in the first 12 months than at 24 [10,23]. Such an early diagnosis and treatment protected those children from both large-scale muscle loss and postural deformities. Nevertheless, for our group of patients, the time from the start of treatment was much longer than in these cases.



Correct function of the upper limbs could not develop until the muscles had adequate strength. Upper limb defects were developmentally smaller due to the higher density of innervation and the loss of smaller motor units without a loss of total function. In older children, entrenched structural abnormalities are very difficult if not impossible to reverse, hence the chance of improved function is less (even with strengthening muscles).



Another essential point of our study was the analysis of individual items of the RULM scale. The results demonstrate that the majority of patients showed stabilization of individual tasks, but some items such as paper tearing and shoulder abduction and flexion improved. Pera’s study on a group of untreated SMA patients showed that patients under the age of 5 years obtained improvements in most RULM parameters, except for tearing paper or shoulder abduction or flexion with weights, which just happened to show the greatest improvement in our patients [24]. This could perhaps be a result of the treatment and the overall strengthening of the muscles performing these activities. In addition, the difference was apparent in the improvement of patients in RULM items testing similar functions. Taking into account the function of shoulder abduction in the case of the “O” item, three patients improved, while in point “P” (shoulder abduction with 500 g weight) the improvement referred to eight patients. A similar relationship applied to the flexion function where two patients improved in the “R” item, and five in the “S” item with shoulder flexion with a 500 g weight. This is due to the fact that most patients maintained the previously achieved, simpler function (in this case “O” or “R”), achieving a new, more complex function “P” or “S”.



Finally, the last part of our study was the analysis of the correlation of upper limb function with functional assessment and structural parameters. The results demonstrated that the RULM had a strong convergence with the HFMSE scale (Rho > 0.900). This is consistent with Coratti’s publication, whose study showed a correlation of 0.730 in SMA2 patients and 0.787 in SMA3 patients [9]. The RULM and the HFMSE score were also related to structural parameters, which, however, is hard to compare with other publications, since to the best of our knowledge, no similar studies have been conducted to date. Our data showed that RULM had a positive correlation with cervical rotation during the first examination, which could be consistent with the Stępień study that showed a significant relationship between neck mobility and upper limb joint mobility [4]. The increase in upper limb contractures limited the range of neck rotation, which may imply a deterioration in hand function and thus global motor function, which could also confirm the positive correlation of CR with the HFMSE. SATR has also shown a negative relationship with the RULM score, which can also be related to the above publication, pointing out that children with greater thoracic deformity show lower muscle strength values. Additionally, we proved in our previous publication that SATR was negatively correlated with the HFMSE score. In this study, we observed older children in whom the structural changes did not progress as quickly as in younger children; also, some of them functioned relatively highly and therefore showed no improvement [4,10]. The structural parameter results also demonstrated that the shortening of one side (side trunk length difference) had a negative relationship with the RULM and the HFMSE total score. Moreover, the greater the shortening of one side, the greater the SATR and the smaller the CR. As can be seen, these parameters are closely related to each other, which is in line with the assumption of Stępień et al. The authors noted the relationship between the magnitude of scoliosis, and the severity of thoracic deformity and pelvic obliquity, which may suggest a progression in the shortening of the length of the side, leading to the deterioration of both upper limb function and overall functional assessment [4]. In our study, we also observed a difference between the correlation of the side length difference and the CR parameter. The Rho value for CR-R and the side length difference was 0.276, while there was a negative correlation of −0.314 for the CR-L parameter. This may be due to the fact that 23 of the 25 patients had the right dominant arm, which may have influenced this result.



These results show that the presence of structural parameters can impair fine and gross motor function. Therefore, it may represent a significant therapeutic target, which the scale score will not show directly. Therefore, it is important not only to evaluate how the individual scale items are performed, but also whether the lack of improvement in these items is due to worsening the structural parameters. It is also known that the treatment makes positive changes in the patient’s functional level and the recovery of muscle strength. Perhaps a 12-month follow-up is not sufficient time to regain certain motor functions, as they are not directly due to the strength alone, but also to neuromuscular coordination, which also confirms the need to conduct functional physiotherapy. It is worth noticing that all of the SMA patients in Poland are rehabilitated according to the standards based on the International Standards of Care Committee for Spinal Muscular Atrophy created by experts in 2007 and actualized in 2018 [27,28,29]. There is also evidence pointing to the therapeutic importance of exercises promoting functional enhancement [30]. Thus, it is also worth considering the importance of structural parameters in the implications for physiotherapy. It is also necessary to inform other specialists of the results of our research. Because SMA is a disease that requires multiple health care professionals, it is essential to promote interdisciplinary work [31].



Statistically significant correlations were sometimes present across the entire investigated group, but not for sitters only. It may be hypothesized that the walkers mainly influenced them, which in turn may be due to more harmonic development (less deficits, especially in the lower part of the body). In sitters, some developmental restrictions mainly present in the lower limbs may cause the lack of correlations of structural parameters with the total score in the RULM and the HFMSE, although the correlation between both scales used was still present.



The RULM scale does not take into account the child’s age, hence the deficit in a given function is not necessarily due to the disease, and the change may be due to maturation rather than a reversal of lesions. This is in line with Coratti’s research, which noted that the highest rate of decline was observed in patients aged between 10 and 14 [11]. This was also confirmed by Pera, who estimated the largest decrease between the ages of 5 and 14 [24]. Mazzone himself, the author of the scale, also highlighted the need to assess the impact of age, contractures, and gender on individual performance on this scale. The scale well captured the deterioration seen in the natural course of SMA, while it did not best show the change in children who achieved high scores due to treatment from the beginning.



Until now, before the introduction of treatment, there was no possibility of maintaining the children’s functional level. There was no rehabilitation plan, only a plan to maintain the status quo. Currently, we are in a transitional moment when the treatment started to be introduced, but each patient received the drug at a different point in time, and it is difficult to compare children who received the treatment after many years of illness with those who received it on the first day of life through screening tests. It is necessary to continue to observe the effect of treatment on the clinical pattern of the disease in order to adjust the appropriate rehabilitation.



Our study had some limitations. The study group was relatively small and quite heterogeneous. However, other researchers have also struggled with conducting analyses on equally small groups [4,32,33,34]. Nevertheless, it would be necessary to expand the group, especially the walker subgroup, which in our case only had four participants. Due to this, it could be helpful to extend the study to more research centers. Furthermore, future research should also consider assessing the impact of SMA on the psychological and social parameters. Moreover, it would be appropriate to extend the duration of follow-up for additional years, as this will allow us to assess whether the rate of functional recovery will be more noticeable after a longer period of time.




5. Conclusions


At the 12-month observation in patients with spinal muscular atrophy, the improvement in the upper limb were more pronounced than the overall improvement in motor function. In addition, the older patients, who were more stable, presented less incremental structural changes. Moreover, persistent structural changes negatively affected both the upper limb function and gross motor skills in this group of patients.







Author Contributions


Conceptualization, A.B., M.S., B.S. and E.G.; Methodology, A.B., M.S. and E.G.; Validation, A.B., M.S., B.S. and E.G.; Investigation, A.B. and E.G.; Data curation, A.B., M.S. and E.G.; Writing—original draft preparation, A.B.; Writing—review and editing, M.S., B.S. and E.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of the Poznan University of Medical Sciences Bioethical Committee (no. 1035/19).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent was obtained from all participants or their parents/legal caregivers.




Data Availability Statement


Not applicable.




Acknowledgments


We thank all of the patients and their families for participating in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Govoni, A.; Gagliardi, D.; Comi, G.P.; Corti, S. Time Is Motor Neuron: Therapeutic Window and Its Correlation with Pathogenetic Mechanisms in Spinal Muscular Atrophy. Mol. Neurobiol. 2018, 55, 6307–6318. [Google Scholar] [CrossRef]

	



Scoto, M.; Finkel, R.S.; Mercuri, E.; Muntoni, F. Therapeutic Approaches for Spinal Muscular Atrophy (SMA). Gene Ther. 2017, 24, 514–519. [Google Scholar] [CrossRef]

	



Finkel, R.S.; Mercuri, E.; Darras, B.T.; Connolly, A.M.; Kuntz, N.L.; Kirschner, J.; Chiriboga, C.A.; Saito, K.; Servais, L.; Tizzano, E.; et al. Nusinersen versus Sham Control in Infantile-Onset Spinal Muscular Atrophy. N. Engl. J. Med. 2017, 377, 1723–1732. [Google Scholar] [CrossRef]

	



Stępień, A.; Gajewska, E.; Rekowski, W. Motor Function of Children with SMA1 and SMA2 Depends on the Neck and Trunk Muscle Strength, Deformation of the Spine, and the Range of Motion in the Limb Joints. Int. J. Environ. Res. Public. Health 2021, 18, 9134. [Google Scholar] [CrossRef]

	



Fujak, A.; Kopschina, C.; Gras, F.; Forst, R.; Forst, J. Contractures of the Upper Extremities in Spinal Muscular Atrophy Type II. Descriptive Clinical Study with Retrospective Data Collection. Ortop. Traumatol. Rehabil. 2011, 13, 27–36. [Google Scholar] [CrossRef]

	



Mendell, J.R.; Al-Zaidy, S.; Shell, R.; Arnold, W.D.; Rodino-Klapac, L.R.; Prior, T.W.; Lowes, L.; Alfano, L.; Berry, K.; Church, K.; et al. Single-Dose Gene-Replacement Therapy for Spinal Muscular Atrophy. N. Engl. J. Med. 2017, 377, 1713–1722. [Google Scholar] [CrossRef]

	



Schorling, D.C.; Pechmann, A.; Kirschner, J. Advances in Treatment of Spinal Muscular Atrophy–New Phenotypes, New Challenges, New Implications for Care. J. Neuromuscul. Dis. 2020, 7, 1–13. [Google Scholar] [CrossRef]

	



Chen, T.-H. New and Developing Therapies in Spinal Muscular Atrophy: From Genotype to Phenotype to Treatment and Where Do We Stand? Int. J. Mol. Sci. 2020, 21, 3297. [Google Scholar] [CrossRef]

	



Coratti, G.; Pera, M.C.; Montes, J.; Pasternak, A.; Scoto, M.; Baranello, G.; Messina, S.; Dunaway Young, S.; Glanzman, A.M.; Duong, T.; et al. Different Trajectories in Upper Limb and Gross Motor Function in Spinal Muscular Atrophy. Muscle Nerve 2021, 64, 552–559. [Google Scholar] [CrossRef]

	



Bieniaszewska, A.; Sobieska, M.; Gajewska, E. Prospective Analysis of Functional and Structural Changes in Patients with Spinal Muscular Atrophy—A Pilot Study. Biomedicines 2022, 10, 3187. [Google Scholar] [CrossRef]

	



Coratti, G.; Carmela Pera, M.; Montes, J.; Scoto, M.; Pasternak, A.; Bovis, F.; Sframeli, M.; D’Amico, A.; Pane, M.; Albamonte, E.; et al. Revised Upper Limb Module in Type II and III Spinal Muscular Atrophy: 24-Month Changes. Neuromuscul. Disord. 2022, 32, 36–42. [Google Scholar] [CrossRef]

	



Mazzone, E.S.; Mayhew, A.; Montes, J.; Ramsey, D.; Fanelli, L.; Young, S.D.; Salazar, R.; De Sanctis, R.; Pasternak, A.; Glanzman, A.; et al. Revised Upper Limb Module for Spinal Muscular Atrophy: Development of a New Module. Muscle Nerve 2017, 55, 869–874. [Google Scholar] [CrossRef]

	



Main, M.; Kairon, H.; Mercuri, E.; Muntoni, F. The Hammersmith Functional Motor Scale for Children with Spinal Muscular Atrophy: A Scale to Test Ability and Monitor Progress in Children with Limited Ambulation. Eur. J. Paediatr. Neurol. 2003, 7, 155–159. [Google Scholar] [CrossRef] [PubMed]

	



O’Hagen, J.M.; Glanzman, A.M.; McDermott, M.P.; Ryan, P.A.; Flickinger, J.; Quigley, J.; Riley, S.; Sanborn, E.; Irvine, C.; Martens, W.B.; et al. An Expanded Version of the Hammersmith Functional Motor Scale for SMA II and III Patients. Neuromuscul. Disord. 2007, 17, 693–697. [Google Scholar] [CrossRef] [PubMed]

	



Mazzone, E.; Bianco, F.; Martinelli, D.; Glanzman, A.M.; Messina, S.; Sanctis, R.D.; Main, M.; Eagle, M.; Florence, J.; Krosschell, K.; et al. Assessing Upper Limb Function in Nonambulant SMA Patients: Development of a New Module. Neuromuscul. Disord. 2011, 21, 406–412. [Google Scholar] [CrossRef] [PubMed]

	



Sivo, S.; Mazzone, E.; Antonaci, L.; De Sanctis, R.; Fanelli, L.; Palermo, C.; Montes, J.; Pane, M.; Mercuri, E. Upper Limb Module in Non-Ambulant Patients with Spinal Muscular Atrophy: 12 Month Changes. Neuromuscul. Disord. 2015, 25, 212–215. [Google Scholar] [CrossRef]

	



Mercuri, E.; Messina, S.; Battini, R.; Berardinelli, A.; Boffi, P.; Bono, R.; Bruno, C.; Carboni, N.; Cini, C.; Colitto, F.; et al. Reliability of the Hammersmith Functional Motor Scale for Spinal Muscular Atrophy in a Multicentric Study. Neuromuscul. Disord. 2006, 16, 93–98. [Google Scholar] [CrossRef]

	



Stępień, A.; Jędrzejowska, M.; Guzek, K.; Rekowski, W.; Stępowska, J. Reliability of Four Tests to Assess Body Posture and the Range of Selected Movements in Individuals with Spinal Muscular Atrophy. BMC Musculoskelet. Disord. 2019, 20, 54. [Google Scholar] [CrossRef]

	



Patias, P.; Grivas, T.B.; Kaspiris, A.; Aggouris, C.; Drakoutos, E. A Review of the Trunk Surface Metrics Used as Scoliosis and Other Deformities Evaluation Indices. Scoliosis 2010, 5, 12. [Google Scholar] [CrossRef]

	



Włodarczyk, A.; Gajewska, E. Przegląd metod oceny funkcjonalnej analizujących motorykę małą i dużą u chorych z rdzeniowym zanikiem mięśni. Child Neurol. 2019, 28, 23–26. [Google Scholar] [CrossRef]

	



World Medical Association Declaration of Helsinki: Ethical Principles for Medical Research Involving Human Subjects. JAMA 2013, 310, 2191. [CrossRef] [PubMed]

	



Coratti, G.; Pane, M.; Lucibello, S.; Pera, M.C.; Pasternak, A.; Montes, J.; Sansone, V.A.; Duong, T.; Dunaway Young, S.; Messina, S.; et al. Age Related Treatment Effect in Type II Spinal Muscular Atrophy Pediatric Patients Treated with Nusinersen. Neuromuscul. Disord. 2021, 31, 596–602. [Google Scholar] [CrossRef] [PubMed]

	



Pane, M.; Coratti, G.; Pera, M.C.; Sansone, V.A.; Messina, S.; d’Amico, A.; Bruno, C.; Salmin, F.; Albamonte, E.; De Sanctis, R.; et al. Nusinersen Efficacy Data for 24-month in Type 2 and 3 Spinal Muscular Atrophy. Ann. Clin. Transl. Neurol. 2022, 9, 404–409. [Google Scholar] [CrossRef]

	



Pera, M.C.; Coratti, G.; Mazzone, E.S.; Montes, J.; Scoto, M.; De Sanctis, R.; Main, M.; Mayhew, A.; Muni Lofra, R.; Dunaway Young, S.; et al. Revised Upper Limb Module for Spinal Muscular Atrophy: 12 Month Changes: 12 Month Changes on RULM for SMA. Muscle Nerve 2019, 59, 426–430. [Google Scholar] [CrossRef] [PubMed]

	



Wolfe, A.; Scoto, M.; Milev, E.; Muni Lofra, R.; Abbott, L.; Wake, R.; Rohwer, A.; Main, M.; Baranello, G.; Mayhew, A.; et al. Longitudinal Changes in Respiratory and Upper Limb Function in a Pediatric Type III Spinal Muscular Atrophy Cohort after Loss of Ambulation. Muscle Nerve 2021, 64, 545–551. [Google Scholar] [CrossRef]

	



Mercuri, E.; Finkel, R.; Montes, J.; Mazzone, E.S.; Sormani, M.P.; Main, M.; Ramsey, D.; Mayhew, A.; Glanzman, A.M.; Dunaway, S.; et al. Patterns of Disease Progression in Type 2 and 3 SMA: Implications for Clinical Trials. Neuromuscul. Disord. 2016, 26, 126–131. [Google Scholar] [CrossRef]

	



Finkel, R.S.; Mercuri, E.; Meyer, O.H.; Simonds, A.K.; Schroth, M.K.; Graham, R.J.; Kirschner, J.; Iannaccone, S.T.; Crawford, T.O.; Woods, S.; et al. Diagnosis and Management of Spinal Muscular Atrophy: Part 2: Pulmonary and Acute Care; Medications, Supplements and Immunizations; Other Organ Systems; and Ethics. Neuromuscul. Disord. 2018, 28, 197–207. [Google Scholar] [CrossRef]

	



Wang, C.H.; Finkel, R.S.; Bertini, E.S.; Schroth, M.; Simonds, A.; Wong, B.; Aloysius, A. Consensus Statement for Standard of Care in Spinal Muscular Atrophy. J. Child Neurol. 2007, 22, 1027–1049. [Google Scholar] [CrossRef]

	



Mercuri, E.; Finkel, R.S.; Muntoni, F.; Wirth, B.; Montes, J.; Main, M.; Mazzone, E.S.; Vitale, M.; Snyder, B.; Quijano-Roy, S.; et al. Diagnosis and Management of Spinal Muscular Atrophy: Part 1: Recommendations for Diagnosis, Rehabilitation, Orthopedic and Nutritional Care. Neuromuscul. Disord. 2018, 28, 103–115. [Google Scholar] [CrossRef]

	



Piccoli, A.; Rossettini, G.; Cecchetto, S.; Viceconti, A.; Ristori, D.; Turolla, A.; Maselli, F.; Testa, M. Effect of Attentional Focus Instructions on Motor Learning and Performance of Patients with Central Nervous System and Musculoskeletal Disorders: A Systematic Review. J. Funct. Morphol. Kinesiol. 2018, 3, 40. [Google Scholar] [CrossRef]

	



Palese, A.; Ambrosi, E.; Stefani, F.; Zenere, B.A.; Saiani, L. The Activities/Tasks Performed by Health Care Aids in Hospital Settings: A Mixed-Methods Study. Assist. Inferm. Ric. 2019, 38, 6–14. [Google Scholar] [CrossRef] [PubMed]

	



Tscherter, A.; Rüsch, C.T.; Baumann, D.; Enzmann, C.; Hasselmann, O.; Jacquier, D.; Jung, H.H.; Kruijshaar, M.E.; Kuehni, C.E.; Neuwirth, C.; et al. Evaluation of Real-Life Outcome Data of Patients with Spinal Muscular Atrophy Treated with Nusinersen in Switzerland. Neuromuscul. Disord. 2022, 32, 399–409. [Google Scholar] [CrossRef]

	



Dunaway Young, S.; Montes, J.; Kramer, S.S.; Marra, J.; Salazar, R.; Cruz, R.; Chiriboga, C.A.; Garber, C.E.; De Vivo, D.C. Six-Minute Walk Test Is Reliable and Valid in Spinal Muscular Atrophy: 6MWT in SMA. Muscle Nerve 2016, 54, 836–842. [Google Scholar] [CrossRef]

	



Duong, T.; Wolford, C.; McDermott, M.P.; Macpherson, C.E.; Pasternak, A.; Glanzman, A.M.; Martens, W.B.; Kichula, E.; Darras, B.T.; De Vivo, D.C.; et al. Nusinersen Treatment in Adults with Spinal Muscular Atrophy. Neurol. Clin. Pract. 2021, 11, e317–e327. [Google Scholar] [CrossRef]








[image: Biomedicines 11 01005 g001 550] 





Figure 1. Flowchart with the applied methods and analysis. 
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Table 1. Study group characteristics.






Table 1. Study group characteristics.









	PARAMETERS
	PARTICIPANTS

n = 25





	Age (years):
	



	Median (Q25–Q75)
	8 (6–12)



	Age at the start of treatment (years):
	



	Median (Q25–Q75)
	5 (3–11)



	Sex:
	



	Female
	14



	Male
	11



	SMA type:
	



	SMA2:
	18:



	Sitter
	18



	SMA3:
	7:



	Sitter
	3



	Walker
	4



	SMN2 copy number:
	



	2 copies
	1



	3 copies
	19



	4 copies
	5



	therapy used:
	



	Nusinersen
	14



	Risdiplam
	11



	child’s functional level
	



	Sits unassisted
	6



	Rolls over
	6



	Crawls
	4



	Stands with assistance
	3



	Stands unassisted
	2



	Walks with assistance
	1



	Walks unassisted
	3



	rehabilitation intensity:
	



	1–3 times a week
	4



	4–6 times a week
	11



	Everyday
	10



	The duration between the start of treatment to the first examination (months):
	



	Median (Q25–Q75)
	23 (10–36)



	The duration between the diagnosis to the start of the treatment (months):
	



	Median (Q25–Q75)
	51 (28–95)



	Follow-up duration
	



	Median
	12 months
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Table 2. Results from the functional scales and structural parameters during the first and second examination.
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PARAMETER

	
ALL

n = 25

	
SITTER

n = 21

	
WALKER

n = 4




	
Me

	
Min–Max

	
Me

	
Min–Max

	
Min–Max






	
FIRST EXAMINATION




	
RULM total score

	
26

	
12–37

	
25

	
12–37

	
29–36




	
HFMSE part 1 score

	
24

	
3–40

	
21

	
3–37

	
24–40




	
HFMSE total score

	
26

	
5–63

	
23

	
5–45

	
26–63




	
CR-R

	
70

	
30–85

	
70

	
30–85

	
70–85




	
CR-L

	
80

	
40–90

	
75

	
40–90

	
70–90




	
SATR-U

	
5

	
0–10

	
5

	
0–10

	
0–5




	
SATR-L

	
5

	
0–15

	
5

	
0–15

	
0–5




	
Side length trunk difference

	
2.25

	
1–7

	
2.25

	
1–7

	
1–5




	
SECOND EXAMINATION




	
RULM total score

	
29

	
13–37

	
27

	
13–37

	
31–37




	
HFMSE part 1 score

	
26

	
5–40

	
20

	
5–45

	
26–40




	
HFMSE total score

	
28

	
6–66

	
23

	
6–46

	
28–66




	
CR-R

	
70

	
50–90

	
70

	
50–90

	
80–90




	
CR-L

	
80

	
40–90

	
80

	
40–90

	
70–90




	
SATR-U

	
5

	
0–15

	
5

	
0–15

	
0–5




	
SATR-L

	
5

	
0–10

	
5

	
0–10

	
0–10




	
Side length trunk difference

	
3

	
0–13

	
3

	
0–13

	
0–2








Abbreviations: RULM total score—Revised Upper Limb Module total score; HFMSE part 1 score—the result of the first part of Hammersmith Functional Motor Scale–Extended; HFMSE total score—the total result of Hammersmith Functional Motor Scale–Extended; CR-R—right cervical rotation; CR-L—left cervical rotation; SATR-U—upper trunk rotation angle; SATR-L—lower trunk rotation angle; Me—median; min–max—minimal and maximal value.
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Table 3. Changes in the RULM and the HFMSE scales after 12-months of observation in all of the studied children and in the functional subgroups (sitter, walker). Statistically significant difference is marked in bold.
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DIFFERENCE IN FUNCTIONAL SCALES BETWEEN EXAMINATIONS

	
ALL PARTICIPANTS

n = 25

	
SITTER

n = 21

	
WALKER

n = 4




	
RULM Total Score

	
HFMSE Part 1 Score

	
HFMSE Total Score

	
RULM Total Score

	
HFMSE Part 1 Score

	
HFMSE Total Score

	
RULM Total Score

	
HFMSE Part 1 Score

	
HFMSE Total Score






	
Improvement

	
18

	
11

	
13

	
14

	
10

	
11

	
4

	
1

	
2




	
Deterioration

	
9

	
9

	
11

	
5

	
9

	
9

	
0

	
0

	
2




	
No change

	
2

	
5

	
1

	
2

	
2

	
1

	
0

	
3

	
0




	
Median

Difference

	
1

	
0

	
1

	
1

	
0

	
1

	
1.5

	
0

	
0.5




	
Min–max

	
−4–5

	
−5–5

	
−6–7

	
−4–5

	
−5–5

	
−6–7

	
1–2

	
0–2

	
−1–3




	
Significance of the

Difference:

	
Z = 2.500

p = 0.01

	
Z = 0.224

p = 0.82

	
Z = 0.204

p = 0.84

	
Z = 1.835

p = 0.07

	
Z = 0.000

p = 1.00

	
Z = 0.224

p = 0.82

	
 

-

	
 

-

	
 

-








Abbreviations: RULM total score—Revised Upper Limb Module total score; HFMSE part 1 score—the result of the first part of Hammersmith Functional Motor Scale–Extended; HFMSE total score—the total result of Hammersmith Functional Motor Scale–Extended; median difference—difference between median in the first and second examination; min–max—minimal and maximal value; statistical significance p < 0.05.
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Table 4. Number of children with improvement, deterioration, or without change in individual RULM items (A, B–T). The most improved items are marked in bold.
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RULM ITEMS

	
ALL PARTICIPANTS

n = 25

	
SITTER

n = 21

	
WALKER

n = 4




	
IMPROVEMENT

	
DETERIORATION

	
NO CHANGE

	
IMPROVEMENT

	
DETERIORATION

	
NO CHANGE

	
IMPROVEMENT

	
DETERIORATION

	
NO CHANGE






	
A

	
3

	
3

	
19

	
3

	
3

	
15

	
0

	
0

	
4




	
B

	
0

	
1

	
24

	
0

	
1

	
20

	
0

	
0

	
4




	
C

	
2

	
0

	
23

	
1

	
0

	
20

	
1

	
0

	
3




	
D

	
0

	
0

	
25

	
0

	
0

	
21

	
0

	
0

	
4




	
E

	
0

	
2

	
23

	
0

	
2

	
19

	
0

	
0

	
4




	
F

	
1

	
2

	
22

	
1

	
2

	
18

	
0

	
0

	
4




	
G

	
2

	
0

	
23

	
2

	
0

	
19

	
0

	
0

	
4




	
H

	
11

	
2

	
12

	
8

	
2

	
11

	
3

	
0

	
1




	
I

	
1

	
0

	
24

	
0

	
0

	
21

	
1

	
0

	
3




	
J

	
1

	
0

	
24

	
1

	
0

	
21

	
0

	
0

	
4




	
K

	
0

	
0

	
25

	
0

	
0

	
21

	
0

	
0

	
4




	
L

	
1

	
0

	
24

	
1

	
0

	
21

	
0

	
0

	
4




	
M

	
1

	
0

	
24

	
1

	
0

	
20

	
0

	
0

	
4




	
N

	
0

	
0

	
25

	
0

	
0

	
21

	
0

	
0

	
4




	
O

	
3

	
2

	
20

	
3

	
2

	
16

	
0

	
0

	
4




	
P

	
8

	
2

	
15

	
7

	
2

	
12

	
1

	
0

	
3




	
Q

	
5

	
2

	
18

	
5

	
2

	
14

	
0

	
0

	
4




	
R

	
2

	
2

	
21

	
2

	
2

	
17

	
0

	
0

	
4




	
S

	
5

	
0

	
20

	
5

	
0

	
16

	
0

	
0

	
4




	
T

	
2

	
3

	
20

	
1

	
2

	
18

	
1

	
1

	
2
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Table 5. The relationship (Spearman’s test correlation) between the measured parameters. Statistically significant values (p < 0.05) are shown in bold.
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PARAMETERS

	
ALL

n = 25

	
SITTER

n = 21




	
Rho Value=






	
FIRST EXAMINATION




	
RULM total score

	
and

	
HFMSE part 1 score

	
0.928

	
0.930




	
RULM total score

	
and

	
HFMSE total score

	
0.927

	
0.928




	
RULM total score

	
and

	
CR−R

	
0.408

	
0.340




	
RULM total score

	
and

	
CR−L

	
0.391

	
0.317




	
RULM total score

	
and

	
SATR−U

	
−0.174

	
−0.265




	
RULM total score

	
and

	
SATR−L

	
−0.349

	
−0.388




	
RULM total score

	
and

	
Side length trunk difference

	
−0.152

	
−0.175




	
HFMSE part 1 score

	
and

	
CR−R

	
0.404

	
0.307




	
HFMSE part 1 score

	
and

	
CR−L

	
0.398

	
0.323




	
HFMSE part 1 score

	
and

	
SATR−U

	
−0.230

	
−0.294




	
HFMSE part 1 score

	
and

	
SATR−L

	
−0.320

	
−0.348




	
HFMSE part 1 score

	
and

	
Side length trunk difference

	
−0.351

	
−0.293




	
HFMSE total score

	
and

	
CR−R

	
0.430

	
0.357




	
HFMSE total score

	
and

	
CR−L

	
0.416

	
0.312




	
HFMSE total score

	
and

	
SATR−U

	
−0.261

	
−0.337




	
HFMSE total score

	
and

	
SATR−L

	
−0.337

	
−0.372




	
HFMSE total score

	
and

	
Side length trunk difference

	
−0.349

	
−0.291




	
CR−R

	
and

	
Side length trunk difference

	
0.276

	
0.184




	
CR−L

	
and

	
Side length trunk difference

	
−0.314

	
−0.249




	
SATR−U

	
and

	
Side length trunk difference

	
0.632

	
0.573




	
SATR−L

	
and

	
Side length trunk difference

	
0.590

	
0.530




	
SECOND EXAMINATION




	
RULM total score

	
and

	
HFMSE part 1 score

	
0.934

	
0.918




	
RULM total score

	
and

	
HFMSE total score

	
0.929

	
0.911




	
RULM total score

	
and

	
CR−R

	
0.379

	
0.150




	
RULM total score

	
and

	
CR−L

	
0.319

	
0.271




	
RULM total score

	
and

	
SATR−U

	
−0.239

	
−0.211




	
RULM total score

	
and

	
SATR−L

	
−0.397

	
−0.425




	
RULM total score

	
and

	
Side length trunk difference

	
−0.571

	
−0.478




	
HFMSE part 1 score

	
and

	
CR−R

	
0.415

	
0.221




	
HFMSE part 1 score

	
and

	
CR−L

	
0.373

	
0.290




	
HFMSE part 1 score

	
and

	
SATR−U

	
−0.318

	
−0.273




	
HFMSE part 1 score

	
and

	
SATR−L

	
0.337

	
−0.280




	
HFMSE part 1 score

	
and

	
Side length trunk difference

	
−0.676

	
−0.598




	
HFMSE total score

	
and

	
CR−R

	
0.417

	
0.213




	
HFMSE total score

	
and

	
CR−L

	
0.392

	
0.307




	
HFMSE total score

	
and

	
SATR−U

	
−0.332

	
−0.280




	
HFMSE total score

	
and

	
SATR−L

	
−0.370

	
−0.318




	
HFMSE total score

	
and

	
Side length trunk difference

	
−0.699

	
−0.642




	
CR−R

	
and

	
Side length trunk difference

	
−0.404

	
−0.243




	
CR−L

	
and

	
Side length trunk difference

	
−0.359

	
−0.339




	
SATR−U

	
and

	
Side length trunk difference

	
0.223

	
0.265




	
SATR−L

	
and

	
Side length trunk difference

	
0.329

	
0.396








Abbreviations: RULM total score—Revised Upper Limb Module total score; HFMSE part 1 score—the result of the first part of Hammersmith Functional Motor Scale–Extended; HFMSE total score—the total result of Hammersmith Functional Motor Scale–Extended; CR-R—right cervical rotation; CR-L—left cervical rotation; SATR-U—upper trunk rotation angle; SATR-L—lower trunk rotation angle.
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