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In this chapter, I will summarize and discuss the findings of this dissertation, with 
reflections on the applicability of perturbation-based treadmill training in clinical 
practice. I will identify remaining gaps in research knowledge and will consider clinical 
as well as scientific implications. I will conclude with recommendations for future 
research. 

 

 

SUMMARY OF FINDINGS 

 

In this thesis, the overarching aim was to assess the potential of integrating 
perturbation-based treadmill training in fall prevention in older adults with the 
perspective that the results facilitate the clinical application of such task-specific 
training for populations at an increased risk of falling. Synthesizing the results of each 
chapter of this thesis, several conclusions can be made related to the overarching aim. 

Overall, training with gait perturbations has a very quick learning effect with only a few 
perturbations leading to significant improvements in the dynamic stabilization of the 
trunk that are retained. In chapter 2, we concluded that these quick learning effects 
need to be considered when assessing resistance to perturbations and that multi-
directional perturbations may be needed. 

Subsequently, in chapter 3, we designed a randomized controlled clinical trial to 
compare treadmill training under cognitive dual tasking, either with or without 
perturbations. In chapter 4, we showed that it is feasible to perform such training in a 
clinical setting with a treadmill capable of quick belt accelerations to challenge balance 
in the anterior-posterior direction. In older adults with increased risk of falling, a 4-week 
intervention led to significantly improved balance and gait performance as well as 
increased confidence in walking and decreased concern of falling. Interestingly, no 
differences in physical activity and gait quality in daily life could be found, whereas the 
number of falls and fallers in daily life were significantly lower after the intervention, 
which implies that reactive balance control and gait quality are two separate domains.  

Finally, we proposed a new measure in chapter 5, that utilizes the center of pressure 
trajectories from a force plate embedded in the treadmill to quantify recovery 
performance, which is necessary to be able to monitor a participant’s challenge during 
training and to adjust the training accordingly. We concluded that measures based on 
trunk velocities, as used in chapter 2, are more reliable and especially much more 
sensitive to change compared to measures based on the center of pressure. Future 
recovery performance measures could be based on inertial measurement units to 
capture trunk movements or a simple camera system, such as the Kinect, to capture 
(upper) body kinematics. 
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General findings 

 Short gait training with perturbations is effective in improving and retaining 
reactive balance control in older adults.  

 Perturbations-based gait training is task-specific and transfers to other tasks 
may be limited. 

 The addition of perturbations to treadmill-based gait training is clinically feasible 
and can effectively reduce falls in daily-life. 

 Daily-life gait quality and reactive balance control are two separate domains.  

 A reliable and sensitive measure to quantify balance recovery performance in 
clinical practice is needed to monitor participants’ improvements and allow for 
individual adjustments of training difficulty. 

 

 

SCIENTIFIC IMPLICATIONS 

 

We have shown that perturbation-based gait training can be implemented in a clinical 
routine. A well-structured and evidence-based protocol as presented in chapter 3 
helps to integrate such training in clinical practice. The device and program used are 
easy to implement with just three parameters to challenge a participant: walking 
speed, perturbation difficulty and dual-task difficulty. The question remains, in which 
sequence and to what extent each of these parameters should be adjusted.  

With respect to gait speed, It has been reported, that an increase in treadmill walking 
speed results in significantly lower margins of stability, but this does not necessarily 
mean reduced gait stability (Mccrum et al., 2018). In response to treadmill 
perturbations, wider, shorter and faster steps are taken to increase stability in both 
young and older adults (Hak et al., 2012; Roeles et al., 2018). Same effects are found 
for overground slips in young adults, where shorter steps and faster gait lower fall risk 
(Espy et al., 2010) and in older adults, who changed to shorter steps with a more 
anterior position of the trunk to achieve more stability in response to overground slips 
without altering gait speed (Yang and Pai, 2013). In a multidirectional setting with 
different perturbation magnitudes, adaptive changes of the gait pattern in response to 
preceding perturbations may not contribute to improved recovery performance, if the 
next perturbation is in the opposite direction. Increased walking speed during training 
may add to fatigue and therefore perturbations may have a higher impact on the 
system and increase difficulty indirectly. Higher walking speed also reduces the time 
available to position the recovery foot when tripping. It has been shown that faster 
reactions are more important than slower walking speed for a successful recovery 
following an overground trip perturbation (van den Bogert et al., 2002). Fast activation 
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of the support limb muscles contributes to an adequate recovery following an 
overground trip perturbation by providing time and foot clearance for proper positioning 
of the recovery limb (Pijnappels et al., 2005b). Further, activation of the support limb 
muscles also contributes to restrain forward angular momentum of the body following 
a trip perturbation (Pijnappels et al., 2005b; van den Bogert et al., 2002). Both, less 
forward angular momentum and increased clearance of the recovery foot, increases 
the time available for positioning of the recovery limb and counterbalances reduction 
of response time as a result of higher walking speed. 

With more complex dual-task exercises, the attention shifts more towards the cognitive 
task, resulting in less cognitive resources available for the motor task and therefore 
automatism of the balance recovery is challenged more (Fraser and Li, 2012; Huxhold 
et al., 2006; Woollacott and Shumway-Cook, 2002).  

Obviously, when increasing perturbation difficulty, through higher perturbation 
magnitudes, the impact of such perturbations is stronger and balance recovery is 
challenged more. To evaluate which parameter has the strongest effect on balance 
recovery, a specific measure for balance recovery performance is needed, as 
suggested in Chapter 5. Such a measure would also help to adjust the training intensity 
to maintain a challenging intervention. Being challenged is crucial for improvement 
and is one of the key principles in motor learning (Magill and Anderson, 2017). 
Treadmill-based solutions provide a safe training environment where a participant is 
secured with a harness attached to the ceiling or an overhead frame. In this 
environment, the participant is safe, when unable to recover from a perturbation and 
experiencing an actual fall. Higher perturbation intensities, leading to more challenge 
and inadequate recovery or actual falls, could be important as they would allow an 
individual to experience their limits of recovery performance and may increase 
generalizability.  

The question remains, what is the added value different levels of challenge provide. 
Near falls, where corrective stepping is needed to recover balance, but without an 
actual fall is one option. It has been shown that even training with lower-magnitude 
perturbations is effective to reduce falls incidence (Gerards et al., 2017; Lurie et al., 
2013). Training with higher perturbation magnitudes, causing actual falls (second 
option), could even further improve reactive balance control by forcing people to 
explore and adopt alternative recovery strategies, such as the ability to increase the 
base of support by stepping, decreased reaction time to perturbations or improved 
counter-rotation of the trunk to control the center of mass  (Gerards et al., 2017). The 
upper boundary of near falls is the tipping point, where reactive responses are 
inadequate and actual falls occur. It is necessary to determine this limit when aiming 
to train just under this threshold, e.g. when participants have a high fear of falling or 
very frail older adults, or to train above the threshold, e.g. when training with actual 
falls is desired to enhance generalizability. In chapter 4, we showed that training with 
near falls significantly reduced falls incidence in daily life, but the upper boundary of 
individual recovery performance was not explored. It has to be considered that training 
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with very challenging perturbations and possible falls may frighten people, especially 
those with fear of falling, and may limit adherence to training. In the REACT 
intervention, none of the participants fell during training, but still, one participant 
discontinued the training, because the perturbations were too imposing. Again, a 
specific measure of recovery performance, as suggested in Chapter 5, may support 
finding individual thresholds and adjust training parameters to a maximum challenge 
without exceeding participants’ individual thresholds. 

A specific measure of recovery performance, that we examined in chapter 5, could 
also help to answer the question of how much training is needed. To increase 
efficiency, it is important to know how many perturbations per training and how many 
sessions over a certain period of time are needed. At some point, a participant may 
reach a plateau where no further increase in recovery performance is observed. This 
plateau may indicate when to stop the intervention. At the start of the study reported 
in chapter 4, a first version of the QRP (chapter 5, Figure 5.2) was available. In a 
student project, we investigated the improvements over training sessions. Each 
training session started with a short measurement trial, in which the gait was perturbed 
five times with added dual-task, both set to medium difficulty. Dual-task performance, 
quantified as the number of correct answers and the time to answer, as well as the 
QRP, was measured. We were able to show that a plateau was reached after five 
training sessions for both the dual-task performance and QRP (Figure 1), which is in 
line with previously reported results that showed the majority of improvements was 
achieved within the first five perturbation trials (Pai et al., 2010). However, as reported 
in chapter 5, the QRP is less reliable and sensitive to change compared to measures 
based on trunk kinematics, therefore, future measures may provide more reliable 
information on one’s progression in terms of recovery performance and being 
challenged. 



 

94 

 

 

Figure 1: Quantified recovery performance (QRP) and dual-task (DT) performance 
show a plateau after the fifth session. Error bars indicate the standard deviation (SD). 

 

 

GENERALIZABILITY 

 

Perturbation-based gait training may be suitable to fill the gap of specificity in fall-
preventive interventions, but high specificity implies that training will be less 
generalizable to other tasks or situation where balance is challenged. Since falls occur 
due to different perturbations (type, magnitude, direction, limb, environment), the 
question remains how to increase the generalizability of a specific perturbation 
training, as the reason for the implementation of perturbation-based gait training is to 
increase transfer to daily life situations. 

Adaptions of the recovery response to training with treadmill slips and trips to an 
untrained overground slip and trip have been reported (Grabiner et al., 2012; Wang et 
al., 2019a). Also, training with walkway slips supported recovery performance 
following an overground slip (Bhatt and Pai, 2009). Additionally, we showed in chapter 
4 that treadmill training with random trip- and slip-like belt perturbations reduced daily-
life falls incidence. These examples show, that perturbation training enhances 
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recovery performance following untrained perturbations, similar to the primary 
perturbation task. 

As discussed in chapter 2, our results did not allow us to draw a conclusion on whether 
perturbation-based treadmill training is direction specific. Whether there is an 
interference effect of multidirectional training within one session on the recovery 
performance has not been examined extensively. Limited interference has been 
reported between training with slip perturbations to recovery performance after a trip 
perturbation in young adults (Bhatt et al., 2013). Another study reported improved trip 
and slip recovery in young adults after training with a mixed perturbation protocol 
(Okubo et al., 2018).  

The abovementioned generalization of acquired fall-resisting skills occurred between 
two different conditions of the same perturbation task (intra-task transfer). The 
question remains, whether perturbation-based gait training transfers to other tasks 
where balance is challenged. After receiving a single session of treadmill training with 
trip-like perturbations, older adults did not show superior improvements in a forward 
lean-and-release task compared to treadmill training without perturbations, suggesting 
that generalizability of the acquired fall-resisting skills to other postural challenges 
(inter-task transfer) may be limited (König et al., 2019). In chapter 4, we showed no 
superior improvement on the reactive postural control sub score of the MiniBest, 
including a forward, sideward and backwards lean-and-release task, after 
perturbation-based treadmill training compared to treadmill walking, supporting the 
evidence that perturbation training is task specific. Further, we concluded, that training 
effects do not transfer to more physical activity or improved gait quality in daily life but 
reduce the number of falls. How this works is still unknown. Perturbation-based gait 
training most likely trains the skills necessary for an adequate stepping reaction to a 
balance loss to prevent a fall. Daily-life gait quality, as reported in chapter 4, may not 
reflect an improvement in these reactive skills, whereas our results indicate that they 
could be crucial for preventing falls when perturbed in daily-life situations. 
Quantification of the number and quality of near-falls and balance recovery from daily-
life accelerometry is still difficult (Pang et al., 2019), but may be a future way to 
understand the pathways for translation of perturbation-based treadmill training effects 
in reducing falls.  

One remaining question on generalizability is the magnitude of perturbations. In our 
experiments and clinical trial, participants were perturbed, yet at a magnitude below 
the threshold that induced falling. A number of studies suggest that training with high 
magnitude perturbations are more likely to trigger generalizable adaptions than low 
magnitudes. One study in young adults showed better recovery performance following 
platform slips on a walkway (up to 1.5m) when training with walkway slip distances of 
18cm compared to 12cm (Yang et al., 2014). Similar results have been shown after 
perturbation-based treadmill training in young adults, where belt accelerations at 
12m/s2 led to stronger generalization to an unconstrained overground slip than belt 
accelerations at 6m/s2 (Liu et al., 2016), but was not found when comparing 
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accelerations at 9m/s2 to 6m/s2 (Lee et al., 2016). Two studies with increased 
perturbation volume showed that not only increased magnitude but also increased 
number of perturbations during training may improve generalizability from treadmill 
induced perturbations to overground perturbations (Yang et al., 2018; Yang et al., 
2013). In conclusion, increased perturbation magnitude may contribute to intra-task 
transfer, but it has not been investigated thoroughly, if it may facilitate inter-task 
transfer.  

  

 

CLINICAL IMPLICATIONS 

 

Multicomponent conventional fall prevention programs focus on improving muscle 
strength, balance and mobility, which contribute to general fitness and self-efficacy. 
Awareness of risk factors, improved functioning in activities of daily living (e.g. safe 
obstacle negotiation) and reduced fear of falling are additional goals (Sherrington and 
Tiedemann, 2015; VeiligheidNL, 2017, 2015, 2014). These interventions have been 
shown to be effective in fall prevention, but require continuous and intense training to 
achieve physiological changes (e.g. muscle strength and endurance) and to maintain 
them (de Vreede et al., 2005; Faber et al., 2006; Weerdesteyn et al., 2006).  

Slipping and tripping during walking is the most prominent threat to balance, which 
requires reactive balance control to avoid a fall (Krasovsky et al., 2014). Typically, 
conventional training programs lack the training of reactive balance control after such 
perturbations, but perturbation-based gait training may be suitable to fill the gap of 
reactive balance training (Mansfield et al., 2015). In this dissertation, I showed that 
perturbation-based treadmill training is a safe, effective and feasible clinical 
intervention to reduce daily-life falls incidence and supports previous findings, that 
showed a reduction of daily-life falls by 50% (Pai et al., 2014a). Based on the findings 
in chapter 2, that limited exposure to anterior-posterior and mediolateral gait 
perturbations led to significantly improved and retained balance recovery, we cannot 
draw a conclusion about whether training transfers between directions. Therefore, we 
have to consider that multidirectional perturbation training may be needed in clinical 
practice, to better warrant people to different perturbations and postural balance 
challenges that they may encounter in daily life. However, in chapter 4 we showed that 
training with anterior-posterior treadmill perturbations did lead to a significant reduction 
in daily-life falls. We also conclude from chapter 2 and chapter 4 that perturbation-
based treadmill training only influences the reactive component of gait and not steady-
state treadmill walking or gait quality in daily life, which indicates that reactive balance 
control and gait quality are two different domains.  

Conventional exercise interventions aim to improve general fitness and creating 
awareness of hazardous situations where one could fall, resulting in approximately 15-
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20% reduction in falls risk (Gerards et al., 2017). Effectiveness of fall prevention 
interventions could be improved with task-specific training of recovery actions that are 
often required to prevent a fall (Grabiner et al., 2014; Oddsson et al., 2007). 
Perturbation training aims to improve reactive balance control in hazardous situations 
where balance is challenged while walking. Combining balance, strength and gait 
exercises with perturbation training could provide a comprehensive solution for fall 
prevention: exercises in dynamic balance control and obstacle negotiation, in 
combination with sufficient strength training, can increase awareness and avoidance 
of risky situations, whereas increased gait stability may enhance adaptations in 
challenging walking environments. In case of an unavoidable or unexpected balance 
loss, improved reactive balance control acquired from training with gait perturbations 
helps to react adequately to avoid falling. Therefore, both conventional training and 
perturbation training combined could result in an overall greater effect on falls 
incidence and fall-related injuries. 

Another question regards the retention of training effects obtained in clinical 
perturbation training. In chapter 2, we showed that effects after a single session 
intervention were retained over one week. Several laboratory studies with healthy 
older adults showed retention periods of six (Bhatt et al., 2012; Pai et al., 2014b), nine 
and 12 months (Pai et al., 2014b). These long retention periods indicate that with 
perturbation-based training, high training volumes may not be needed to achieve 
sufficient retention. Other results show that experiencing a single slip perturbation 
three months after a perturbation-based training session helped to retain training 
effects after six months follow up (Bhatt et al., 2012). These results are interesting for 
clinical practice as they indicate that long-term retention can be achieved and 
enhanced when incorporating short “booster” sessions every three months after the 
initial training period. 

Following best practice can also help to maximize efficiency and improve rehabilitation 
outcomes. Stroke rehabilitation may be used as an example of well-structured 
standardized guidelines for acute care and rehabilitation. There is a large number of 
high-quality controlled trials in which best practice for this specific patient population 
can be established. This allows for evidence-based guidelines for assessment and 
treatment of stroke patients (Teasell et al., 2003). In the upcoming years, lessons 
learned from perturbation research can be applied in evidence-based treatment of 
older adults at risk for falling, fill the gap of task-specific reactive balance training in 
conventional interventions and create best-practice guidelines for this population. 
Systems capable of perturbations during treadmill walking may be sufficient to fill the 
gap as these setups have limited costs and their size is suitable for smaller 
rehabilitation centres and physiotherapy practices. By this, perturbation-based gait 
training may be accessible to a wider population. 

In general, perturbation-based treadmill training is novel and comes with advantages 
and disadvantages for clinical practice. First, this training is device-dependent, 
meaning that it cannot be done with standard equipment. Therefore, a new treadmill 
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device capable of quick accelerations and deceleration of the belt to perturb the gait 
needs to be purchased, which could be costly for smaller rehabilitation facilities and 
practices. Together with the size of some devices, it could be difficult to integrate 
perturbation-based gait training in their therapy. The challenges for successful clinical 
application stimulate research, investigating the fundamentals of successful reactive 
balance recovery after a perturbation and evaluating evidence-based training 
protocols and guidelines as well as the development of new devices. Next, 
conventional fall-preventive interventions are usually done in group sessions 
supervised by one therapist. Perturbation-based treadmill training in its current state 
does not allow for more than one participant at a time. Only if more treadmills are 
available, one therapist could possibly conduct two trainings at the same time, like in 
robotic-assisted group training. If not available, this may lead to fewer participants per 
year that receive a task-specific fall prevention training with gait perturbation and 
raises the question of cost-effectiveness of such training compared to conventional 
interventions and who would benefit most of such training and therefore receives it 
before others. 

 

 

GENERAL LIMITATIONS 

 

In all scientific work, methodological choices are made and limitations arising from 
these choices must be acknowledged. Besides specific limitations presented in each 
chapter, there are broader considerations to be acknowledged.  

In general, treadmills that are not mounted on a moveable platform, restrict training to 
mono-directional perturbations. As mentioned above, perturbations in daily life are 
manifold, therefore multi-directional training may be needed to warrant participants to 
different postural balance challenges. However, slips and trips are the most prominent 
causes of falls in daily life in the older population and mono-directional perturbation 
training, as presented in chapter 4, addresses the skills required to prevent forward 
and backward balance loss, as they occur due to slips and trips, and to avoid a fall. 

Further, the size of the device defines the available space for the recovery response. 
Multiple steps to the side, forward or backwards may be limited and alternative 
strategies, such as counter-rotation of the trunk and arm swing may be used to recover 
balance within the boundaries of the treadmill belt. In chapter 2, we did not capture 
arm kinematics, so we cannot draw a conclusion on the influence of the arm 
movement. Effects of arm swing have been shown in young adults during perturbed 
walking, to reduce the angular velocity of the trunk following a perturbation 
(Gholizadeh et al., 2019) and lead to faster return towards an unperturbed gait pattern 
(Bruijn et al., 2010). It has been suggested that older adults are more dependent on 
rapid arm movements than stepping reactions and that these arm reactions are 
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delayed compared to young adults (Maki and McIlroy, 2006). The nature of treadmill 
perturbations is different from overground or walkway trips and slips. Perturbations are 
achieved by quick positive or negative accelerations of the belt and return to base 
speed (Figure 3.2). This forces participants to continue walking while recovering 
balance, which may lead to different reactive responses compared to recovery 
responses following perturbations experienced in daily life (e.g. stop walking) and may 
limit generalizability. The return speed may influence slip-like perturbations as the 
perturbed leg is pulled forward (deceleration of the treadmill at foot contact) leading to 
backwards balance loss. Returning to base speed (acceleration of the belt) pushes 
the perturbed leg back under the body, which could help to stabilize the center of mass 
within the base of support. Short perturbation duration with a quick return to base 
speed is mandatory to avoid the recovery limb to be affected by the perturbation. A 
longer perturbation duration would lead to a faster belt speed at foot contact of the first 
recovery step, which could be considered as another perturbation of the recovery step 
and would have influenced the center of pressure trajectory, used to calculate the 
QRP, as presented in chapter 5.  

Next, perturbation magnitude has been chosen to be below the threshold leading to 
near-fall situations with sufficient challenge for the participant but leaves out 
experiencing real falls in a safe environment. As discussed before, perturbation 
magnitude may influence the extent, generalizability and retention of training effects. 
A first version of the recovery performance measure (QRP, chapter 5), indicating a 
participant’s challenge, was available at the start of the training study, reported in 
chapter 4. However, we relied on a therapist’s judgment to adjust training difficulty. 
Both, underestimation of a participant’s performance and novelty of the training, 
resulting in lack of experience of the therapist to correctly judge the influence of higher 
perturbation magnitudes may have led to a more cautious choice of perturbation 
magnitudes. However, only two participants trained at the highest perturbation 
magnitude in the last two sessions, suggesting that the available magnitudes were 
sufficient to provide challenging perturbations. 

We proposed a new measure to quantify recovery performance in chapter 5. Besides 
the reported implementations, there are more methodological choices that have not 
been explored. As reported in chapter 5, episodes for unperturbed and perturbed 
walking were used based on seconds or gait cycles. However, it has not been 
investigated if longer or shorter episodes could have improved reliability and sensitivity 
to change. Further characteristics of a perturbation response, like the peak deviation 
from unperturbed walking or the rate of return towards a normal gait pattern, could be 
integrated into the calculation. However, methodological choices were made to 
develop a recovery performance measure, that is universal for different perturbation 
types and easy to understand to improve applicability in clinical practice (e.g. 
presenting a single value of one’s recovery performance). 

Unsupervised walking in the home environment was recorded using IMUs. As 
discussed before, more frequent walking in more challenging, complex environments 
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(e.g. outdoor walking) may lead to less smooth, more variable and less stable walking 
and hence would result in lower gait quality (Punt et al., 2019). Longer walking 
episodes may represent outdoor walking (Brodie et al., 2017), but short stops at traffic 
lights or turns may divide them into shorter episodes. A questionnaire on the daily 
amount of outdoor walking may have improved interpretation of the results of daily-life 
gait quality, presented in chapter 4. 

 

 

FUTURE DIRECTION OF WORK 

 

Training effects do not transfer to more physical activity or improved gait quality in 
daily life but reduce the number of falls. How this works is still unknown. Daily-life 
accelerometry is a promising tool to monitor (changes in) walking ability and fall risk 
(van Schooten et al., 2016; Van Schooten et al., 2015a) Several algorithms to detect 
near falls (recoverable imbalances) being developed and tested in a fall-like laboratory 
situation, show promising results to accurately discriminate between near falls and 
actual falls (Pang et al., 2019). However, work is still to be done in populations that 
are at risk of falling (e.g. older adults, people with neurological impairments) and in 
daily life outside the lab. Such algorithms could help to shed light on the underlying 
mechanisms of transferring perturbation-based gait training effects to daily life 
situations, but also identify people at risk of falling and start preventive interventions 
early. This may have an influence in reducing health care costs associated with falls 
and may improve quality of life in the older population. 

Assessing walking in the home environment has added value investigating the transfer 
of training effects to daily-life situations. However, certainty about increased exposure 
to more challenging, complex environments as a result of gait-perturbation training 
appears to be crucial for interpreting transfer to daily-life gait quality. Future 
assessments of unsupervised walking in the home environment could add GPS (global 
positioning system) to track the location of walking episodes, in which one variable 
represents the home area and a second variable indicates all episodes outside that 
area. This binary classification of walking episodes may improve unsupervised 
assessment of walking in the home situation based on internal measurement units. 

Future development of the QRP (chapter 5) could be based on inertial measurement 
units to capture trunk movements, that provide reliable and sensitive outcomes. 
Quantification of the number and quality of near-falls and balance recovery from a 
single IMU attached to the trunk may be suitable for training and daily-life assessments 
and may be a future way to understand the pathways for translation of perturbation-
based gait training effects to a reduction of daily-life falls. 

Scalable perturbation-based treadmill training reduces fall risk in older adults and may 
be a universal prevention training to improve reactive balance responses already in 
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healthy and fit populations with a low risk of falling up to populations at high risk of 
falling (e.g. frail older adults, people with neurodegenerative diseases, stroke 
survivors). Perturbation-based treadmill training can be adjusted to the participants' 
abilities to achieve optimal challenge for different populations, but optimal perturbation 
magnitudes for different populations are not defined yet. A gold standard that defines 
optimal challenge and measures of recovery performance during training and daily-life 
assessments are yet to be developed.  

Combining perturbation-based gait training and conventional fall-preventive 
interventions may form a comprehensive training focusing on improving balance, gait, 
muscle strength, activities of daily living and reactive balance recovery responses. 
Both interventions have shown positive results in reducing the number of daily-life falls. 
However, conventional training usually takes longer to achieve physiological changes 
(e.g. muscle strength, endurance). Short training exposure (e.g. single session 
interventions) to gait perturbations already led to significant improvements in reactive 
balance control and reduction in daily-life falls. Therefore, perturbation-based treadmill 
training may help to reduce initial therapy time. However, continuous training of 
general fitness and vaccination-like perturbation training may contribute to retaining 
effects. 

 

 

CLOSING REMARKS 

 

Keeping balance while walking is a complex task that is challenged every day with 
every step we take. Adequate reactive balance control is essential to recover after a 
slip or trip and avoid a fall. With age, our ability to control balance while manoeuvring 
in complex environments declines. In the project presented in this thesis, we 
developed a perturbation-based treadmill training that aimed to improve reactive 
balance control by training near-fall situations in a clinical setting with perturbations 
during walking on a treadmill. We were able to show that such training leads to a 
significant reduction in daily-life falls after a 4-week training period, which is the overall 
goal of any preventive intervention in this field, however, the pathway seems not 
through an improvement in gait quality. Hence, we conclude that perturbation training 
is task-specific and mainly improves the reactive component of gait.  

Technology is developing at a rapid rate and so will perturbation-based gait training 
which is based on technology. Technological solutions for the gaps identified in this 
thesis will be available soon but will need scientific support to maximize the 
effectiveness of such intervention. 

 

 


