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      Abstract


      Background


      Hereditary spastic paraplegia (HSP) is a group of neurodegenerative genetic disorders with clinical similarity to spastic diplegic Cerebral Palsy (CP). Multilevel surgery (MLS) is frequently used to treat the secondary musculoskeletal problems in patients with neuromuscular disorders.


      Research question


      The aim of this retrospective study was to assess the short- and medium-term effects of MLS using 3D gait analysis in children with HSP, if there are any parameters that can predict a good outcome and further a comparison with a group of children with spastic diplegic CP to assess if children with HSP should be treated differently.


      Methods


      The 3D gait kinematics, including calculation of the movement analysis profile (MAPS) per joint and the overall gait profile score (GPS), of 15 children with HSP were compared pre and with a mean of 11.6 ± 2 months (short-term follow-up) post-MLS. In 9 of the children, gait was additionally analysed 33.7 ± 9 months (medium term follow-up) post-MLS. These medium-term follow-up results were compared to the post-operative results of a group of 9 children with spastic diplegic CP who had also undergone MLS at a similar age.


      Results


      GPS, GPS in the sagittal and in the transverse plane, minimal and maximal hip rotation and angle of the hip and knee at initial contact improved at medium-term FU. There was no change in pelvic tilt and in maximum hip extension during stance. Largest decrease in GPS at medium-term was predicted by high pre-operative values of GPS and GPS in the sagittal plane, large angles of hip and knee flexion during stance phase and at initial contact. Only mean pelvic rotation was significantly higher post-MLS in children with CP.


      Conclusion


      MLS in children with HSP improved gait in short- and medium-term, and were comparable with the effects of MLS in CP.


      Background


      Hereditary spastic paraplegia (HSP) is a group of genetic disorders in which the neurons of the spinal cord are affected. In Europe, the prevalence is estimated to be 3 to 4 per 100 000 live births [1]. The main symptoms are spasticity and weakness of the lower limbs [1-3]. There is a very wide range of ages of onset, rate of progression and degree of disability. A differential diagnosis for HSP with early onset is cerebral palsy (CP), which is defined as an 'umbrella term covering a group of non-progressive, but often changing motor impairment syndromes secondary to lesions or anomalies of the brain arising in the early stages of its development' [4]. Prematurity and low birth weight are the highest risk factors for CP, although, recently, there is more and more evidence for genetic mechanisms also playing a role in the etiology of CP [5]. HSP is typically diagnosed when symptoms of spasticity and weakness in the lower limbs are present, when there is possible evidence of a family history and when risk factors leading to a clinical picture of CP are absent. Genetic testing is mandatory to confirm the hypothesis of HSP and more than 50% of the dominant inherited HSP are caused by mutations on the spastin 4 and spataxin gene. However, there is a wide range in genetic causes and besides X-linked of recessive forms exist [6]. In uncomplicated or pure forms of HSP, spasticity and weakness are limited to the lower extremities but sensory disturbances or urinary dysfunction can be present. In its complicated form, HSP presents with additional symptoms such as ataxia, dementia, seizures, cognitive impairment and peripheral neuropathy [6].


      Although the clinical pictures of HSP and CP may resemble each other in part, there are two major differences: 1) CP presents with a brain lesion explaining the clinical findings, whereas this is not the case for HSP and 2) HSP can be progressive while CP is a non-progressive neurological disorder. The spasticity, muscle weakness and sensory deficits lead to muscle shortening, gait deterioration and eventually to bony torsions and deformities, known as secondary impairments [7]. While many symptomatic treatment modalities exist and are known to be effective for children with CP, little is known about the effect of the same treatments in HSP [8]. Until now, there is no curative method for either HSP or CP and only symptomatic treatments are available. It has been demonstrated that intrathecal baclofen pumps and injections with botulinum toxin Type a decrease muscle spasticity and that multilevel surgery (MLS) can be used to treat the secondary deformities. MLS is defined as surgery that involves at least two or more soft-tissue or bony surgical procedures at two or more anatomical levels during one operative procedure, requiring only one hospital admission and one period of rehabilitation [9]. Good long-term effects of MLS on both gait and function in children with CP have been reported. Since gait disturbance is one of the first symptoms observed in HSP and CP, a 3 dimensional gait analysis (3 DGA) can be used to quantify gait deviations with spatiotemporal parameters, joint kinematics and kinetics, and electromyography [10]. A significant increase in maximum knee flexion, ankle dorsiflexion and in walking distance was found [11-13].


      Although the clinical symptoms of non-progressive HSP and bilateral spastic CP are often similar and lead to the same secondary orthopedic lower limb and gait problems, so far, to the author's knowledge, there are no studies available on the effect of MLS on the gait of patients with HSP.


      Therefore, the research questions of the current study were: (1) What are the effects of MLS on the gait pattern of children with HSP in short-and middle term follow-up? (2) Are there differences in outcome post-MLS in HSP children compared to children with bilateral spastic CP? (3) Is it possible to explore potential predictors for a good outcome after MLS in children with HSP.


      Methods


      A retrospective cohort study was performed at the University Hospitals of Leuven (UH Leuven).


      The database of clinical motion analysis laboratory (CMAL) at the University Hospitals of Leuven was used to retrospectively identify subjects to be included in this study when they: 1) Had a diagnosis of HSP, 2) Had had MLS at UH Leuven and 3) Had 3DGA pre- and at least once post-MLS. All available postoperative gait analyses were included provided no additional MLS took place after the initial MLS and the subject had not undergone a selective dorsal rhizotomy (SDR) during follow-up (FU). For this study, MLS was defined as one episode of surgery with at least two or more bony or soft-tissue procedures (botulinum toxin-A injections included) at two or more anatomical levels (hip, knee or ankle), followed by one period of rehabilitation [9]. Using static and dynamic evaluation, one of two experienced orthopaedic surgeons decided which procedures needed to be performed on every individual patient. Postoperative rehabilitation was guided by a team of physiotherapists at the UH Leuven. For those subjects with HSP who had a GA at medium-term follow-up, (more than 1.5 years post-operatively), a matched patient with bilateral spastic CP, who also had undergone MLS, was retrospectively selected from the same CMAL database. Matching was performed for age, Gross Motor Function Classification system (GMFCS) level and type of MLS.


      Evaluation of mobility using goniometry to define muscle contractures and bony deformities, spasticity by means modified Ashworth [14] and modified Tardieu [15] scales and muscle strength (manual muscle testing) and selectivity was performed. Those, and GAs were carried out by trained clinicians as part of standardized hospital care.


      During GA, subjects walked 10 meters along a walkway at a self-selected walking pace. The data were collected using a 16 camera VICON system, operating at 1000 Hz, with 15 reflective markers located at specific anatomical landmarks of the lower limbs, according to the lower limb Vicon Plugin Gait marker configuration (VICON, Oxford Metrics, Oxford, UK).


      GAs were divided into short- and medium-term FU visits. A first GA was performed about one year after surgery. For the patients with a longer follow-up, the most recent GA was selected. Gait analyses were processed with Vicon Nexus (version 1.8.5 for data that are collected after January 2007, version 1.5.2 for the data collected between November 2005 and December 2006 and using Vicon Workstation version 5.1, for data collected before November 2005).


      3D kinematic data were derived bilaterally for the pelvis, hip, knee, ankle and foot in the sagittal, coronal and transverse plane, bilaterally. Gait cycles were determined by indicating the events of initial contact and toe off using Nexus software (Vicon, Oxford Metrics Group, Oxford, UK). This was done for all the trials. An additional visual quality control, with a check for lack of marker visibility and/or obvious artefacts, of all kinematic data was performed in custom-made MATLAB software (Mathworks 1, Natick, MA, USA), prior to further data analysis.


      Primary outcome measure was the gait profile score (GPS), a summary statistic for the degree of gait deviation [16]. The GPS is the root mean square (RMS) difference between a set of Motion Analysis Profile (MAPs) from the child and from a database of typically developing (TD) children. The MAPs is the average RMS difference over the gait cycle at two percent intervals across the gait cycle, i.e. 51 points, between the child's kinematic curve and the average of the TD children database. In this study the overall GPS, as well as the GPS in the sagittal, coronal and transverse planes were calculated. All parameters were automatically extracted from the kinematic waveforms using custom-made MATLAB software (Mathworks 2017, Natick, MA, USA). Per subject, the value of each GA it parameter for each of three or more gait cycles were averaged.


      Secondary outcome parameters were a set of discrete parameters that were selected based on clinical relevance. These were extracted from the continuous waveforms, organized in gait cycles for kinematics and included mean pelvic tilt and rotation during the gait cycle, pelvic tilt, obliquity and rotation range of motion (ROM), maximum hip extension, maximum and minimum hip rotation, angle of the hip and knee at initial contact, timing and angle of maximum knee extension and flexion during stance and swing phase, respectively, knee flexion ROM and maximum ankle dorsiflexion during stance phase.


      To address the first research question on the effects of MLS on gait in HSP children, means were calculated per gait parameter preoperatively and at short and medium-term post-operatively. Due to the majority of parameters having a non-normal distribution, differences in kinematic parameters preoperatively and between the follow-up moments were analysed using a Wilcoxon signed-rank test. To address the second question on the differences in outcome between HSP and CP children, the pre-operative and the medium-term FU change values were compared between HSP and CP groups using Mann Whitney U-tests. To address the third research question on possible predictors for good outcome, the correlation between change in GPS pre-post and preoperative spatiotemporal and kinematic parameters and the post-operative gait parameters was explored using Spearman's correlation coefficients. SPSS statistics version 20.0 (SPSS Inc Chicago, USA) was used to perform the statistical analysis. To indicate the significance of all tests, an alpha level below 0.05 was used.


      Results


      One hundred and eleven patients with HSP were screened for eligibility and 15 patients were included (Figure 1). All 15 patients had gait analyses preoperative, with an average of 3.2 months (range 1-6 months) period prior to surgery and about 1 year after surgery, with an average interval of 11.6 ± 2 months between surgery and the gait analysis. In 9 subjects, GA was also performed at middle-term FU (on average at 33.7 ± 9 months post-surgery).


      Seven patients had Botulinum toxin A-treatments and 2 patients had an ITB-pump, more than 6 months before MLS. Three patients had minor further surgery during the follow-up period and 4 patients received Botulinum toxin A-injections, but this at least 6 months before their follow-up gait analysis.


      Nine patients with bilateral spastic CP who had undergone MLS, and who matched with the 9 HSP subjects with medium-term FU, were selected from the CMAL database. The characteristics of both groups can be found in (Table 1).


      What are the effects of MLS on the gait pattern of children with HSP at short-and medium-term follow up?


      Evolution of MAPS and GPS over time is shown in (Figure 2 and Figure 3) respectively. Overall GPS (p = 0.021) and GPS in the sagittal plane (p = 0.028) improved significantly at medium-term FU, compared to the pre-surgery condition. At short-term, MAPS improved significantly for knee flexion (p = 0.006) and foot progression (p = 0.027) but had significantly poorer outcome for hip abduction (p = 0.020). There was a significant further improvement in MAPS of ankle dorsiflexion (p = 0.008) and GPS in the sagittal plane (p = 0.038) between short- and medium-term FU.


      The means of overall gait and kinematic parameters are shown in (Table 2). Of the spatial-temporal parameters, cadence and walking velocity decreased significantly at short-term in the HSP group. However, at medium-term, these values returned to the starting values. Minimal and maximal hip rotation showed significant changes at short-term and these improvements remained stable over time. At medium-term FU, pelvic tilt ROM showed a further significant decrease compared to short-term FU. Maximum knee flexion during swing was significantly lower at short-term FU. ROM of pelvic tilt, ROM of pelvic obliquity, maximum knee extension during stance and the hip and knee angles at initial contact showed significant improvements in the short-term, but were no longer significant at medium-term FU.


      Are there differences in outcome post-MLS in HSP children compared to those with CP?


      The selected means of overall gait and kinematic parameters for the children with CP are shown in (Table 3). GPS significantly improved in the medium-term for children with CP. The comparison of pre-operative values is shown in (Table 4): Only pelvic rotation ROM (p = 0.022), maximal knee flexion during swing (p = 0.029), knee flexion ROM (p = 0.025) and the MAPS hip abduction (p = 0.041) were significantly lower for children with CP, compared to children with HSP.


      The comparison of change values pre vs. post-operatively at medium-term FU for the two groups are shown in (Table 5). Most postoperative changes in gait were similar for CP and HSP children; only mean pelvic rotation increased significantly more for children with CP at medium-term FU than for children with HSP.


      Are there possible predictors for a good outcome after MLS in children with HSP?


      Scatter plots of good (r ≥ 0.50) correlations between pre-operative parameters and change in GPS at short-term FU are shown in (Figure 4) and for medium-term FU in (Figure 5). The following pre-operative parameters correlated significantly with change in GPS compared to pre-operatively at short-term: Pelvic tilt ROM (r = 0.64, p = 0.011) and timing where maximum knee flexion occurred (r = 0.59, p = 0.020). The parameters that correlated with change in GPS at medium-term were maximal hip extension during stance (r = -0.91, p = 0.001), hip angle at initial contact (r = -0.83, p = 0.005), knee angle at initial contact (r = -0.83, p = 0.002), maximal knee extension during stance (r = -0.84, p = 0.005), knee flexion ROM (r = 0.71, p = 0.032), GPS in the sagittal plane (r = -0.78, p = 0.013), stride length (r = 0.76, p = 0.017), MAPS of hip flexion (r = -0.88, p = 0.002), MAPS for knee flexion (r = -0.76, p = 0.018), GPS (r = -0.76, p = 0.017).


      Discussion


      This retrospective cohort study examined the short-and middle-term effects of MLS on the gait of children with HSP and compared them to the effects of MLS on a matched group of children with bilateral spastic CP. Post-surgery, compared to the pre-surgery condition, an overall improvement of gait was found, demonstrated by a decline in GPS for overall score and in GPS in the sagittal plane. This improvement was three to four times the minimal clinically important difference, which is 1.6 degrees for GPS [17] and this was comparable to the improvement of children with CP.


      This is the first study to document the effect of MLS on the gait of children with HSP. As the pathology is rare and heterogeneous, the CMAL database included only a small sample size of 15 children with HSP. For the comparison between HSP and CP, at medium-term after surgery, only 9 patients could be compared. Hence, the results should be interpreted with caution. The design of this study is retrospective, therefore not every subject had a 3DGA at every or the exact same FU moments. Furthermore, while the group of CP patients was matched as good as possible for type of MLS, the group of CP patients received more soft tissue procedures than the HSP group. Also, there were some children in both groups that required other procedures, mostly botulinum toxin A-injections, during the follow up period. Furthermore, this study only gives us information about gait, not on gross motor function. Dequeker, et al. showed that the impact of MLS on CP children is more pronounced for functional mobility than for self-care [18].


      What are the effects of MLS on the gait pattern of children with HSP in short-and middle term follow up?


      A strong improvement of gait was documented after MLS. To fully interpret the results of surgery, we have to understand the natural evolution of children with HSP. Gait will deteriorate over time due to increasing weight and muscle spasticity [19] Van Campenhout, et al. previously found that patients with HSP presented with increased GPS, reduced walking speed and cadence and increased anterior pelvic tilt at follow-up [19].


      In children with HSP we observed a significant decrease in ROM (range of motion) for pelvic tilt at short-and middle term follow-up after MLS. Both groups were characterised by increased pelvic tilt. The averaged sagittal position of the pelvic tilt stayed more or less stable over time in the children with CP. Anterior pelvic tilt is a typical feature in children with HSP and CP (due to spastic hip flexors and weak hip extensors).


      Lamberts, et al. concluded from their systematic review as that the long-term effects after MLS in children with CP were decreased pelvic tilt position and ROM [8]. The other kinematic parameters that significantly improved post-operatively in most of the studies included: Knee ROM, angle of the knee at initial contact, knee extension in stance, mean hip rotation and angle of foot progression. Similarly, in the current study, the knees of children with HSP presented less flexion at initial contact in the short-term, indicating a better knee-extension post-operatively. Surprisingly, the current sample of children with HSP did not maintain the prolonged knee hyperextension during stance phase over time, that could differ their gait from the gait of CP children [5,6].


      Cadence and walking speed of the children with HSP in our study decreased significantly one year after MLS. However, these differences disappeared at middle-term FU and there was a trend towards increasing stride length and walking velocity. We hypothesized that middle-term outcome are better than short-term results in children with HSP because they need more time to reach plateau due to weakness which is often significant in children with HSP. In comparison to the children with HSP, the cadence and walking velocity of the children with CP significantly decreased at middle-term. Overall, we can conclude that gait improves following MLS.


      Are there differences in outcome post-MLS in HSP children compared to those with CP?


      One of the most frequently performed bony procedures as part of MLS is a femoral derotation osteotomy. Indeed, 6 children with HSP from the current study received this bony correction and another 5 children had a derotation together with a varisation of the proximal femur to improve hip coverage. Thereby, the internal and external rotation of the hip of children with HSP improved at short- and middle-term. The same effect was noticed in the CP group, where also 6 out of 9 children had a derotation and 1 patient had a derotation together with an extension osteotomy of the femur. Saglam, et al. studied this particular procedure as part of MLS in CP and found similar effects. They found the most prominent effects on the hip in the transverse plane and the angle of foot progression [20]. An important side note to this is that pelvic rotation ROM decreased, although not significant, for the current group of children with HSP, but increased for children with CP at middle-term FU. Decrease in pelvic rotation ROM is an expected outcome when these children have femoral derotation as part of their MLS. Post-operative internal hip rotation was identified as a predictor for residual pelvic rotation after MLS in a study by Chung, et al. [21].


      Although internal hip rotation decreased for both of the groups, it decreased more for children with HSP than those with CP, but this change was also found not to be significant. Likewise, in a study by Rutz, et al. it was shown that pelvic rotation for children with CP decreased in the short-term post MLS, but in contrary to the current study sample, it increased again in the middle-term to be even larger than pre-operatively [22].


      We can conclude that since the same principles are applied in surgical treatment for CP and HSP, including the concept of correction of the bony alignment, SMLs resulted in an equal improvement of gait in HSP and CP children.


      Are there possible predictors for a good outcome after MLS in children with HSP?


      Children with the highest overall GPS and GPS in the sagittal plane benefit the most from MLS, with largest improvement in GPS values at middle-term FU. Also for the hip, as well as for the knee joint, significant correlations were found. In clinical terms, for patients with severe preoperative pathology, we found the best postoperative improvement. Furthermore, the lower the knee flexion ROM pre-operatively (more severe stiff-knee pattern, possibly due to spasticity of the rectus femoris), the more GPS decreased at middle-term FU. All these results also suggest that patients who presented with increased flexion gait patterns in the hip and knee joint pre-operatively were likely to show more progress in their gait pattern post-MLS. Another pre-operative value that could influence the outcome is the age at which the children with HSP received MLS. This was the case in several previous studies on the possible predictors of outcome after MLS in children with CP. Švehlík, et al. found that children aged 10 to 12 years (and GMFCS level III) were the best responders to MLS at long-term FU [11]. In a different study by Švehlík, et al. it was stated that the older the child at the time of surgery, the better the long-term results [23]. In the current study, age of surgery showed no significant relation to post-operative GPS of the children with HSP at any follow-up moment. Likewise, GMFCS level also did also not relate to the long-term outcome of gait after MLS in a recent study by Dreher, et al. with a sample size of 231 children with CP and a follow-up period of 9-years [24].


      In conclusion, we observed an overall improvement of gait in children with HSP at short- and middle-term, which was more pronounce for children who presented with flexion gait pattern in the hip and knee joint pre-operatively. We also noticed that some of the improvements that were observed at short-term, such as pelvic tilt ROM, were not maintained until medium-term FU and even significantly worsened later on. To preserve the early improvements, a substantial part of the patients required additional surgeries or Botulinum toxin-A-injections. Age of surgery showed no crucial relation to the outcome of the children with HSP in our study and there are no essential differences found in outcome post-MLS between children with HSP and children with CP. Yet, but further research with larger sample sizes is required. We can cautiously concluded that MLS in children with HSP are not essentially different than the ones performed on children with CP. Naturally, every child needs to be treated individually, based on their individual 3DGA results, results of clinical examination and clinical interpretation.
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