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Abstract

:

Limb preservation with megaendoprosthesis in adolescents and young adults (AYA) with bone tumors is associated with functional limitations and gait abnormalities. The proGAIT trial evaluated the effectiveness of an exercise program on gait function and quality of life, functional scales (MSTS, TESS), functional mobility, and fatigue as secondary outcomes. Eleven AYA survivors of malignant osteosarcoma with a tumor endoprosthesis around the knee (mean age: 26.6 (±8.4) years) were randomized into an intervention group receiving an 8-week exercise program or into a control group. Gait function was assessed via 3D motion capture and analyzed using the Gait Profile Score (GPS) and the Gait Deviation Index (GDI). GDI and GPS scores of participants suggest deviations from a healthy reference group. The exercise intervention had small-to-medium positive effects on gait score GDI |d| = 0.50 (unaffected leg), |d| = 0.24 (affected leg), subjective functional scores TESS |d| = 0.74 and MSTS |d| = 0.49, and functional tests TUG and TUDS |d| = 0.61 and |d| = 0.52. None of these changes showed statistical significance. Promising intervention effects suggest that regular exercise could improve lower limb function and follow-up care for survivors; however, a powered RCT as a follow-up project needs to confirm the pilot findings.
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1. Introduction


The incidence of bone tumors is particularly high in adolescents and young adults (AYA) between 15 and 39 years of age [1]. Due to the development of new treatment methods, improved imaging techniques determining the disease extent, and improved surgical techniques, the overall survival of patients is above 60% [2,3,4]. These improved survival rates are bringing the focus on addressing psychological and physical long-term consequences and late effects, and underline the need of supportive concepts to ameliorate these negative effects. These approaches include behavior change interventions in the areas of adequate physical activity, healthy diet, smoking cessation, and alcohol consumption [5,6]. Previous research has shown that the quality of life is reduced in survivors of bone tumors, and the prevalence of somatic disease and psychological problems is high in comparison to matched comparison groups [7,8]. Modular megaendoprostheses have become a gold standard in the reconstruction of osteoarticular defects following tumor resections, while amputation can be avoided in the majority of patients [9]. Limb salvage has both functional and psychological benefits compared to amputation of the affected limb. However, studies suggest that former bone tumor patients have specific gait and functional limitations [10]. These also affect the quality of life of this patient cohort and their participation in daily, social, and professional life, and sports [11,12,13]. The most frequently reported limitations are regular pain, difficulties in participation in sports and other everyday life activities [14]. Initial interventions indicate positive effects of rehabilitative and exercise programs on the postural control and walk ratio of patients with bone or soft tissue sarcomas [15]. In addition, high evidence levels indicate that exercise is beneficial for cancer patients and survivors in general to reduce fatigue, anxiety and depression, and increase physical performance, quality of life, and bone health [16,17]. The group of adolescent and young adult bone tumor survivors and the effects of exercise in this cohort have only been studied in very few trials. Winter et al. [18] evaluated an individualized exercise program and found that it was feasible, safe, and tended to be beneficial to increase physical activity levels. The lack of data on bone tumor patients contrasts with the high need and burden of this group. It is well known that young adults in the process of structuring their private and educational life have a very special need for supportive services [19]. Limited mobility in everyday life, and the presence of late effects, can severely limit sports participation and participation in social life [11]. However, standardized methods to monitor patients during follow-up, to analyze their gait pattern, and to evaluate the effectiveness of appropriate exercise programs have not yet been established. The main objective of this randomized controlled pilot trial was to investigate the effects of an individualized 8-week exercise program on gait function in adolescents and young adults (AYA) with megaendoprosthesis of the lower extremities in their follow-up care.




2. Materials and Methods


2.1. Design


The inclusion criteria were: (1) a confirmed lower extremity bone tumor (osteosarcoma, Ewing sarcoma, chondrosarcoma), (2) had follow-up care at the University Hospital Essen, (3) aged between 15 and 45 years, and (4) had implantation surgery at least 12 months prior to the baseline assessment. Exclusion criteria were medical conditions that preclude participation in the testing and/or the intervention. The inclusion age range was extended over typical AYA definition to allow for an expanded pool of potential participants. The study population characteristics are summarized in Table 1. Written informed consent was required to participate in the study and the local Ethics Committee of the Faculty of Sport Science at Ruhr University Bochum approved this study (reference number EKS V 04/2021). Recruitment was performed in the period 1 August–16 October 2021 by contacting former patients with megaendoprosthesis of the lower extremity.



The proGAIT study (NCT04963517) was a randomized controlled trial (RCT). Randomization was carried out via minimization using the software minimPy version 2.0 by Dr. M. Saghaei [20]. Factors in the randomized allocation process were participants’ resection length of the affected limb and participants’ age. Both factors had two levels. The shortest reconstruction lengths were 100 mm or 120 mm for the distal femur and 115 mm or 135 mm for the proximal tibia. All longer resections were reconstructed using extension sleeves in a modular implant design. Sleeves were available in 30 mm, 40 mm, 60 mm, 80 mm, and 100 mm. Combinations were also used. Based on this, a classification between the shortest possible (<140mm) and longer (≥140mm) resections/reconstructions for both localizations (distal femur, proximal tibia) was chosen. Different levels of age were classified with <30 years and ≥30 years. Participants were allocated to the study groups directly after their baseline visit.




2.2. Study Population and Surgery


All patients included in this study were reconstructed using a linked knee megaendoprosthesis (implantcast GmbH, Buxtehude, Germany, MUTARS system) following bone tumor resections of the distal femur or proximal tibia. Oncological tumor resections, disregarding the tumor site, aimed at the complete removal of the tumor that was surrounded by a healthy soft tissue margin, thus, in distal femur tumors that entailed the detachment and partial loss of the vastus medialis, vastus lateralis, vastus intermedius and adductor muscles. Both venters of the gastrocnemius muscle were severed close to their insertion in the distal femur. The patella and insertion of the patella tendon at the tuberosity of the tibia were retained. While the femoral insertion of both venters of the gastrocnemius muscle remained intact in proximal tibia resections, the patella ligament was detached from its insertion at the tibial tuberosity. The following muscles inserted at the proximal tibia were severed, leaving a margin of healthy muscle around the tumor: tibialis anterior, extensor digitorum and hallucis longus, soleus, tibialis posterior, flexor digitorum, and hallucis longus. An attachment tube covering the implant body of the proximal tibia megaendoprosthesis was used for the refixation of the patella ligament. Additionally, to improve the soft tissue coverage of the implant, patients were reconstructed using a local gastrocnemius flap.



However, since both the distal femur and proximal tibia resections were osteoarticular resections around the knee, they shared common characteristics as well: both cruciate and collateral ligaments needed to be severed, necessitating a reconstruction using a linked megaendoprosthesis. As a result, the long-term flexion of the knee joint was limited to 90° due to the metal-on-metal rotating-hinge coupling piece used in this patient collective.



Early rehabilitation included a period of six weeks with the partial weight bearing of 20 kg after the cementless implantation of megaendoprostheses of either site. However, while the knee joint flexion was increased by 30° each week immediately after distal femur resection, the refixation of the patella tendon and gastrocnemius flap on the attachment tube led to a four-week immobilization period of the knee joint using an extension brace. Thus, flexion was only increased by 30°, starting in week five after the surgery. Patients after proximal tibia replacement also commonly suffer from a weakness of dorsiflexion of the foot, which is supported by an ankle foot orthosis for several months after the operation until active dorsiflexion recovers. After the completion of adjuvant chemotherapy, all patients are eligible for a three-to-four-week inpatient rehabilitation program to recover socially, psychologically, and physically.



To control for different functional abilities and requirements during early rehabilitation after distal femur and proximal tibia resection, this study recruited patients only if their surgery was performed at least 12 months prior to the baseline evaluation. By that time, rehabilitation no longer needs to be site-specific, and varying site-specific early functional impairments had usually recovered. In addition, no spontaneous improvement without training was expected after 12 months [21].




2.3. Intervention


The intervention group (IG) received a personalized 8-week training consisting of exercises focusing on strength, coordination, balance, and mobility of the lower extremities to improve gait function according to the intervention schedule. In detail, the training sessions mainly involved strength exercises for leg extensor and flexor muscles as well as muscle groups responsible for leg add- and abduction. Another training aspect focused on proprioceptive training of the lower extremities and trunk stabilizers through balance training in different variations. All exercises were designed to be carried out with the participants’ own individual bodyweight and minimal equipment expenses. Training sessions were supervised via the Zoom conference tool (Zoom Video Communications Inc., San Jose, CA, USA). The long-term aim was to encourage participants to engage in independent exercise, so the supervised session frequency for the IG decreased during the course of the study. Participants exercised twice a week for eight weeks overall. They received two supervised sessions per week in week 1 and 2. In week 3, 4, and 5, they received one supervised session per week and trained unsupervised a second time. This was followed by a period of unsupervised exercise in week 6 and 7. In the last week of the intervention, participants received 2 supervised sessions (intensification phase). Additionally, participants in the IG received a brochure with sport and exercise recommendations for their independent exercise. The control group only received a booklet with general information about physical activity and cancer, but no specific intervention recommendations for patients with endoprosthesis. They were also not encouraged to change their current physical activity behavior during the eight-week study period.




2.4. Assessments


To measure the effect of the intervention, all endpoints were assessed at baseline (before the randomization, T0) and after the 8-week intervention/control period (T1 at both appointments (baseline and post-intervention); the assessments were conducted in a standardized order. At first, participants filled in the questionnaires for the subjective rating of physical function, quality of life, and fatigue. For subjective physical function, we used the Musculoskeletal Tumor Society Score (MSTS) and the Toronto Extremity Salvage Score (TESS), which have widely been used for patients with lower extremity musculoskeletal sarcomas [22]. The MSTS scoring system was developed by Enneking et al. [23] and the lower extremity version assesses pain, function, emotional, support, walking, and gait problems on a 0–5 point scale (maximum overall score 30 points). The TESS [24] version for lower extremity sarcomas contains 30 questions to assess physical function in daily activities such as working, dressing, and mobility. Questions are rated on a 1–5 point scale and the total score is calculated as the percentage of the maximum score (leading to a total maximum score of 100 points). Quality of life was assessed with the EORTC QLQ-C30 questionnaire, developed by the European Organization for Research and Treatment of Cancer. It contains 30 questions in subscales (functional score and symptom score) and single items. All subscales and the individual items have a score range from 0 to 100 points. A higher score represents better function and a higher quality of life. However, in the symptom’s subscale, a higher score represents a higher level of symptoms or problems. The EORTC QLQ-FA12 questionnaire was used to evaluate fatigue in the cohort. The EORTC questionnaires are commonly used in cancer patients, including sarcoma patients with lower extremity tumors [25,26]. Participants under the age of 18 years used the Pediatric Quality of Life Inventory (PedsQL) cancer and fatigue modules instead of the EORTC, which have been shown to be valid and reliable in this population [27]. Gait analysis is the most frequently used single physical performance test for bone tumor patients [28]. This was then conducted with a Vicon camera system including 8 cameras recording at 120 Hz at different projections along a runway to record marker positions in a three-dimensional space (Vicon Vantage V5, Oxford, UK). The Conventional Gait Model 2.3 (CGM 2.3) for the lower body, which is also integrated in the Vicon Nexus software, was used to calculate the kinematics of the segments and joints of the lower body of the participants. Each patient walked along a runway (15 m) 5 times in a self-selected walking speed. Five complete gait cycles for the left and right side were selected for further data processing. Gait cycles for each side were defined as the period between the touchdowns of the same foot. The touchdown was defined as the instant when the heel marker reaches the lowest value on the vertical z-coordinate. To assure the greatest possible comparability and minimum variation of intraindividual gait data due to different marker placements at baseline and follow-up measurements, participants’ lower body marker locations were marked after gait analysis with a permanent skin marker. Every participant received a skin marker and was asked to redraw marker locations in case of fading.



After gait analysis, the patients proceeded to the physiological function assessment, which consisted of two functional tests and a knee joint range-of-motion assessment via manual goniometry to assess maximal active and passive knee flexions and extensions. Under consideration of the systematic review by Söntgerath et al. [28] the “timed up and go” test and the “timed up and downstairs” test were conducted. During the “timed up and go”, the participants needed to stand up from a chair, walk a distance of 3 m, return, and sit down again. During the “timed up and downstairs”, participants walked up and down 14 flights of stairs as fast as possible. The endpoint of both tests was the time the participants required to fulfill the task.




2.5. Data Analysis and Statistics


To evaluate and analyze the data from the 3D gait analysis in a clinical context, recent studies proposed different indices of overall gait pathology to merge the complex information contained in these highly interdependent 3D data into a single measure [29]. Belonging to the most commonly used gait indices, the Gait Profile Score (GPS) by Baker et al. [29] and the Gait Deviation Index (GDI) by Schwartz and Rozumalski [30] were the two indices used to analyze 3D data in this study. For the calculation of the GPS and GDI scores, the GDI-GPS-Calculator Version3.2 by Richard Baker was used. The different segment angles from the collected gait cycles were normalized over the gait cycle and extracted in 2% increments. For further calculation, gait cycles for each side were averaged. In the study, reference group gait data from healthy subjects (n = 13) in the same age range as the AYA participants were gathered and implemented into the GDI-GPS-Calculator Version 3.2; this was used as the reference dataset to provide valid values using the exact same method, researcher, and biomechanical lab. Four of the 13 healthy subjects were male, nine were female, and the age of the healthy reference group ranged from 22 to 39 years. Further data analysis was carried out using Python data analysis tools (Biomechanical ToolKit, Pandas, NumPy, SciPy, Matplotlib, Seaborn). The differences in the scores of the GPS and GDI between measurements (delta changes) were investigated for differences between CG and IG via an independent t-test followed by a calculation of the effect size expressed in Cohen’s d. All changes in patient-reported outcomes as well as the physiological function outcomes between measurements (delta changes) were also compared via an independent t-test, and Cohen’s d was calculated. The significance level for all statistical tests was determined as α = 0.05.





3. Results


3.1. Patient Characteristics


Eleven participants with lower extremity osteosarcoma around the knee and endoprosthesis, aged between 15 and 41 years, and had implantation surgery at least 12 months before inclusion participated in this RCT. Six participants were allocated to the IG, whereas 5 participants were allocated to the CG (Table 1). No adverse events occurred during gait analysis and the physical performance assessment or during the intervention.




3.2. Gait Function at Baseline and Change during the Intervention


Gait analysis at baseline revealed that the gait of every participant deviated from a healthy reference group. Deviations were particularly larger in the affected leg than the unaffected leg. This can be seen in individual GDI, GPS, and GVS, as well as the averaged gait curves of all assessed gait variables from all participants throughout the entire gait cycle (see Figure 1). Larger deviations were noticed in the pelvis up/down, hip adduction/abduction, as well as the hip internal/external rotation variables. Furthermore, there were obvious deviations in the knee flexion/extension variable of the affected leg during the first half of the gait cycle in all participants. Summarizing the results of the intervention, Table 2 shows an overview of the relevant descriptive statistical parameters of all assessed outcome measures (gait scores, patient-reported outcomes, and physiological function assessment).



Delta changes between CG and IG were not significant in all assessed gait scores (see Figure 2). Absolute d-values range between |d| = 0.11 (GPS (overall), small effect) and |d| = 0.50 (GDI (unaffected leg), medium effect). Additionally, a larger effect could be identified in the GPS (unaffected leg) variable (|d| = 0.29) compared to the GPS (affected leg) variable (|d| = 0.19).




3.3. TESS and MSTS


Effect sizes ranged from small to large in patient-reported functional outcomes (TESS: |d| = 0.74; MSTS: |d| = 0.49). Delta changes in the patient-reported outcomes did not differ significantly in the comparison between IG and CG (see Figure 3).




3.4. Physical Function


Effect size for physiological function assessment measures (TUG, TUDS) were medium (TUG: |d| = 0.61; TUDS: |d| = 0.52). Delta changes did not differ significantly (see Figure 4).




3.5. Quality of Life and Fatigue


Delta changes in outcomes regarding quality of life showed no significant differences, but small to large effect sizes (Quality of Life (QoL): |d| = 0.06; functional score: |d| = 0.26; symptom score: |d| = 0.37; fatigue score: |d| = 0.85).





4. Discussion


The objective kinematic parameters show deviations in the participants’ gait data from healthy control group kinematics and appear on both the affected and unaffected side. This phenomenon seems reasonable because of the necessary interactions between both legs in the gait cycle. Those deviations are comparable to findings of Kim et al. [31], who investigated lower limb joint kinematics of former patients with distal femur and proximal tibia reconstructions. Larger deviations in the pelvic up-and-down motion most likely derive from leg length discrepancies between the affected and unaffected legs. Participants in the proGAIT study had leg length discrepancies ranging from 1.6 to 83.2 mm. These differences are normally compensated through orthopedic devices in the everyday life of participants. Especially in cases with increased LLD (>30 mm), participants usually wear a shoe raise on the affected side. Gait analysis was carried out without compensating footwear to minimize external influences and ensure comparability with the control group data, which were also gathered in barefoot trials. A future option would be a gait analysis involving compensating footwear for participants with increased LLD to allow a detailed look into other potential causes for gait abnormalities.



In addition, larger deviations from healthy gait seem to appear, especially in the knee flexion/extension of the participants’ affected legs during the first half (stance phase to toe-off) of the gait cycle. After the phase of touchdown, the affected knee is nearly fully extended or even overextended in most participants. Compared to knee data from a healthy reference group, which show an initial flexion to about 20–30° after touchdown, this seems to be the most remarkable deviation in participants with endoprosthesis around the knee, which is also mentioned in a paper by Kim et al. [31]. A previous study by Rompen et al. [32] also describes this type of deviation. Some participants of the proGAIT study reported a feeling of instability in the knee when it is slightly bent, so full extension or overextension seems to be a way to compensate for this problem for most of the participants. A possible origin of hyperextension may be the lack of stabilization by the two gastrocnemius muscles, which are always disconnected in distal femoral replacements and at least unilaterally in proximal tibial replacements. The results of a study by Pesenti et al. [10] also suggest that overextension is typical in this cohort. After the touchdown of the affected leg, the quadriceps muscle-tendon units work eccentrically to absorb energy and to decelerate knee flexion. In case of quadriceps weakness or dysfunction after tumor surgery, this is compensated by the hip extensors which then help to bring the lower limb into a more extended position to passively stabilize the knee joint. Thus, hip flexion and extension also deviate in survivors of osteosarcoma with knee tumor endoprosthesis reconstruction compared to a healthy control group. The affected leg especially seems to be more extended at the hip joint throughout the entire gait cycle compared to healthy participants (see Figure 1). Furthermore, proGAIT data show reduced dorsiflexion in the ankle joint compared to the healthy reference group. These deviations seem to appear primarily in the stance phase of the affected leg. Kim et al. [31] hypothesized that this might be due to calf muscle activity stabilizing the tibia to compensate for the above-mentioned quadriceps weakness, and therefore, reduced knee stability. Furthermore, larger deviations can be seen in hip adduction and abduction, and hip internal and external rotation. It remains unclear from where these deviations derive. A meaningful interpretation of outcomes can only be made under the consideration of the gait assessment method, and especially the gait model which was used. The CGM 2.3 still lacks the ability to measure hip rotation and foot progression during dynamic trials with the help of medial markers at the knee and the malleoli, which are used only for the calibration trial. Thus, these results still need to be interpreted with caution.



The results presented in this study indicate positive effects of the intervention in all assessed gait scores, even though the delta differences between groups were statistically not significant (see Figure 2). Larger effects seem to occur in GDI and GPS of patients’ unaffected legs. Due to long periods of physical inactivity [33] and the load restrictions of the affected leg before and after tumor surgery, it can be hypothesized that muscles, and potentially tendon and ligament structures in the unaffected limb, obtain a better trainability, and thus, respond better to an exercise intervention. Medium-to-large positive effects of the intervention can also be seen in patient-reported outcomes, TESS and MSTS (see Figure 3). The review of Kask et al. [22] summarized studies that examined functional outcomes in patients with lower-extremity soft tissue sarcomas and bone sarcomas, and calculated a mean overall TESS score of 86.7, which corresponds to the baseline TESS scores of the proGAIT cohort (CG: 86.0; IG: 87.0). The post-intervention TESS score in the IG group increased to 90.0, which is higher than in previous studies with lower extremity tumor patients [34,35], and indicates a comparably good function.



The objective functional results of the TUG and TUDS also improved in favor of the intervention group (see Figure 4), though these were also not statistically significant. However, an improved functional mobility in daily live facilitates everyday tasks, positively correlates with quality of life [13], and probably also influences physical activity behavior. For most outcomes, both groups showed improvements after the study period of 8 weeks. The IG, however, showed a decline in outcomes in the symptom and fatigue scale. Although in contrast with the general evidence regarding the effectiveness of exercise to reduce fatigue in cancer patients [16], for some patients, the transition to strenuous exercise may have resulted in an increased workload that was unfamiliar and also fatiguing for them. It can also be hypothesized that the duration of the intervention was too short, and that the results would be different if the supervision was in person and not via an online platform. It should be clear that an exercise intervention for this patient group should be well balanced and individually adjusted to avoid excessive physical load, especially on structures affected by former tumor resection surgery. Furthermore, previous chemotherapy treatment and corresponding late effects should be considered in the exercise planning. Improvements in the above-mentioned outcomes in both study groups are probably a result of the contamination of the CG. This is a well-known problem in exercise oncology studies, as described by Steins Bisschop et al. [36]. The CG received a booklet with general information about physical activity and cancer prior to the intervention period. Participation in gait analysis seemed to create awareness of the issue and potentially motivated participants to increase their physical activity and lower limb function.



The systematic review by Wilson et al. [37] did not identify any studies involving an exercise intervention in combination with an objective gait assessment in this context, although improvement in lower limb function, and thus, quality of life, is becoming an increasing issue for this patient group. A long-term prospective study by Egmond-van-Dam et al. [38] with former bone tumor patients investigated long-term functional outcomes, focusing on the knee joint. They found no significant changes in functional outcome measures between 2 and 7 years after surgery. It, therefore, seems appropriate to test the effectiveness of an intervention that starts earlier.



The proGAIT study has several limitations. The overall sample size is small, so that even in the case of medium-to-large effect sizes, no statistical significance could be detected. Furthermore, the gait assessment time from surgery was different between participants and might be a reason for the varying effects of the exercise intervention in different participants. It could not be guaranteed that the markers were placed in exactly the same place before and after the intervention. However, intensive palpation seemed to have led to the correct placement. Some differences between IG and CG characteristics were noted that seem be present as a result of the small sample size. In the IG, half of participants had a history of proximal tibia tumor versus 20% in the CG. IG participants were younger at surgery, had a longer follow-up period since surgery, and had larger leg lengths discrepancies. However, since all intervention effects were calculated as the change to baseline, these clinical differences seem to be negligible in terms of outcomes. Another limitation regarding gait analysis and comparability with the above-mentioned studies is the lack of kinetic outcomes in gait analysis. This would have been an option to gain a more detailed look into typical gait deviations in the investigated group of former cancer patients.




5. Conclusions


The exploratory proGAIT randomized controlled trial shows promising positive effects—however, without statistical significance—of an 8-week exercise intervention on lower limb gait function in former patients with tumor endoprostheses around the knee. Additional powered clinical trials with larger samples sizes are needed to confirm these preliminary results. In a subsequent study, further questions need to be addressed, such as the ideal time after surgery to start the supervised gait exercise program, the most effective exercises in the program, and the preferred intensity and duration. Nonetheless, it should be noticed that exercise has already been shown to be beneficial for several groups of cancer patients and survivors, and existing guidelines in pediatric and adult oncology provide feasible and safe concepts to improve the mobility and physical performance and reduce symptoms [16,39,40]. Therefore, in addition to the required confirmatory studies, there is a particular need for the development of implementation approaches, such as the partially supervised online training from proGAIT. The long-term goal is to implement effective exercise concepts as the standard care for AYA survivors with a tumor endoprosthesis and survivors with other consequences of cancer treatment.
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Figure 1. Averaged segment and joint angles throughout the entire gait cycle of all participants at baseline. Unaffected (red) and affected (blue) side of participants with endoprosthesis and a healthy reference group (green) showing the mean and SD (light color area). Healthy reference goup: n = 13, 4 male, 9 female, 22–39 years without tumor megaendoprosthesis. 
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Figure 2. The Gait Deviation Index (GDI) and Gait Profile Score (GPS) of the control group at T0 (CG T0, light blue) and T1 (CG T1, dark blue) as well the intervention group at T0 (IG T0, light green) and T1 (IG T1, dark green). Box-whisker plot shows quartiles, mean (°), and outliers (⬧); statistical annotations show significance (ns = not significant) and effect size (absolute Cohen’s d); comparison of delta changes via independent t-test, α = 0.05. 
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Figure 3. Patient-reported outcomes (Toronto Extremity Salvage Score (TESS); Musculoskeletal Society Score (MSTS); Quality of Life assessment—Function, Symptom, and Fatigue scores) of the control group at T0 (CG T0, light blue) and T1 (CG T1, dark blue) as well as the intervention group at T0 (IG T0, light green) and T1 (IG T1, dark green). Box-whisker plot showing quartiles, mean (°), and outliers (⬧); statistical annotations showing significance (ns = not significant) and effect size (absolute Cohen’s d); comparison delta changes via independent t-test, α = 0.05. 
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Figure 4. Timed up and go (TUG) and timed up and downstairs (TUDS) outcomes of the control group at T0 (CG T0, light blue) and T1 (CG T1, dark blue) as well as the intervention group at T0 (IG T0, light green) and T1 (IG T1, dark blue). Box-whisker plot showing quartiles, mean (°), and outliers (⬧); statistical annotations showing significance (ns = not significant) and effect size (absolute Cohen’s d); comparison of delta changes via independent t-test, α = 0.05. 
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Table 1. Demographic characteristics of the study population at baseline.
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IG

	

	

	
CG

	




	
Characteristic

	
Mean

	
SD

	
Range

	
Mean

	
SD

	
Range






	
Number of patients

	
6

	
-

	
-

	
5

	
-

	
-




	
Male/female

	
3/3

	
-

	
-

	
3/2

	
-

	
-




	
Tumor location

	

	

	

	

	

	




	
(Proximal tibia/distal femur)

	
3/3

	
-

	
-

	
1/4

	
-

	
-




	
Age at gait analysis (years)

	
26.3

	
8.0

	
15–34

	
27.0

	
9.8

	
17–41




	
Age at surgery (years)

	
19.8

	
7.5

	
12–31

	
24.0

	
11.2

	
10–39




	
Follow-up (years)

	
6.5

	
6.1

	
1–16

	
3.0

	
2.3

	
1–7




	
Weight (kg)

	
69

	
12.4

	
52.0–82.0

	
76.1

	
25.9

	
60.0–122.0




	
Height (cm)

	
172.2

	
7.7

	
163–182

	
179.0

	
4.7

	
172.0–185.0




	
BMI (kg/m2)

	
23.4

	
4.7

	
18.0–29.1

	
23.4

	
6.8

	
20.0–35.6




	
Leg Length Discrepancy (mm)

	
23.7

	
30.5

	
1.6–83.2

	
13.6

	
13.3

	
3.9–36.9








IG, intervention group; CG, control group; SD, standard deviation.
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Table 2. Overview of the relevant descriptive statistical parameters of all assessed outcome measures at baseline (T0) and after the intervention (T1).
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GDI (aff)

	
GDI (unaff.)

	
GPS (aff.)

	
GPS (unaff.)

	
GPS (Overall)

	
TESS

	
MSTS

	
QoL

	
Function

	
Symptom

	
Fatigue

	
TUG (sec)

	
TUDS (sec)

	
Knee Flexion Active (°)

	
Knee Flexion Passive (°)

	
Knee Extension Active (°)

	
Knee Extension Passive (°)






	
CG (n = 5)

	
T0

	
Mean

	
86.5

	
95.8

	
6.7

	
5.4

	
6.4

	
86.0

	
24.6

	
81.0

	
73.0

	
8.75

	
20.0

	
6.4

	
18.2

	
90.7

	
92.4

	
13.3

	
0.0




	
Min

	
72.3

	
79.5

	
4.5

	
4.2

	
4.4.

	
77.0

	
22.0

	
67.0

	
63.0

	
0.0

	
10.0

	
5.1

	
9.5

	
80.0

	
85.0

	
5.0

	
0.0




	
Max

	
103.3

	
104.6

	
9.4

	
7.7

	
9.2

	
96.0

	
27.0

	
97.2

	
85.0

	
21.0

	
30.0

	
8.4

	
32.9

	
105.0

	
110.0

	
30.0

	
0.0




	
95%-CI

	
72.9–100.2

	
82.7–108.9

	
4.6–8.9

	
3.6–7.1

	
4.3–8.6

	
75.4–96.6

	
22.2–27.0

	
67.1–95.0

	
57.2–88.8

	
0.0–22.8

	
8.3–31.7

	
4.7–8.2

	
6.3–30.0

	
58.6–122.7

	
79.9–104.9

	
0.0–49.2

	
-




	
T1

	
Mean

	
84.8

	
95.0

	
6.9

	
5.5

	
6.6

	
85.2

	
25.0

	
84.3

	
78.5

	
9.0

	
12.6

	
5.9

	
17.1

	
86.0

	
95.2

	
14.0

	
2.0




	
Min

	
71.9

	
78.0

	
5.5

	
3.9

	
4.9

	
73.0

	
21.0

	
67.0

	
59.0

	
3.0

	
0.0

	
4.0

	
7.9

	
70.0

	
85.0

	
0.0

	
0.0




	
Max

	
93.2

	
108.8

	
9.1

	
8.1

	
9.3

	
94.

	
27.0

	
96.3

	
91.0

	
24.0

	
33.0

	
8.2

	
31.2

	
108.0

	
115.0

	
45.0

	
10.0




	
95%-CI

	
74.8–94.9

	
78.6–111.5

	
5.1–8.7

	
3.3–7.7

	
4.5–8.6

	
74.5–95.9

	
22.1–28.0

	
70.3–98.2

	
54.9–100.0

	
0.0–25.0

	
0.0–31.1

	
3.7–8.1

	
6.2–28.1

	
68.9–103.1

	
79.7–110.7

	
0.0–36.1

	
0.0–7.6




	
IG (n = 6)

	
T0

	
Mean

	
78.5

	
88.4

	
8.1

	
6.2

	
7.7

	
87.0

	
24.5

	
79.1

	
84.8

	
11.4

	
7.2

	
6.5

	
16.5

	
87.5

	
97.5

	
26.3

	
1.7




	
Min

	
67.6

	
76.2

	
5.9

	
5.0

	
5.9

	
75.0

	
19.0

	
50.0

	
68.0

	
5.0

	
0.0

	
4.1

	
9.9

	
66.0

	
70.0

	
10.0

	
0.0




	
Max

	
90.0

	
95.4

	
10.5

	
8.1

	
10.2

	
99.0

	
28.0

	
92.6

	
94.0

	
19.0

	
27.0

	
8.8

	
33.6

	
110.0

	
120.0

	
50.0

	
10.0




	
95%-CI

	
70.4–86.7

	
80.5–96.4

	
6.4–9.8

	
5.0–7.4

	
6.1–9.2

	
78.1–95.9

	
21.2–27.8

	
63.6–94.6

	
72.5–97.1

	
3.2–19.6

	
0.0–18.1

	
4.8–8.1

	
7.4–25.6

	
72.3–102.7

	
78.2–116.8

	
7.6–45.1

	
0.0–6.0




	
T1

	
Mean

	
77.9

	
91.8

	
8.4

	
6.0

	
7.8

	
90.0

	
25.8

	
83.3

	
86.8

	
13.4

	
12.2

	
5.6

	
14.7

	
82.5

	
98.3

	
16.0

	
0.8




	
Min

	
61.8

	
73.8

	
5.0

	
3.7

	
4.5

	
84.0

	
23.0

	
42.0

	
66.0

	
4.0

	
0.0

	
3.8

	
8.3

	
55.0

	
70.0

	
0.0

	
0.0




	
Max

	
96.0

	
111.2

	
12.3

	
8.8

	
11.3

	
98.0

	
28.0

	
100.0

	
99.0

	
32.0

	
40.0

	
8.6

	
31.8

	
120.0

	
125.0

	
45.0

	
5.0




	
95%-CI

	
64.8–91.0

	
75.8–107.9

	
5.6–11.2

	
3.8–8.3

	
5.1–10.4

	
83.1–96.9

	
23.3–28.4

	
60.6–100.0

	
69.1–100.0

	
0.0–29.4

	
0.0–27.2

	
4.0–7.3

	
5.5–23.9

	
59.8–105.2

	
75.2–121.4

	
0.0–37.2

	
0.0–3.0








Gait Deviation Index (GDI), Gait Profile Score (GPS), Toronto Extremity Salvage Score (TESS); Musculoskeletal Tumor Society Score (MSTS); Quality of Life assessment (QoL), Function, Symptom and Fatigue Scale; Timed up and go (TUG); Timed up and downstairs (TUDS). Mean values (mean), min. values (min), max. values (max), and 95% confidence intervals (95%-CI); aff = affacted; unaff = unaffected (without prosthesis); sec = seconds; ° = angle degree.
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