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Supplementary Table 2. Summary of outcome measures and main findings 

Study 
Reactive balance outcome 

measures 
Outcome variables Main findings 

Allin 2020 
Laboratory-induced slip or 

trip while walking 

Slip: peak slip speed, slip distance, non-slipping toe 

to COM at TD, minimum hip height, margin of 

stability at TD, velocity of COM relative to BOS at 

TD, incidence of falls during testing.  

Trip: trunk angle at TD, recovery step length, 

minimum hip height, margin of stability, incidence 

of falls during testing 

Regarding slips, several measures of reactive 

balance and fall incidence were more improved 

in group 1 versus group 2. No between-group 

difference regarding trips,  

Arampatzis 

2011 

Simulated forward falls 

(lean-and-release) 

Anterior boundary of the BOS, position of the  

XCOM, horizontal component of the projection of 

the COM to the ground, horizontal velocity of the 

COM, rate of increase of BOS, reaction time, 

duration until TD, max hip flexion moment, time to 

max hip moment, rate of hip moment generation, 

duration of main stance phase 

Two exercise groups improved in a similar 

extent versus group 3.  

Arghavani 

2020 

Pendulum impact received 

by both hands in the 

sagittal plane while 

standing 

Muscle onset latencies of TA, MG, RF, BF, RA, ES 

Group 1 showed greater rates of progress in all 

six muscles versus the other two groups. Group 

2 showed greater improvements in RF and BF 

muscles versus group 3.  

Beling 

2009 

Adaptation Test (toes-up 

and toes-down surface 

perturbation while 

standing) 

Classified: Adaptive = no falls and less than 2/5 

trials in abnormal range; 

Maladaptive = no falls and greater than 2/5 trials in 

abnormal range;  

Unable to Adapt = any fall during the trials 

Group 1, but not group 2, showed improvements 

in both conditions. 

Bieryla 

2007 

Simulated trip while 

walking 

Maximum trunk angle, time to maximum trunk 

angle, maximum trunk angular velocity, time to 

maximum trunk angular velocity, trunk angle at foot 

contact, trunk angle velocity at foot contact, 

minimum hip height, COM-to-foot distance at foot 

contact 

Group 1 showed a greater reduction in 

maximum trunk angle and time to maximum 

trunk angle and increased minimum hip height 

versus group 2.  

Bogaerts 

2007 

Motor Control Test 

(unexpected forward and 

backward platform 

Motor Control Test (latency of reaction, response 

strength), Adaptation Test (capacity to minimize 

postural sway after the perturbation) 

Motor Control Test: Exercise had no effect on 

latency for any conditions. Adaptation test: 

Group 1 showed a significant improvement in 



translation while 

standing), Adaptation Test 

the toes-down condition. No group difference in 

the toes-up condition.  

Cabrera-

Martos 

2020 

Mini-BESTest Reactive postural balance section 
Group 1 showed a greater improvement versus 

group 2. 

Cherup 

2019 

Dynamic posturography (a 

platform randomly moving 

in all three planes) 

Comprehensive DMA score, time remained on the 

platform 

No significant between-group differences in all 

outcomes. 

Chyu 2010 
Motor Control Test, 

Adaptation Test 

Motor Control Test (latency of reaction, magnitude 

of the postural righting response), Adaptation Test 

(capacity to minimize postural sway after the 

perturbation) 

No significant between-group differences in all 

outcomes. 

Donath 

2016 

Platform perturbation 

(posterior direction) while 

kneeling 

Total COP path length displacement 

Two exercise groups showed improvements 

(greater in the balance group). No improvement 

in NE group.  

Gatts 2007 
Laboratory-induced slip 

while walking 

Number of trips and heel strikes during testing, 

medial cross-step distance, shoulder and trunk 

angles, COM (velocity, path distance in AP, ML, 

and vertical directions), COP (velocity, path 

distance in AP and ML directions), COM-COP 

separation angles 

Group 1, but not group 2, showed significantly 

reduced tripping, medial cross-step distance, 

increased use of swing leg heel strike, and COM 

AP path. In addition, group 1 showed a trend 

toward increased COM-COP AP angular 

separation at right heel strike.  

Gatts 2008 
Laboratory-induced slip 

while walking 

Muscle onset latencies, duration of muscle 

activities, and duration of co-contraction of TA and 

MG 

Group 1, but not group 2, showed significantly 

reduced TA response time and decreased co-

contraction of antagonist muscles of the 

perturbed leg.  

Granacher 

2006 

Decelerating perturbation 

while walking on a 

treadmill 

Angular velocity of the ankle and knee joint, reflex 

activity (decelerating perturbation impulses), muscle 

onset latencies of TA, PE, and SO 

Group 2 showed a decrease in onset latency, an 

enhanced reflex 

activity in the prime mover, and a decrease in 

maximal angular velocity of the ankle joint 

complex. No significant changes in groups 1 

and 3.  

Granacher 

2009 

ML perturbation impulse 

of a swinging platform 

while standing 

Summed oscillations of the swinging platform in AP 

and ML directions, averaged EMG signals of TA 

and PE  

Neither group showed any significant 

improvements.  

Hamed 

2018 

Simulated forward falls 

(lean-and-release) 

Limits of stability, margin of stability at release and 

TD, BOS at TD, duration from release until TD, rate 

Both exercise groups, but not group 3, showed 

improvements in general. 



of increase in BOS, maximum voluntary isometric 

knee extension and ankle plantarflexion moment 

Hatzitaki 

2009 

Avoiding pendulum-like 

obstacle moving toward 

the participants' face in the 

sagittal plane without 

lifting their feet while 

standing on a platform 

Peak of COP amplitude (APA and response phase), 

time to peak COP (APA and response phase), 

maximum trunk roll velocity, onset time of the APA 

Group 1 showed significantly reduced COP 

response amplitude and increased maximum 

trunk roll velocity. APA onset time was 

significantly smaller for both Group 1 and 2.  

Hu 1994 
Horizontal platform 

translations while standing 

Frequency of onset of muscles (GA, hamstrings, 

TA, quadriceps, trunk extensor, trunk flexor, neck 

extensor, neck flexor), muscle onset latencies, 

sequence of muscle onsets, averaged integrated 

EMG amplitude, joint angle patterns 

Group 1 showed decreased onset frequency of 

the antagonist leg muscles, shortened onset 

latency of the neck flexor muscle, decreased 

response frequency of antagonist muscles, 

increased response frequency of the trunk flexor 

muscles, and decreased maximal excursion of 

the first trial of the ankle joint rotation versus 

group 2.  

Inacio 2018 

Stepping induced by 

lateral waist-pulls to the 

side of the limb where the 

weight was laterally 

transferred initially (50%, 

65% and 80% BW) 

Incidence of stabilizing single lateral recovery steps, 

lift-off time of the stepping foot, downward COM 

momentum at step lift-off, net hip abduction torque 

and power during the pre-step weight transfer phase, 

muscle activation of TFL, Gmed, and ADD 

Group 1 showed a significantly increased 

incidence of stabilizing 

single lateral steps at 80% body mass pre-load, 

reduced step lift-off time at 50% body mass, and 

decreased downward momentum of the body 

COM at 80% body mass. In addition, group 1 

showed increased hip abductor net joint torque, 

power, and abductor-adductor rate of 

neuromuscular activation.  

Jagdhane 

2016 

Pendulum impact applied 

to the shoulders while 

standing 

APA muscle activities or MG, TA, BF, RF, EO 

Group 1, but not group 2, showed early onsets 

of APA activity prior to the external 

perturbations.  

Kim 2010 
Laboratory-induced slip 

while walking 

Heel contact velocity, COM velocity, transitional 

acceleration of the whole body COM, step length, 

required coefficient of friction (friction demand), 

slip severity 

Decreases in heel contact velocities and the 

friction demand characteristics and increase in 

transitional acceleration of the whole body 

COM in group 1 and 2. No intergroup 

differences in COM velocity, step length, and 

slip severity.  

Klamroth 

2019 
Mini-BESTest Reactive postural balance section 

Group 1 showed a greater number of subjects 

with an improvement in reactive balance versus 



group 2.  

Lacroix 

2016 

(1) Treadmill perturbation 

in the transverse plane 

while standing (2) Clinical 

push and release test  

(1) summed oscillations of the platform in ML and 

AP directions; and (2) the number of steps and 

quality of the recovery 

Group 1 and 2 showed improvements in the 

clinical push and release test. No between-group 

differences in the ability to compensate 

following platform translations.  

Li 2009 

Surface tilt perturbation of 

18° generating ankle 

inversion while standing  

Muscle onset latencies of RF, ST, gastrocnemius, 

and TA 

Group 1 showed a significant decrease in ST 

muscle latency versus group2. No between-

group differences in other muscles.  

Ma 2019 
Posterior-to-anterior trunk 

perturbation 

Muscle onset latencies of MH and gastrocnemius, 

COP path length, and velocity 

The muscle onset latency of gastrocnemius was 

longer in Group 1 versus Group 2. No between-

group differences in other outcomes.  

Mansfield 

2010 

Surface translation and/or 

cable pull (pelvic level): 

(1) stepping evoked by 

forward and backward 

perturbations while 

standing, (2) stepping 

evoked by leftward and 

rightward perturbations 

while walking in place, (3) 

grasping evoked by 

backward perturbations 

while standing 

All stepping reactions: frequency of multi-step 

reactions, AP stepping reactions: frequency of 

extra lateral steps, frequency of reactions with more 

than two AP steps, foot-off time, foot-contact time,  

ML stepping reactions: frequency of foot 

collisions, crossover steps,  Grasping reactions: 

handrail contact time, biceps muscle onset latency, 

frequency of grasping errors, Forward fall 

stepping reactions: forward step displacement, 

lateral step displacement, Backward fall stepping 

reactions: backward step displacement, lateral step 

displacement.  

Group 1 showed greater reductions in the 

frequency of multi-step reactions and foot 

collisions during surface translations, but not 

cable pulls. Group 1 showed greater reductions 

in handrail contact time versus group 2 for cable 

pulls. 

Marigold 

2005 

Platform translations 

(forward and backward 

directions) while standing 

Muscle onset latencies of TA and RF for the forward 

translations and MG and BF for the backward 

translations, number of falls during the platform 

translations 

Group 1 showed greater improvements in step 

reaction time, paretic RF postural reflex onset 

latency, and the number of induced falls versus 

group 2.  

Morat 2019 

Pendular movement of the 

platform in ML direction 

while standing 

Total postural sway 
Group 1 showed an improvement in the total 

postural sway.  

Ni 2014 
Dynamic posturography 

(EO and EC) 

DMA score, time on the test, linear and angular 

displacements in the ML, AP, and up/down 

directions 

Group 2 showed higher DMA scores and shorter 

time on the test versus group 1.  

Ochi 2015 
Simulated forward falls 

(lean-and-release) 

spatiotemporal parameters (lift-off time, step time, 

step length, step velocity, trunk angle at initial lean 

and foot contact), EMG onset times, timing of first-

Both groups showed extended step length and 

increased peak EMG of knee flexor and 

extensor muscles. Group 1 showed increased 



peak EMG amplitude, and normalized peak EMG 

amplitude of RF, VL, BF, TA, LG 

step velocity and peak EMG of the plantar 

flexors.  

Okubo 

2019 

Laboratory-induced slip or 

trip while walking 

Rate of falls, margin of stability, XCOM position, 

step length, step height, trunk sway range, slip 

speed, slip distance 

Group 1 showed a lower rate of falls versus 

group 2. During a trip, group 1's XCoM position 

was less anterior, the recovery stepping foot was 

higher, and the trunk sway range was smaller 

versus group 2. During a slip, group 1 had less 

posterior XCoM position, shorter backward step 

length, and smaller trunk sway range versus 

group 2.  

Pamukoff 

2014 

Simulated forward and 

lateral falls (lean-and-

release) 

The largest angle from which the participant could 

successfully recover their balance 
No between-group differences in all outcomes.  

Parijat 

2012 

Laboratory-induced slip 

while walking 

Incidence of falls, slip severity (slip distance and 

peek sliding heel velocity), joint angles (ankle, knee, 

hip, and trunk angles at HC, peak angles of ankle, 

knee, hip, and trunk), peak joint angular velocity 

(ankle, knee, hip, trunk), muscle activation onset 

and time to peak activations of MG, TA, MH, and 

VL, coactivations (peak ankle and knee co-

activities, time to peak ankle and knee co-activities), 

non-slipping foot response time (toe-off, foot-onset, 

foot down, unperturbed foot reaction time), 

unperturbed foot reaction time 

Group 1 showed greater reductions in the 

incidence of falls and slip severity (slip distance 

and peak sliding heel velocity) versus group 2. 

Group 1 showed proactive adjustments 

(increased COM velocity and transitional 

acceleration), and reactive adjustments 

(reduction in muscle onset and time to peak 

activations of knee flexors and ankle plantar 

flexors, reduced ankle and knee coactivation, 

reduced slip displacement, and reduced time to 

peak knee flexion, trunk flexion, and hip flexion 

velocities). Group 1 showed a shorter reaction 

time of the unperturbed foot versus group 2.  

Parijat 

2015a 

Laboratory-induced slip 

while walking 

Incidence of falls during testing, joint angles (ankle, 

knee, hip, and trunk angles at HC, peak angles of 

ankle, knee, hip, and trunk), peak joint angular 

velocity (ankle, knee, hip, trunk), muscle activation 

onset and time to peak activations of MG, TA, MH, 

and VL, coactivations (peak ankle and knee co-

activities, time to peak ankle and knee co-activities). 

Group 1 showed proactive adjustments 

(increased trunk flexion at heel contact) and 

reactive adjustments (reduced time to peak 

activations of knee 

flexors, reduced knee coactivation, reduced time 

to trunk flexion, and reduced trunk angular 

velocity). 

Parijat 

2015b 

Laboratory-induced slip 

while walking 

Incidence of falls during testing, slip distance, peak 

sliding heel velocity 

Group 1 showed a reduced incidence of falls, 

slip distance, and peak sliding heel velocity.  

Pluchino Dynamic posturography DMA score, translational movements (AP, ML, No significant group differences in all 



2012 up/down), rotational movements (flexion/extension, 

lateral flexion, core rotational)  

outcomes. 

Qutubuddin 

2007 
Dynamic posturography Adaptation test scores 

No significant group differences in all 

outcomes. 

Rieger 

2020 

Treadmill perturbation in 

AP and ML directions 

while walking  

Deviations of perturbed gait trunk velocity from 

unperturbed gait 

Both groups showed improvements in AP and 

ML directions, but no group differences were 

reported.  

Rossi 2014 

Platform translations in 

forward and backward 

directions while standing 

EMG amplitude of RF, VMO, ST, TA, MG, and SO 

in the early (0-200 ms), intermediate (201-400 ms), 

and late (401-600 ms) phases 

Greater amplitude for 

group 1 than for group 2 after training for the 

TA, MG, and SO muscles at the early phase and 

for the SO muscle at the intermediate phase. No 

difference in the late phase.  

Santos 

2017 
BESTest Reactive postural responses section No significant group difference.  

Schlenstedt 

2015 

Platform translations in 

forward and backward 

directions while standing 

COM displacement No significant group difference.  

Shimada 

2003 

Manual perturbation test 

(shoulder was pulled 

backwards) 

Responses were scored (0-2) No significant group difference.  

Sohn 2015 
Laboratory-induced slip 

while walking 
COP area and distance, fall frequency 

Group 1 and 2 showed improvements in all 

outcomes in comparison to group 3. 

Thomas 

2016 

Platform translations in 

ML direction while 

standing (tandem stand 

and one-leg stand) 

Time of standing on the moving platform without 

holding to the handrail, accumulated accelerations  

Both groups showed improvements in the time 

of standing and accumulated accelerations. No 

group differences were reported.  

Wang 2019 
Laboratory-induced slip 

while walking 

Slip recovery classification (fall, backward loss of 

balance, or full recovery), dynamic stability control 

(proactive stability control at slipping foot TD and 

reactive stability control at recovery foot lift off) 

Group 1 showed fewer falls and  greater 

proactive and reactive stability versus group 2.  

Wolf 1997 

Angular perturbation (toes 

up and toes down) of a 

platform while standing on 

the Chattexc Balance 

System 

Dispersion measures, measures of center of balance 

in X and Y axes 

Dispersion under toes up and down conditions 

were reduced substantially in group 1 versus 

group 2 and 3. Center of balance in X axis under 

toes up condition showed a greater decrease in 

group 1 versus group 2 and 3. Center of balance 

in Y axis increased in group 3.  



Wooten 

2018 
Dynamic posturography DMA score, total time on the test No significant group differences.  

COM, center of mass; XCOM, extrapolated center of mass; COP, center of pressure; TD, touch down; HC, heel contact; BOS, base of 

support; EMG, electromyograph; TA, tibialis anterior; MG, medial gastrocnemius; LG, lateral gastrocnemius; SO, soleus; PE, peroneus; 

RF, rectus femoris; VL, vastus lateralis; VMO, vastus medialis oblique; BF, biceps femoris; MH, medial hamstring; ST, semitendinosus; 

TFL, tensor fascia latae; Gmed, gluteus medius; ADD, adductor magnus; RA, rectus abdominis; EO, external oblique; ES, erector spinae; 

AP, anteroposterior; ML, mediolateral; APA, anticipatory postural adjustment; EO, eyes open; EC, eyes closed; DMA, Dynamic motion 

analysis; BW, body weight.  

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 3. Summary table of the reviewers’ judgements for the risk of bias of 

each study 

Study 
Randomization 

process 

Deviations 

from the 

intended 

interventions 

Missing 

outcome 

data 

Measurement 

of the 

outcome 

Selection of 

the reported 

result 

Overall 

Allin 2020 Some concerns Low Low Low 
Some 

concerns 

Some 

concerns 

Arampatzis 

2011 
Some concerns Low High Low 

Some 

concerns 
High 

Arghavani 

2020 
Some concerns Low High Low 

Some 

concerns 
High 

Beling 2009 Some concerns Low Low Low 
Some 

concerns 

Some 

concerns 

Bieryla 2007 Some concerns High Low Low 
Some 

concerns 
High 

Bogaerts 

2007 
Some concerns Low High Low 

Some 

concerns 
High 

Cabrera-

Martos 2020 
Low Low Low Low Low Low 

Cherup 2019 Some concerns Low High Low 
Some 

concerns 
High 

Chyu 2010 Low 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Donath 2016 Low 
Some 

concerns 
High Low 

Some 

concerns 
High 

Gatts 2007 Some concerns 
Some 

concerns 
High Low 

Some 

concerns 
High 

Gatts 2008 Some concerns 
Some 

concerns 
High Low 

Some 

concerns 
High 

Granacher 

2006 
Some concerns Low Low Low 

Some 

concerns 

Some 

concerns 

Granacher 

2009 
Some concerns Low Low Low 

Some 

concerns 

Some 

concerns 

Hamed 2018 Low 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Hatzitaki 

2009 
Some concerns 

Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Hu 1994 Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Inacio 2018 Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Jagdhane 

2016 
Some concerns 

Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Kim 2010 Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Klamroth 

2019 
Some concerns 

Some 

concerns 
High Low High High 

Lacroix 2016 Low Some High Low Some High 



concerns concerns 

Li 2009 Some concerns 
Some 

concerns 
High Low 

Some 

concerns 
High 

Ma 2019 Low 
Some 

concerns 
Low Low Low 

Some 

concerns 

Mansfield 

2010 
Low 

Some 

concerns 
High Low Low High 

Marigold 

2005 
Low Low High Low 

Some 

concerns 
High 

Morat 2019 Some concerns Low High Low 
Some 

concerns 
High 

Ni 2014 Some concerns 
Some 

concerns 
High Low 

Some 

concerns 
High 

Ochi 2015 Some concerns Low Low Low 
Some 

concerns 

Some 

concerns 

Okubo 2019 Low 
Some 

concerns 
Low Low Low 

Some 

concerns 

Pamukoff 

2014 
Some concerns Low High Low 

Some 

concerns 
High 

Parijat 2012 Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Parijat 2015a Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Parijat 2015b Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Pluchino 

2012 
Low Low High Low 

Some 

concerns 
High 

Qutubuddin 

2007 
Some concerns 

Some 

concerns 
High Low 

Some 

concerns 
High 

Rieger 2020 Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Rossi 2014 Some concerns 
Some 

concerns 
Low Low Low 

Some 

concerns 

Santos 2017 Low Low High Low Low High 

Schlenstedt 

2015 
Some concerns 

Some 

concerns 
High Low Low High 

Shimada 

2003 
Some concerns 

Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Sohn 2015 Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Thomas 2016 Some concerns 
Some 

concerns 
Low Low 

Some 

concerns 

Some 

concerns 

Wang 2019 Some concerns Low Low Low Low 
Some 

concerns 

Wolf 1997 High 
Some 

concerns 
High Low 

Some 

concerns 
High 

Wooten 2018 Some concerns Low High Low 
Some 

concerns 
High 

 


