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Abstract 21 

Background. Maintaining balance in response to perturbations during walking often 22 

requires the use of corrective responses to keep the center of mass within the base of 23 

support. The relationship between center of mass and base of support is often quantified 24 

using the margin of stability. Although people post-stroke increase the margin of stability 25 

following perturbations, control deficits may lead to asymmetries in regulation of margins 26 

of stability, which may also cause maladaptive coupling between the sagittal and frontal 27 

planes during balance-correcting responses. 28 

Methods. We assessed how paretic and non-paretic margins of stability are controlled 29 

during recovery from forward perturbations and determined how stroke-related 30 

impairments influence the coupling between the anteroposterior and mediolateral margins 31 

of stability. Twenty-one participants with post-stroke hemiparesis walked on a treadmill 32 

while receiving slip-like perturbations on both limbs at foot-strike. We assessed 33 

anteroposterior and mediolateral margins of stability before perturbations and during 34 

perturbation recovery. 35 

Findings. Participants walked with a smaller anteroposterior and larger mediolateral 36 

margin of stability on the paretic versus non-paretic sides. When responding to 37 

perturbations, participants increased the anteroposterior margin of stability bilaterally by 38 

extending the base of support and reducing the excursion of the extrapolated center of 39 

mass. The anteroposterior and mediolateral margin of stability in the paretic limb 40 

negatively covaried during reactive steps such that increases in anteroposterior and 41 

reductions in mediolateral margins of stability were associated. 42 
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Interpretation. Balance training interventions to reduce fall risk post-stroke may benefit 43 

from incorporating strategies to reduce maladaptive coupling of frontal and sagittal plane 44 

stability.  45 
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1. Introduction 46 

People post-stroke often have trouble maintaining dynamic balance while walking1, 47 

leading to an increased risk of falls2,3. When responding to unexpected perturbations, 48 

dynamic balance is primarily maintained by reactive control strategies such as stepping 49 

responses. Reactive stepping may be impaired post-stroke, due to weakness in the 50 

paretic leg4,5, delays in intra- and inter-limb reflexes6, abnormal coordination7-11, and 51 

impaired initiation of successful stepping responses with the paretic leg12. Reactive control 52 

of dynamic balance can be quantified by the Margin of Stability (MoS)13, a variable that 53 

incorporates Center of Mass (CoM) position and velocity in the Extrapolated CoM (XCoM), 54 

and the anteroposterior (AP) or mediolateral (ML) edge of the base of support. Although 55 

improving reactive dynamic balance control is an important objective in post-stroke gait 56 

rehabilitation, we do not fully understand how post-stroke impairments influence the 57 

regulation of the MoS during reactive stepping responses. 58 

In response to perturbations during walking, non-disabled people increase the ML 59 

and AP MoS by making a stepping response that accounts for the direction and magnitude 60 

of the perturbation14-17. People post-stroke regulate both their AP and ML MoS in a 61 

manner that differs from non-disabled persons during unperturbed walking. For example, 62 

they have smaller bilateral AP MoS18,19 and tend to balance their CoM over the non-paretic 63 

leg, which results in a larger paretic than non-paretic AP and ML MoS20. It, therefore, 64 

seems that people post-stroke unburden their paretic leg, while they stabilize and propel 65 

themselves with the non-paretic leg4,5,21. Control of AP and ML MoS during reactive 66 

balance responses in people post-stroke has been studied both during stance and during 67 

walking. When fore-aft perturbations occur while standing, people post-stroke have 68 
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smaller paretic than non-paretic compensatory step length responses22,23. In response to 69 

lateral perturbations during walking19, they increase the paretic and non-paretic ML MoS 70 

and decrease the AP MoS, regardless of whether the perturbation occurs during the 71 

paretic or non-paretic step19. While it is known that there are asymmetries in regulation of 72 

the AP and ML MoS, the underlying mechanisms that drive this asymmetry have not yet 73 

been determined.  74 

The MoS can be regulated in two ways; (i) By changing the XCoM position and (ii) 75 

by changing the base of support, i.e., step length or step width. Control deficits in the 76 

paretic limb may lead to asymmetries in how these strategies are combined. While the 77 

non-paretic MoS could be controlled more via foot placement strategies, the paretic MoS 78 

might be preferentially controlled by using the non-paretic limb to modulate the position of 79 

the XCoM since foot placement control using the paretic leg may be impaired4,5,7-10,12. To 80 

understand how people post-stroke change their AP and ML MoS in reaction to forward 81 

perturbations during walking, it is necessary to understand how changes in each MoS are 82 

influenced by changes in XCoM position and changes in the base of support via foot 83 

placement strategies. 84 

In addition to understanding the role of foot placement strategies and the control of 85 

the center of mass on AP and ML MoS, respectively, there is evidence that AP and ML 86 

stability may covary systematically. For example, to increase step length in response to a 87 

forward perturbation, a transverse rotation of the pelvis is often necessary24. However, 88 

this rotation may result in reduced step width25, and could, therefore lead to a decrease in 89 

the ML MoS26, which could lead to a fall. The impact of this covariation may be particularly 90 

severe for people with post-stroke hemiparesis because paretic stepping responses are 91 
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impaired12. This can be empirically verified by assessing whether an increase in AP MoS 92 

in the recovery step following a forward perturbation is associated with a decrease in ML 93 

MoS in the same step, due to decreased step width26, and whether this relation differs 94 

between the paretic and non-paretic leg. Indeed, when people post-stroke increase their 95 

ML MoS in response to a lateral perturbation, they simultaneously decrease their AP 96 

MoS19. However, the strength of this relationship during AP perturbations has yet to be 97 

investigated. 98 

Here, we examine the covariation between AP MoS and ML MoS in response to 99 

forward perturbations during walking in people post-stroke. Our first aim was to assess 100 

how paretic and non-paretic AP and ML MoS are controlled during unperturbed walking 101 

and the recovery steps following a forward perturbation. We hypothesized that people 102 

post-stroke would walk with asymmetric ML and AP MoS during steps before the 103 

perturbation18-20. Furthermore, we hypothesized that people post-stroke would increase 104 

their AP MoS and decrease their ML MoS in the recovery step following a perturbation. In 105 

addition, we hypothesized that people post-stroke will show less of an increase in AP MoS 106 

on the paretic than the non-paretic leg. Our second aim was to determine whether the AP 107 

MoS and ML MoS covary during the recovery step after a perturbation and to determine 108 

whether this covariation differs between the paretic and non-paretic leg. We hypothesized 109 

that the increase in AP MoS in response to a forward perturbation would negatively covary 110 

with the ML MoS. Furthermore, we hypothesized that this covariation would be stronger 111 

for the paretic than the non-paretic leg. 112 
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2. Methods 113 

2.1 Participants and ethics statement 114 

Twenty-one chronic stroke survivors (Table 1) participated in this study. Inclusion 115 

criteria were (i) a sustained unilateral stroke more than six months prior to the experiment, 116 

(ii) paresis confined to one side, (ii) ability to provide informed consent and communicate 117 

with the experimenters, (iv) the ability to walk at least five minutes on a treadmill without 118 

assistance or walking aids. The use of an ankle-foot orthosis was permitted during the 119 

experiment, however only two out of twenty-one participants wore an ankle-foot orthosis 120 

and these two participants were not identified as outliers in any of our analyses. The 121 

procedures of this study were approved by the University of Southern California 122 

Institutional Review Board (Los Angeles, CA, USA) and were consistent with the 123 

Declaration of Helsinki27. All participants provided written informed consent before the 124 

experiment. 125 

<Table 1 near here> 126 

2.2 Experimental protocol 127 

Before participants walked on the treadmill, we performed a set of clinical 128 

assessments. We evaluated balance using the Berg Balance Scale28, balance self-129 

efficacy using the Activity-specific Balance Confidence Scale29, walking performance 130 

using the Functional Gait Assessment30 and 10-Meter Walk Test at self-selected speed, 131 

fear of falling using the Falls Efficacy Scale31, and motor impairment using the lower 132 

extremity motor domain of the Fugl-Meyer assessment32. Step length asymmetry (SLA) 133 

was calculated with Eqn. 1, in which a positive asymmetry indicates a larger non-paretic 134 
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than paretic step length and a negative asymmetry indicates a smaller non-paretic than 135 

paretic step length. 136 

𝑆𝐿𝐴 =  
𝑆𝑡𝑒𝑝 𝑙𝑒𝑛𝑔𝑡ℎ𝑛𝑜𝑛−𝑝𝑎𝑟𝑒𝑡𝑖𝑐− 𝑆𝑡𝑒𝑝 𝑙𝑒𝑛𝑔𝑡ℎ𝑝𝑎𝑟𝑒𝑡𝑖𝑐

𝑆𝑡𝑒𝑝 𝑙𝑒𝑛𝑔𝑡ℎ𝑛𝑜𝑛−𝑝𝑎𝑟𝑒𝑡𝑖𝑐+ 𝑆𝑡𝑒𝑝 𝑙𝑒𝑛𝑔𝑡ℎ𝑝𝑎𝑟𝑒𝑡𝑖𝑐
   (1) 137 

After the clinical assessments, participants walked on an instrumented dual-belt 138 

treadmill (Bertec, Columbus, OH, USA) to determine their self-selected walking speed. 139 

They started with 70 % of the speed measured during the 10-Meter Walk Test, and speed 140 

was adjusted by increments or decrements of 0.05 m s-1 until they verbally indicated that 141 

their preferred walking speed was reached. Participants then completed a familiarization 142 

trial with at least two slip-like perturbations on each side33. 143 

Participants walked for three minutes at their self-selected speed to accommodate 144 

to treadmill walking, after which they completed two trials of three minutes at their self-145 

selected speed during which they received perturbations. We used rapid accelerations of 146 

one of the treadmill’s belts to act as perturbations, resulting in a slip-like perturbation with 147 

a forward loss of balance34. During each trial, we applied six perturbations to each leg. 148 

Perturbations were triggered using Python code that predicted foot-strike timing using 149 

ground reaction forces recorded by the treadmill’s embedded force plates. Each 150 

perturbation consisted of a 0.2 m s-1 increase in speed at an acceleration of 3.0 m s-2, 151 

lasting 0.7 s and accelerating back to the self-selected speed during the swing phase of 152 

the perturbed leg. We chose to use a fixed increase in belt speed for two reasons. First, 153 

we wanted to avoid the possibility that any observed differences in perturbation responses 154 

between participants were due to differences in perturbation size. Second, a fixed 155 

perturbation size also mimics the characteristics of real-world perturbations that are 156 

independent of walking speed, such as an unexpected change in height of the walking 157 
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surface. Perturbations occurred within 18 to 24 steps after the previous perturbation to let 158 

participants re-establish their normal walking pattern and minimize anticipatory responses 159 

to the perturbations. Participants had breaks of at least three minutes in between each 160 

trial to minimize fatigue. Participants did not hold on to handrails while walking on the 161 

treadmill, but they wore a harness to prevent them from falling. All participants were able 162 

to stay upright in response to the perturbations. After the selection of correctly timed 163 

perturbations, we included 19 (SD 5) perturbations per participant. 164 

2.3 Data acquisition 165 

A 10-camera motion capture system (Qualisys AB, Göteborg, Sweden) recorded 166 

3D kinematics at 100 Hz, and the treadmill embedded force plates recorded ground 167 

reaction forces at 1000 Hz. Retroreflective markers (14 mm) were placed at anatomical 168 

landmarks to create a 12-segment, full-body model. This model was based on a 13-169 

segment model35,36, but the pelvis segment was assumed to be rigidly connected to the 170 

trunk because the harness blocked the markers necessary to track the pelvis accurately. 171 

We validated this 12-segment model with data from a set of non-disabled participants that 172 

included the necessary markers to track the pelvis segment. The root mean square error 173 

between the 12-segment and 13-segment model was low for the CoM position (AP: 174 

0.0041 (SD 0.0034) m, ML: 0.0017 (SD 0.0012) m, vertical: 0.0095 (SD 0.0051) m) and 175 

CoM velocity (AP: 0.0052 (SD 0.0015) m s-1, ML: 0.0025 (SD 0.0008) m s-1, vertical: 176 

0.0030 (SD 0.0015) m s-1). We placed marker clusters on the upper arms, forearms, 177 

thighs, shanks, and the back of heels. At the beginning of each trial, marker positions were 178 

calibrated during a five-second standing trial. All joint markers were removed after 179 

standing calibration. 180 
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2.4 Data analysis 181 

Kinematic and kinetic data were processed in Visual3D (C-Motion, Rockville, MD, 182 

USA) and analyzed in MATLAB (version r2018b; The MathWorks Inc., Natick, MA, USA). 183 

Marker positions and ground reaction forces were low-pass filtered with a 4th order 184 

Butterworth filter, at a 6 Hz and 20 Hz cutoff respectively37-39. The timing of perturbations 185 

relative to foot-strike was re-examined post-hoc. We removed the perturbations that 186 

occurred more than 150 ms after the foot-strike. We also removed perturbations for which 187 

deceleration began before the toe-off of the perturbed leg. Load cell measured the vertical 188 

force on the harness (Litegait, Tempe, AZ, USA), and we excluded steps in which we 189 

measured more than 30% of the participant’s body weight as this would indicate that the 190 

participant relied on the harness to remain upright23,40,41. 191 

Step width (m) was defined as the ML distance between the 5th metatarsal marker 192 

and the contralateral foot’s 5th metatarsal marker at foot-strike. Step length was defined 193 

as the AP distance between the 1st distal phalanx marker of the leading foot and the 1st 194 

distal phalanx marker of the trailing foot at foot-strike. The AP and ML MoS were 195 

calculated for the paretic and non-paretic leg independently using a modified version of 196 

the MoS, which captures the nonlinearity in the CoM trajectory42 (Eqns. 2 & 3). 197 

𝑀𝑜𝑆 = 𝑙 ∗ sin(𝜃 + �̇� ∙ 𝜔0
−1)     (2) 198 

𝜔0 = √
𝑔

𝑙
        (3) 199 

We calculated the AP MoS at foot-strike, with leg length (l), limb angle (θ) as 200 

measured by the angle of a vector extending from the CoM to the 1st distal phalanx marker 201 

in the sagittal plane, and limb angular velocity in the sagittal plane (�̇�, Eqn. 1). We 202 
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calculated ML MoS at foot-strike, with leg length (l), limb angle (θ) as measured by the 203 

angle of a vector extending from the CoM to the 5th metatarsal marker in the frontal plane, 204 

and limb angular velocity in the frontal plane (�̇�, Eqn. 1). AP and ML XCoM positions (m) 205 

were analyzed at foot-strike. 206 

2.5 Statistical analysis 207 

We conducted a series of statistical tests to assess how people post-stroke control 208 

their paretic and non-paretic AP and ML MoS in response to a forward perturbation. All 209 

statistical analyses were performed in MATLAB (version r2018b; The MathWorks Inc., 210 

Natick, MA, USA). We analyzed the last step before each perturbation (Pre-perturbation), 211 

the step during which the participant was perturbed (Perturbation), and the three 212 

subsequent recovery steps (Recovery 1-3) for each participant, leg, and perturbation side 213 

independently. As such, if the paretic leg was perturbed, the Pre-perturbation, Recovery 214 

1 and Recovery 3 steps were made with the non-paretic leg, and the Perturbation and 215 

Recovery 2 steps were made with the paretic leg and vice-versa if the non-paretic leg was 216 

perturbed. However, in our statistical analysis, comparisons between Pre-perturbation, 217 

Perturbation and Recovery 1-3 are always made within all paretic steps or all non-paretic 218 

steps, to be able to separately compare paretic with non-paretic control of the AP and ML 219 

MoS. Statistical significance was set at an alpha of 5%. 220 

First, to establish how the paretic and non-paretic AP and ML MoS are modified in 221 

response to a slip-like perturbation, we determined how the MoS varied from pre-222 

perturbation through perturbation and recovery steps using two Repeated Measures 223 

ANOVAs for AP MoS and ML MoS, respectively. In each of these analyses, we included 224 

step (Pre-perturbation, Perturbation, Recovery 1-3) and leg (paretic or non-paretic) as 225 
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within-subject factors and an interaction between step and leg. If the main effects were 226 

significant, we performed post-hoc tests to (i) compare paretic with non-paretic MoS and 227 

(ii) determine if the MoS in the recovery steps following the perturbation (Recovery 1-3) 228 

differed from Pre-perturbation. If a step by leg interaction was significant, we performed 229 

post-hoc tests to (i) compare paretic with non-paretic MoS at Pre-perturbation and (ii) 230 

assess whether changes in the MoS from Pre-perturbation to Recovery 1-3 differed 231 

between the paretic and non-paretic leg. We used the Greenhouse-Geisser correction if 232 

the assumption of sphericity was violated and the Tukey-Kramer correction for multiple 233 

comparisons in all post-hoc testing. 234 

Second, we wanted to understand the relative contributions of non-paretic/paretic 235 

differences in the XCoM position and base of support to pre-perturbation non-236 

paretic/paretic differences in MoS. To this end we performed a multiple linear regression 237 

with predictors 1) difference in non-paretic and paretic XCoM position and 2) difference in 238 

non-paretic and paretic edges of the base of support (step length for AP and step width 239 

for ML). This analysis was performed for the AP and ML direction separately. We also 240 

used multiple linear regression to assess the relative contributions of changes in XCoM 241 

position and changes in base of support (step length for AP and step width for ML) to the 242 

change in MoS from Pre-perturbation to Recovery 1. This analysis was performed for the 243 

AP and ML direction, and paretic and non-paretic leg separately. 244 

Finally, we determined whether the AP MoS and the ML MoS covaried during pre-245 

perturbation steps and the first recovery step following a perturbation. We fit two linear 246 

mixed effect models to quantify the relationship between independent variables AP MoS 247 

and leg (paretic or non-paretic) and the dependent variable ML MoS. This model included 248 
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main effects for AP MoS and leg, an AP MoS by leg interaction, and a random intercept 249 

for each participant. We expected to observe covariation between AP MoS and ML MoS 250 

in recovery steps but not during pre-perturbation steps. Therefore, the first model was fit 251 

with each participant’s paretic and non-paretic AP MoS during Pre-perturbation steps, and 252 

the second model was fit with each participant’s paretic and non-paretic AP MoS during 253 

Recovery 1 steps. Two participants were excluded from this analysis as they received less 254 

than five correctly-timed perturbations on either the paretic or non-paretic side. 255 

3. Results 256 

3.1 Paretic and non-paretic margins of stability throughout perturbation recovery 257 

For the AP MoS (Fig. 1A), our repeated measures ANOVA revealed significant 258 

main effects for leg (F(1,20) = 12.503, p = 0.002) and step (F(4,20) = 24.562, p < 0.001), 259 

which indicates that the AP MoS differed between paretic and non-paretic leg and across 260 

steps. We found no interaction between leg and step (p = 0.199). Post-hoc comparisons 261 

showed a significantly smaller paretic than non-paretic AP MoS (p = 0.002), and a 262 

significant increase in AP MoS from Pre-perturbation to Recovery 1 (p < 0.001). This 263 

indicates that participants walked with a smaller paretic than non-paretic AP MoS during 264 

pre-perturbation, perturbation, and recovery steps and restored their pre-perturbation 265 

MoS after one step. 266 

For the ML MoS (Fig. 1B), we found significant main effects for leg (F(1,20) = 8.464, 267 

p = 0.009) and step (F(4,20) = 45.118, p <0.001), and we found a significant interaction 268 

between leg and step (F(4,80) = 2.997, p = 0.040). Post-hoc comparisons showed a 269 

significantly larger paretic than non-paretic ML MoS during Pre-perturbation steps (p = 270 

0.008), a significant decrease in ML MoS from Pre-perturbation to Recovery 1 in the 271 
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paretic (p < 0.001) and non-paretic (p < 0.001) legs, and a significant increase in ML MoS 272 

from Pre-perturbation to Recovery 3 in the non-paretic leg (p = 0.008). This indicates that 273 

participants walked with larger paretic than non-paretic ML MoS before the perturbations. 274 

Furthermore, this shows that participants returned to pre-perturbation levels by the second 275 

recovery step when the perturbation occurred during non-paretic leg stance, but were still 276 

recovering until the third recovery step when the perturbation occurred during paretic leg 277 

stance. 278 

<Fig. 1 near here> 279 

3.2 Contributions to pre-perturbation differences between paretic and non-paretic 280 

margins of stability 281 

The pre-perturbation difference between the non-paretic and paretic AP MoS was 282 

explained by a linear model including the difference between the non-paretic and paretic 283 

AP XCoM (β = -0.071, p < 0.001, Fig. 2A) and the difference between the non-paretic and 284 

paretic step length (β = 0.086, p <0.001, Fig. 2B). This model had an R2 of 0.675 (F(2,18) 285 

= 18.700, p < 0.001). This indicates that a smaller paretic than non-paretic AP MoS during 286 

pre-perturbation steps was explained by a more anterior paretic than non-paretic AP 287 

XCoM position and shorter paretic than non-paretic step length. The pre-perturbation 288 

difference between the paretic and non-paretic ML MoS could not be explained by a linear 289 

model, including the difference between the non-paretic and paretic ML XCoM and the 290 

difference between the non-paretic and paretic step width (p = 0.06, Fig. 2C, D). This 291 

suggests that pre-perturbation differences in paretic and non-paretic ML MoS may have 292 

different contributions between participants. 293 

<Fig. 2 near here> 294 
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3.3 Contributions to changes margins of stability during perturbation recovery 295 

The change from Pre-perturbation to Recovery 1 in paretic AP MoS was explained 296 

by a linear model including the change in paretic AP XCoM (β = -0.055, p < 0.001, Fig. 297 

3A) and the change in paretic step length (β = 0.036, p < 0.001, Fig. 3B). This model had 298 

an R2 of 0.914 (F(2,18) = 95.1, p < 0.001). The change in non-paretic AP MoS was 299 

explained by a linear model including the change in non-paretic AP XCoM (β = -0.040, p 300 

< 0.001, Fig. 3C) and the change in non-paretic step length (β = 0.028, p < 0.001, Fig. 301 

3D). This model had an R2 of 0.930 (F(2,18) = 120, p < 0.001). Therefore, both modulation 302 

of XCoM position by the trailing leg and increased step length by the leading leg contribute 303 

to increases in AP MoS during perturbation recovery. 304 

<Fig. 3 near here> 305 

The change from Pre-perturbation to Recovery 1 in paretic ML MoS was explained 306 

by a linear model including the change in paretic ML XCoM (β = -0.028, p = 0.008, Fig. 307 

4A) and the change in paretic step width (β = 0.028, p = 0.009, Fig. 4B). This model had 308 

an R2 of 0.347 (F(2,18) = 4.78, p = 0.022). The change in non-paretic ML MoS could not 309 

be explained by a linear model that included the change in non-paretic ML XCoM and the 310 

change in non-paretic step width (p = 0.290, Fig. 4C, D). The model used to explain 311 

variance in paretic ML MoS had a relatively low R2 (0.347 versus 0.914 for the paretic AP 312 

MoS), and we were unable to fit a model to the non-paretic ML MoS. This indicates that 313 

although people post-stroke decrease their ML MoS in response to forward perturbations 314 

in gait, these changes are likely caused by participant-specific changes in ML XCoM 315 

position and step width. 316 

<Fig. 4 near here> 317 
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3.4 Covariation between the anteroposterior and mediolateral margin of stability 318 

during perturbation recovery 319 

There was no significant effect of AP MoS (p = 0.089), leg (p = 0.917) or interaction 320 

between AP MoS and leg (p = 0.060) on ML MoS during Pre-perturbation steps (Fig. 5A, 321 

B). This indicates that there is no covariation between AP MoS and ML MoS during 322 

unperturbed walking in people post-stroke. In contrast, there were significant main effects 323 

of AP MoS ( = -0.16, F(1,381) = 15.622, p < 0.001) and leg ( = -0.056, F(1,381) = 324 

14.316, p < 0.001) as well as an interaction between AP MoS and leg ( = 0.14, F(1,381) 325 

= 8.727, p = 0.003) (Fig. 5C, D) on ML MoS at Recovery 1. This indicates that an increase 326 

in paretic AP MoS in response to a forward perturbation leads to a reduction in paretic ML 327 

MoS during the first recovery step (Fig. 5C). In contrast, there was no significant 328 

association between AP MoS and ML MoS during Recovery 1 for the non-paretic limb (p 329 

= 0.73, Fig. 5D). 330 

<Fig. 5 near here> 331 

4. Discussion 332 

People with post-stroke hemiparesis are more susceptible to perturbations of 333 

dynamic balance during walking1. To increase our understanding of reactive balance 334 

control strategies in people post-stroke, we aimed to (i) to assess how the paretic and 335 

non-paretic AP and ML MoS are controlled in response to forward perturbations and (ii) 336 

to determine whether the AP MoS and the ML MoS during recovery steps covaried in 337 

response to a forward perturbation. We found that people post-stroke have smaller paretic 338 

than non-paretic AP MoS, and larger paretic than non-paretic ML MoS during unperturbed 339 

walking, consistent with previous studies18-20. In response to a forward perturbation during 340 
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walking, people post-stroke increase their paretic and non-paretic AP MoS, while they 341 

simultaneously decrease their ML MoS. We also found that the paretic AP MoS and the 342 

paretic ML MoS covary during the first recovery step after a forward perturbation. This 343 

implies that improving sagittal plane balance may reduce frontal plane balance during 344 

reactive steps with the paretic leg. 345 

4.1 People post-stroke walk with smaller anteroposterior and larger mediolateral 346 

margins of stability on the paretic side 347 

We found that people post-stroke walk with smaller AP MoS and larger ML MoS 348 

on the paretic than the non-paretic side. The smaller paretic AP MoS at pre-perturbation 349 

was both due to a more anterior position of the XCoM relative to the trailing foot and 350 

reduced step length on the paretic side. The positive relationship between the difference 351 

in paretic and non-paretic AP MoS and the difference in paretic and non-paretic step 352 

length that was found in this study can be explained by step length asymmetry in people 353 

post-stroke. If people post-stroke walk with a shorter paretic than non-paretic step length, 354 

this leads to a smaller paretic than non-paretic AP MoS. In contrast, a longer paretic step 355 

leads to a larger paretic AP MoS4,43. The difference between paretic and non-paretic ML 356 

MoS may be due to both impaired sensation of the CoM state44 and stance time 357 

asymmetry4 in people post-stroke, which have been suggested to lead to a larger paretic 358 

ML MoS45,46. These findings indicate that the asymmetric paretic and non-paretic AP and 359 

ML MoS in people post-stroke may be a strategy to compensate for reduced sensation of 360 

CoM state44, unload the paretic leg during weight bearing20 and make the paretic side less 361 

sensitive to unexpected lateral perturbations by maintaining a larger paretic ML MoS26. 362 
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4.2 People post-stroke increase anteroposterior and decrease mediolateral margins 363 

of stability in response to a forward perturbation 364 

We found that people post-stroke increase their paretic and non-paretic AP MoS in 365 

response to a forward perturbation, while they simultaneously decrease their paretic and 366 

non-paretic ML MoS. The increase in AP MoS during the recovery step was due to both 367 

less anterior displacement of the AP XCoM position and increased step length. This 368 

implies that the trailing limb reduces the forward momentum of the body in response to a 369 

forward perturbation, thereby achieving a larger AP MoS. Since this finding occurred in 370 

both the paretic and non-paretic leg, this suggests that people post-stroke are still capable 371 

of controlling the body’s momentum with the paretic leg during late stance, despite the 372 

paretic leg’s weakness4,5 and impaired coordination7-10. 373 

The source of the reduction in ML MoS following a forward perturbation varied 374 

between participants, both due to more lateral displacement of the ML XCoM and reduced 375 

step width. This variation may be due to the heterogeneous nature of the post-stroke 376 

population. Differences between participants may have derived from differences in the 377 

ability to modulate stance time and thereby the ML XCoM excursion46. In addition, 378 

differences between participants may have derived from differences in the ability to 379 

modulate ML foot placement post-stroke44,47. Furthermore, all participants were exposed 380 

to the same perturbation belt speed and belt acceleration, while unperturbed treadmill belt 381 

speed was self-selected. Given the wide range of self-selected walking speeds in this 382 

population, the perturbation may have been more difficult for some participants than 383 

others, which may have contributed to the inter-subject variability. An alternative 384 

explanation is that there is only a small range of reduction in ML MoS between participants 385 
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(3-6 cm, Fig. 4). Therefore, there may not have been enough variation between 386 

participants to get an accurate model of sources underlying the reduction in ML MoS. 387 

Previously, Hak et al. (2013) showed that in response to a lateral perturbation, people 388 

post-stroke increase their ML MoS19. This finding and the results of the present study are 389 

in line with previous work that suggests that people increase their base of support in the 390 

direction of the perturbation14-17, forward in the current study and lateral in Hak et al. 391 

(2013)19. 392 

People post-stroke needed an extra recovery step to control their ML MoS when 393 

recovering from a perturbation of the paretic leg compared to a perturbation of the non-394 

paretic leg. This means that when the non-paretic leg was perturbed, the first recovery 395 

step was made with the paretic leg and ML MoS was restored in the second recovery 396 

step, which was made with the non-paretic leg. In contrast, when the paretic leg was 397 

perturbed, the first recovery step was made with the non-paretic leg, the second recovery 398 

step was made with the paretic leg and a corrective third recovery step was needed with 399 

the non-paretic leg in which the ML MoS was slightly higher than during pre-perturbation. 400 

This suggests that a single step with the non-paretic leg after a perturbation during paretic 401 

stance is not sufficient and an additional recovery step with the non-paretic leg, after a 402 

paretic recovery step, is necessary to regain control over the body’s mediolateral center 403 

of mass displacement. 404 

4.3 Covariation between sagittal and frontal plane balance during reactive stepping 405 

in people post-stroke 406 

We also found that the AP MoS and the ML MoS covaried in the paretic limb during 407 

the first recovery step following a forward perturbation. On the contrary, we did not 408 
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observe any associations between AP MoS and ML MoS during pre-perturbation steps or 409 

in non-paretic stepping responses. This is consistent with our hypothesis that covariation 410 

between the AP MoS and the ML MoS only occurs during reactive stepping responses, 411 

where people may have to rely more on transverse rotation of the pelvis to take larger 412 

steps than during unperturbed walking. Furthermore, this covariation was only observed 413 

in the paretic limb, which suggests that people post-stroke may rely on more transverse 414 

rotation of the pelvis to increase the paretic step length in reaction to a forward 415 

perturbation compared to when an increase of the non-paretic step length is desired. It 416 

should be noted that this is the first study to find covariation between mediolateral and 417 

fore-aft measures of balance in the paretic limb during reactive stepping post-stroke. It 418 

remains to be seen if this pattern of covariation extends to other perturbation magnitudes 419 

and perturbation types. Future studies should also determine if people post-stroke have 420 

the ability to decouple mediolateral and fore-aft balance control and, if so, determine if this 421 

decoupling can improve multi-step balance recovery. 422 

4.4 Clinical implications of covariation in the reactive control of sagittal and frontal 423 

plane balance 424 

Our findings have important implications for clinical practice. To prevent future falls, 425 

rehabilitation can be targeted at improving reactive stepping responses through 426 

perturbation-based training. However, to know at what to target rehabilitation practice, we 427 

must know which aspects of the stepping pattern will improve reactive balance responses 428 

in people post-stroke. We found that changes in AP MoS during reactive stepping were 429 

both due to changes in XCoM position and step length. The changes in the XCoM position 430 

during reactive stepping are most likely due to control of the body’s momentum by the 431 
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trailing limb. Therefore, rehabilitation could be targeted at increasing the ability to bear 432 

weight on the paretic limb during perturbations of walking post-stroke to improve the 433 

paretic limb’s control of the body’s momentum. 434 

Furthermore, we found covariation between the AP and ML MoS in paretic reactive 435 

stepping responses following a perturbation. This implies that an improvement in sagittal 436 

plane balance may compromise frontal plane balance in paretic stepping responses. In 437 

addition, this indicates that different relations hold during perturbed than unperturbed 438 

walking, which stresses the importance of training dynamic balance control in a task-439 

specific fashion, e.g., by perturbation-based gait training to improve paretic stepping 440 

responses. Perturbation training could also be used to decouple the paretic AP and ML 441 

MoS in people post-stroke so that they can learn to maintain sagittal plane balance without 442 

compromising frontal plane balance. However, it remains to be investigated whether the 443 

here found paretic coupling does indeed put people post-stroke at risk for falling during 444 

walking. Finally, this study has shown that analysis of stability metrics during unperturbed 445 

walking may not predict how these measures change in response to perturbations. 446 

Therefore, the mechanisms that may lead to falls are likely best revealed when we 447 

challenge participants’ balance during walking. 448 

While the present study brings novel information on balance control during reactive 449 

stepping in people post-stroke, it has some limitations. Here, we were interested in paretic 450 

versus non-paretic differences in control of the MoS and covariation between frontal and 451 

sagittal plane balance. However, to be able to assess abnormalities in control of the non-452 

paretic MoS, a healthy control group is necessary, which was not included in this study. 453 

Furthermore, participants may have modified their gait in reaction to the expected 454 
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perturbations33. We provided the participants with a familiarization trial before the 455 

experiment started to minimize first trial effects. However, the behavior during pre-456 

perturbation steps in the current study could still differ from the participants’ normal 457 

walking pattern, as they may have exhibited a more cautious gait strategy. 458 

5. Conclusion 459 

In this study, we described how people with post-stroke hemiparesis control their 460 

AP and ML MoS in response to a forward perturbation during walking. People post-stroke 461 

walk with asymmetric AP and ML MoS during normal walking and in recovery from 462 

perturbations. These asymmetries in MoS may be the result of compensatory strategies 463 

to safeguard dynamic balance against perturbations on the paretic side. We found a 464 

systematic covariation between paretic sagittal and frontal plane balance measures, 465 

which implies that frontal plane balance is compromised when sagittal plane balance is 466 

improved during paretic stepping responses. This covariation during paretic stepping 467 

responses may be due to impairment in mechanical coupling, e.g., transverse rotation of 468 

the pelvis. Future rehabilitation efforts could focus on decoupling this covariation to 469 

improve dynamic balance in people post-stroke. 470 
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 616 

Fig. 1 – Group distribution of margins of stability for pre-perturbation, perturbation, and 617 

recovery steps (N=21). A) Paretic and non-paretic anteroposterior Margins of Stability 618 

(MoS). B) Paretic and non-paretic mediolateral MoS. C) Paretic and non-paretic 619 

anteroposterior edge of the Base of Support (BoS; leading leg 1st distal phalanx marker) 620 

and Extrapolated Center of Mass (XCoM) positions relative to the contralateral edge of 621 

the BoS (trailing leg 1st distal phalanx marker. D) Paretic and non-paretic mediolateral 622 

edge of the BoS (leading leg 5th metatarsal marker) and XCoM positions relative to the 623 

contralateral BoS (trailing leg 5th metatarsal marker). Asterisks indicates significant 624 

differences in MoS between limbs or phases (* p < 0.05, ** p < 0.001). The order of steps 625 
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alternates between paretic and non-paretic, based on the side that was perturbed. The 626 

grey dotted lines indicate the series of steps in which the non-paretic leg was perturbed, 627 

the solid grey lines the series of steps in which the paretic leg was perturbed. 628 

 629 

 630 

Fig. 2 – Partial regression plots of pre-perturbation difference in non-paretic and paretic 631 

(Δ) Margin of Stability (MoS), Extrapolated Center of Mass (XCoM), and Base of Support 632 

(BoS) (N=21). Δ Indicates difference between non-paretic and paretic leg at pre-633 

perturbation. All data shown are adjusted values from the multiple regression analysis. A) 634 

Partial regression between Δ AnteroPosterior (AP) XCoM and Δ AP MoS. B) Partial 635 

regression between Δ step length and Δ AP MoS. C) Non-significant partial regression 636 

between Δ MedioLateral (ML) XCoM and Δ ML MoS. D) Non-significant partial regression 637 

between Δ step width and Δ ML MoS. 638 
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 639 

 640 

Fig. 3 – Partial regression plots of change from Pre-perturbation to Recovery 1 (Δ) in 641 

Extrapolated Center of Mass (XCoM) and Δ Base of Support (BoS) vs. Δ Margin of 642 

Stability (MoS) for the paretic and non-paretic leg in the AnteroPosterior (AP) direction 643 

(N=21). Δ Indicates change from Pre-perturbation to Recovery 1. All data shown are 644 

adjusted values from the multiple regression analysis. A) Partial regression between 645 

paretic Δ AP XCoM and Δ AP MoS. B) Partial regression between paretic Δ step length 646 

and Δ AP MoS. C) Partial regression between non-paretic Δ AP XCoM and Δ AP MoS. D) 647 

Partial regression between non-paretic Δ step length and Δ AP MoS. 648 

 649 



 

35 
 

 650 

Fig. 4 - Partial regression plots of change from Pre-perturbation to Recovery 1 (Δ) in 651 

Extrapolated Center of Mass (XCoM) and Δ Base of Support (BoS) vs. Δ Margin of 652 

Stability (MoS) for the paretic and non-paretic leg in the Mediolateral (ML) direction 653 

(N=21). Δ Indicates change from Pre-perturbation to Recovery 1. All data shown are 654 

adjusted values from the multiple regression analysis. A) Partial regression between 655 

paretic Δ ML XCoM and Δ ML MoS. B) Partial regression between paretic Δ step width 656 

and Δ ML MoS. C) Non-significant partial regression between non-paretic Δ ML XCoM 657 

and Δ ML MoS. D) Non-significant partial regression between non-paretic Δ step width 658 

and Δ ML MoS. 659 

 660 
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 661 

Fig. 5 – Covariation between anteroposterior Margin of Stability (MoS) and mediolateral 662 

MoS (N=19). Each color represents an individual participant. A) Paretic MoS at Pre-663 

perturbation. B) Non-paretic MoS at Pre-perturbation. C) Paretic MoS at Recovery 1. D) 664 

Non-paretic MoS at Recovery 1. Participants who received less than five perturbations on 665 

each side were excluded from this analysis. Asterisks indicate panels that illustrate a 666 

significant covariation between the anteroposterior MoS and the mediolateral MoS. 667 

 668 

Table 1 – Participant demographics and clinical assessments (N=21). 

Metric Value (SD) 

Female / male 6 / 15 
Left / right side hemiparesis 8 / 13 
Age (years) 59.4 (12.6) 
Activity-specific Balance Confidence Scale 55.0 (36.7) 
Berg Balance Scale 51.3 (3.7) 
Functional Gait Assessment 23.3 (4.8) 



 

37 
 

10-Meter Walk Test (m s-1) 0.87 (0.23)  
Falls Efficacy Scale 30.4 (12.1) 
Fugl-Meyer lower extremity 28.2 (3.2) 
Self-selected walking speed (m s-1) 0.60 (0.18) 
Step length asymmetry -0.004 (0.112) 

 669 


