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Abstract 24 

Background: This study explored useful indices of potential fall risk in healthy older adults based on 25 

comprehensive clinical and simple quantitative posturographic measurements. 26 

Methods: A total of 64 community-dwelling older adults aged ≥ 65 years were classified into fallers and 27 

non-fallers based on a previous fall history. After excluding two participants due to missing data, 16 and 46 28 

participants were included in the faller and non-faller groups, respectively. We conducted major clinical 29 

measurements, including timed up and go test, 10-meter walk test, functional reach test, one-leg stand test, 30 

isometric muscle strength tests, open-close stepping test, and sit-to-stand test. For quantitative 31 

posturographic measurements, participants performed standing tasks with their eyes open and closed. In 32 

the standing tasks, the time series of the center of pressure in the anteroposterior and mediolateral directions 33 

during standing was decomposed into rambling and trembling components to evaluate postural control in 34 

detail, separately. The mean velocity and root mean square of the center of pressure, rambling, and 35 

trembling were calculated and compared between fallers and non-fallers. 36 

Findings: A significant fall-related difference was found only in the mean velocity of the rambling in the 37 

anteroposterior direction; fallers displayed greater values than non-fallers, especially while standing with 38 

their eyes closed. 39 

Interpretation: The clinical measures failed to distinguish differences in fall risk, whereas the rambling 40 

component in the anteroposterior direction could detect substantial differences. The mean velocity of the 41 
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rambling component could be useful as a sensitive screening biomarker for potential fall risks in healthy 42 

older adults. 43 

 44 
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1. Introduction 46 

Falls in community-dwelling older adults are a serious problem, and approximately 30% of individuals 47 

older than age 65 experience falls at least once each year, increasing to 50% in those older than age 80 48 

(Rubenstein, 2006; Swift and Iliffe, 2014). The risk factors for falls have been widely explored in older 49 

adults, and several functions such as balance, muscle strength, and gait have been identified as strong risk 50 

factors for falls (Hausdorff et al., 2001; Tinetti and Kumar, 2010). It is also possible that multiple factors 51 

rather than a single fixed factor may cause falls in older adults. Early detection of potential fall risk in 52 

healthy older adults is crucial for preventing fall-induced injuries and subsequent functional decline. 53 

Various screening tools have been established to detect fall risk in older adults (Barker, 2014). In 54 

particular, quick and easy clinical measurements such as the timed up and go test are popular as useful fall-55 

assessment batteries (Viccaro et al., 2011). However, their limited ability to predict future falls has been 56 

previously demonstrated; for instance, several studies have shown that the timed up and go test is unable 57 

to predict falls (Lindsay et al., 2004; Silva et al., 2022), and a systematic review concluded that its cut-off 58 

values vary widely among studies and that such simple clinical measurements are inadequate for predicting 59 

future falls (Meekes et al., 2021). Clinical measurements may be limited because the postural control system 60 

involves the complex integration and coordination of multiple body systems (Horak, 1987; Meekes et al., 61 

2021), and additional assessment tools are required to address this issue. A recent systematic review 62 

reported that future fall risk can be assessed by simple quantitative posturographic tests with eyes open 63 
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(EO) and closed (EC) rather than clinical measurements and that center of pressure (CoP) measures such 64 

as anteroposterior CoP velocity would be good indices to predict fall risk (Quijoux et al., 2020). 65 

In addition to the CoP measures, the rambling-trembling decomposition of the CoP time series during 66 

quiet standing has been developed to evaluate postural control in detail (Zatsiorsky and Duarte, 1999, 2000). 67 

In this analysis, the CoP trajectory was decomposed into rambling (Rm) and trembling (Tr) components. 68 

Rm approximates the trajectory of the CoP (the point of application of the resultant vertical force acting on 69 

the body), computed as an interpolation of instantaneous equilibrium points (i.e., the points at which the 70 

horizontal force is zero). Tr represents the oscillation of the body to moving equilibrium reference, 71 

computed as the difference between the CoP and Rm. The Rm component was viewed as reflecting 72 

supraspinal processes, whereas the Tr component was viewed as primarily a reflection of peripheral 73 

mechanics, such as the spinal reflex or mechanical properties (Zatsiorsky and Duarte, 1999, 2000). In a 74 

recent study using this decomposition technique, simulated somatosensory deficits in healthy young adults 75 

predominantly altered the Rm component of postural sway while standing (Gerber et al., 2022). Similar 76 

observations, that is large alterations in the Rm component, were also observed in a study exploring age-77 

related changes (Sarabon et al., 2013). Failure to adjust the Rm component may prevent an appropriate 78 

response of the body to the perturbations encountered in daily life, resulting in falls. Therefore, the Rm 79 

component of the CoP time series may be a useful index for assessing the potential fall risk in healthy older 80 

adults. However, it remains unclear whether the Rm-Tr decomposition is a useful method for assessing fall 81 
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risk.  82 

Therefore, this study aimed to explore useful indices to assess potential fall risk in healthy older adults. 83 

This exploratory study evaluated the fall risk based on a previous history of falls (Ambrose et al., 2013; 84 

Tinetti and Kumar, 2010), and used several types of clinical and simple quantitative posturographic 85 

measurements for fall assessments. We expected that indices using simple quiet-standing tasks, especially 86 

the Rm component of postural sway, would be useful for assessing fall risk in healthy older adults. 87 

 88 

2. Methodology  89 

2.1 Participants 90 

A total of 64 community-dwelling older adults aged ≥ 65 years participated in the study. For the 91 

recruitment process, we sent a recruitment letter to all older adults who had participated in another physical 92 

fitness test in Kyoto city who met the following inclusion criteria to ask whether they would like to 93 

participate: (1) individuals without neurological disorders or musculoskeletal injuries, (2) individuals who 94 

could stand still without any assistance for more than one minute, and (3) individuals without cognitive 95 

impairments that would prevent accurate performance of instructions (Mini Mental State Examination 96 

score > 23 points (Kochhann et al., 2010)). This study included older adults who indicated their 97 

willingness to participate by replying to the letter. Written informed consent was obtained from all 98 

participants and all protocols were approved by the Research Ethics Committee of Kyoto University 99 
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(R1746). The research design is shown as a flowchart in Figure 1. 100 

We asked the participants whether they had experienced falls in the 12 months prior to the 101 

experiments. A fall was defined as an event in which an individual unintentionally comes to rest on the 102 

floor, ground, or other lower level, regardless of whether an injury occurred (Maki, 1997). Participants 103 

were classified into two groups based on fall history within the last 12 months. Participants who had 104 

experienced at least one fall were classified as fallers, and those who had not experienced a fall were 105 

classified as non-fallers. Sixteen participants were included in fallers and 46 participants were included in 106 

non-fallers. The physical characteristics of both groups are shown in Table 1. Two participants were 107 

excluded due to missing fall history data, and no participants with falls had serious injuries due to falls.  108 

 109 

2.2 Clinical Measurements 110 

We conducted the following clinical measurements at random: timed up and go test, 10-meter walk 111 

test, functional reach test, one-leg stand test, isometric muscle strength tests, open-close stepping test, and 112 

sit-to-stand test. All clinical measures were performed with shoes on and evaluated by several physical 113 

therapists with adequate skills and knowledge. 114 

The timed up and go test (Viccaro et al., 2011) and the 10-meter walk test (Tyson and Connell, 115 

2009) were used to assess functional mobility. In the timed up and go test, the participants were instructed 116 

to perform the following tasks as quickly as possible after a command of “go”: stand up from a sitting 117 
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position, walk to a mark 3 meters away, turn around, walk back, and sit down. Time was measured using a 118 

stopwatch that was started when the instruction to “go” was given and stopped when the back of the 119 

participant was against the back of the chair after sitting down. In the 10-meter walk test, participants were 120 

asked to walk at a comfortable speed to a landmark that was 14 meters ahead. Using a stopwatch, we 121 

measured the time taken to walk 10 meters excluding the first and last 2 meters and evaluated the gait speed 122 

(m/s). Each measurement was performed twice, and the minimum time was recorded. 123 

Functional reach test (Duncan et al., 1990) and one-leg stand test (Maki et al., 1994) were also 124 

conducted to assess dynamic and static balance abilities. In the functional reach test, participants stood with 125 

their right shoulder flexed at 90° and reached forward as far as possible. The test was conducted once and 126 

the maximum distance was evaluated. In the one-leg stand test, we asked the participants to stand on any 127 

leg for as long as possible with both arms on their hips. The test was performed with their eyes closed for 128 

a maximum of 3 minutes. Using a stopwatch, we measured the time required for the supporting foot to rise 129 

from and touch the ground. The test was performed twice, and the longest time was recorded. 130 

Isometric muscle strength tests of the knee extensors and hip abductors were conducted to assess 131 

the muscle strength of the lower limbs. In the knee extensor test, the maximum strength of the right knee 132 

extensors was measured using an isometric dynamometer (Isoforce FT-330; OG GIKEN Co., Okayama, 133 

Japan). The participants were seated with the knee flexed at 60° and a sensor pad was placed 26 cm from 134 

the knee joint to measure the maximal isometric strength of knee extension. In the hip abductor test, 135 
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maximal isometric strength of the right hip abductor was measured using a handheld dynamometer (Mobie; 136 

Sakai Medical Co., Tokyo, Japan). The participants were asked to produce the maximal isometric strength 137 

of hip abduction in the supine position. Both strength tests were performed twice, and the maximal forces 138 

were assessed. Torque (Nm/kg), computed using the maximal force (N), lever arm (m), and body weight 139 

(kg), was used for further analysis.  140 

To comprehensively evaluate physical function, we also included the open–close stepping test as 141 

a measurement of agility (Yoshinaka et al., 2018) and the sit–to–stand test as an indicator of lower limb 142 

function (Alcazar et al., 2018; Bohannon et al., 2010). In the open–close stepping test, participants were 143 

seated in a chair and both feet were placed inside two 30-cm-wide lines. We asked them to open and close 144 

both feet as quickly as possible in 20 seconds. The number of open–close steps was counted. In sit–to–stand 145 

test, we instructed the participants to repeatedly stand up from and sit down on a chair as quickly as possible, 146 

and the number of sit-to-stand repetitions in 30 seconds was recorded. In both tests, we confirmed the 147 

measurement time of 20 or 30 seconds using a stopwatch and counted the number of times. The tests were 148 

performed once. 149 

 150 

2.3 Quantitative Posturographic Measurements 151 

Participants stood quietly on a force plate (Kistler Japan Co., Ltd., Tokyo, Japan) for 60 seconds 152 

with their feet together and their arms crossed over their chests. The two standing tasks with EO and EC 153 
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were performed at random. In the EO condition, participants stood while looking at a sign placed at eye 154 

level on a wall approximately 3 meters away, while in the EC condition, they closed their eyes after looking 155 

at the sign on the wall.  156 

Three force and moment components were recorded at 1kHz, and low-pass filtered at 10 Hz using 157 

a fourth-order zero-lag Butterworth filter. For further analysis, we removed the data for the first 5 seconds. 158 

Additionally, we computed the Rm and Tr trajectories using the decomposition of CoP in the anteroposterior 159 

(AP) and mediolateral (ML) directions (Zatsiorsky and Duarte, 2000). Briefly, we first identified 160 

instantaneous equilibrium points (IEPs), which were defined as the CoP coordinates when the ground 161 

reaction force in the AP direction (FAP) was zero. To estimate the Rm trajectory, we computed the cubic 162 

spline interpolation of the IEP coordinates. The trajectory of the Tr was evaluated based on the deviation of 163 

the CoP from the Rm trajectory. The typical CoP, Rm, and Tr trajectories in the AP direction are shown in 164 

Figure 2. After obtaining the Rm and Tr trajectories, we removed the first and last 1-s of the data to eliminate 165 

edge effects (Yamagata et al., 2019a; Yamagata et al., 2019b). To assess postural control during standing, 166 

the root mean square (RMS) and mean velocity (MV) of the CoP (CoP_rms and CoP_mv), Rm (Rm_rms 167 

and Rm_mv), and Tr trajectories (Tr_rms and Tr_mv) in the AP and ML directions were computed and 168 

compared between fallers and non-fallers. 169 

 170 

2.4 Statistical Analysis 171 
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Prior to the statistical analyses, we tested the assumptions of normality. Because the 172 

Kolmogorov–Smirnov tests showed that some indices deviated from the normal distribution, this study 173 

mainly performed non-parametric tests. For the homogeneity of variances and independence of 174 

observations, we confirmed that equal variances could be assumed in all indices using the Levene’s test and 175 

the indices were not dependent on one another. 176 

To explore the effects of group (faller and non-faller) and vision (EO and EC) on CoP-, Rm-, 177 

and Tr-related measures, we performed analyses of variance for split-plot factorial designs. We used the 178 

variance analyses because there were no non-parametric alternatives. When significant interactions were 179 

detected, post-hoc comparisons were separately performed to explore fall-related differences in EO and EC 180 

conditions. To test whether the indices of clinical measurements differed between fallers and non-fallers, 181 

we performed Mann-Whitney U-tests to compare the values between groups. The significance level was 182 

set at 0.05, and Bonferroni corrections were applied for post-hoc comparisons. 183 

 184 

3. Results 185 

3.1 Physical characteristics and clinical measurement indices 186 

The physical characteristics of both groups are shown in Table 1. There were no significant 187 

differences in age, height, or mass between the groups. No significant differences were found in any of the 188 

clinical measurement indices between the non-fallers and fallers (Table 2). 189 
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 190 

3.2 Posturographic measurement indices 191 

The typical time profiles of the CoP, Rm, and Tr in representative non-fallers and fallers are 192 

shown in the Appendix. The results for CoP_mv, Rm_mv, and Tr_mv are shown in Figure 3. In the CoP_mv 193 

and Tr_mv, significant Vision effects were found in the AP (CoP_mv F (1, 60) = 39.8; p < 0.001; ηp2 = 0.40, 194 

Tr_mv F (1, 60) = 41.9, p < 0.001; ηp2 = 0.41) and ML directions (CoP_mv F (1, 60) = 27.7; p < 0.001; ηp2 195 

= 0.33, Tr_mv F (1, 60) = 27.1, p < 0.001; ηp2 = 0.32), and the indices in the EC condition were significantly 196 

greater than those in the EO condition. Significant Vision effects were also found in Rm_mv in the ML 197 

direction (F (1, 60) = 24.1, p < 0.001; ηp2 = 0.30). However, no significant Group effect or interaction was 198 

found. For Rm_mv in the AP direction, there were significant effects of Group (F (1, 60) = 6.5, p < 0.01; 199 

ηp2 = 0.11) and Vision (F (1, 60) = 23.7, p < 0.001; ηp2 = 0.31). A significant Group x Vision interaction 200 

was also observed (F (1, 60) = 4.7, p < 0.05; ηp2 = 0.10). The Rm_mv in fallers was significantly higher 201 

than that in non-fallers, especially under the EC condition (p < 0.05; r = 0.30).  202 

Figure 4 presents the results of the RMS-related indices. Regarding CoP_rms and Rm_rms in 203 

the AP direction, a significant Vision effect was found (CoP_rms F (1, 60) = 29.3; p < 0.001; ηp2 = 0.33, 204 

Rm_rms F (1, 60) = 7.8; p < 0.01; ηp2 = 0.12); however, no Group effects were found. We found a significant 205 

Group x Vision interaction in CoP_rms in the AP direction (F (1, 60) = 8.7, p < 0.01; ηp2 = 0.13) and 206 

Rm_rms (F (1, 60) = 7.8, p < 0.01; ηp2 = 0.12); however, no significant differences between fallers and 207 
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non-fallers were found in either the EO or EC conditions. For Tr_rms in the AP direction, a significant 208 

Vision effect was found (F (1, 60) = 34.9, p < 0.001; ηp2 = 0.36), but no Group effect or interaction was 209 

observed. In the ML direction, we did not find effects of Vision and Group effect in CoP_rms and Rm_rms, 210 

but significant Vision effect was found in Tr_rms (F (1, 60) = 42.6, p < 0.001; ηp2 = 0.43). No interaction 211 

was observed in indices in the ML direction. 212 

 213 

4. Discussion 214 

This study aimed to explore useful indices to assess potential fall risk in healthy older adults. We did 215 

not find any differences in clinical measures or CoP- and Tr-related measures in the AP and ML directions 216 

between fallers and non-fallers. No fall-related difference was found in Rm-related measures in the ML 217 

direction either; however, a group effect was found in the mean velocity of the Rm component in the AP 218 

direction, with fallers displaying significantly greater values than non-fallers. The results partly supported 219 

our hypothesis that posturographic measurements (especially the Rm component of postural sway) would 220 

be useful for assessing fall risk in healthy older adults. To the best of our knowledge, this is the first study 221 

to demonstrate that the Rm component is associated with the fall risk and to indicate that the rambling-222 

trembling decomposition method can be used as a new fall assessment measure. 223 

 224 

4.1 The usefulness of the rambling-trembling decomposition method 225 
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The CoP velocity did not distinguish fallers and non-fallers, whereas the Rm velocity in the AP 226 

direction decomposed by the CoP time series was higher in fallers than in non-fallers. Additionally, such a 227 

difference increased while standing with the eyes closed. In a previous study on the simulated 228 

somatosensory deficit by foam pads, it was revealed that in the AP direction, the Rm was increased by the 229 

somatosensory deficit more than the CoP and Tr during standing (Gerber et al., 2022). Such a substantial 230 

increase in the Rm was also observed when participants stood on a smaller base of support (Mochizuki et 231 

al., 2006) and participants attempted to keep the CoP or head orientation within a smaller target during 232 

standing (Danna-Dos-Santos et al., 2008). These previous findings implied that the Rm would increase 233 

when conscious or voluntary efforts were made to control postural sway and support the idea that the Rm 234 

reflects central control. In this study, Rm alteration in a normal standing task was observed in the AP 235 

direction even in healthy older adults if they have a fall risk, implying that their supraspinal control may 236 

have been changed due to the potential fall risk. In particular, similar to postural strategies while standing 237 

on unstable ground (Mochizuki et al., 2006) and in individuals with somatosensory deficits (Gerber et al., 238 

2022), healthy older adults with a high fall risk may use the central nervous system to search for a limit of 239 

stability by constantly moving their CoP or shifting their equilibrium point in the AP direction, even during 240 

quiet standing. While it remains unclear how much the Rm reflects complex supraspinal processes, Rm 241 

calculations computed from easy posturographic measurements may be useful as screening tools for 242 

potential fall risk in healthy adults at an early stage if force plate measurements are available. 243 
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No significant differences were found in the Tr-related indices in both directions between fallers 244 

and non-fallers. Earlier studies have observed alterations in the Tr as well as the Rm components with aging 245 

(Degani et al., 2017) and disease (Costa et al., 2022), slightly different from our findings. Tr has been 246 

viewed primarily as a reflection of peripheral mechanics, such as the mechanical properties of the effectors 247 

and spinal reflex loops (Zatsiorsky and Duarte, 2000), and is changed by peripheral factors such as muscle 248 

co-activation (Yamagata et al., 2019a) or muscle weakness. Previous differences in the Tr component might 249 

have been caused by age- and disease-related alterations in peripheral factors, such as muscle mechanical 250 

properties. In this study, no statistically significant differences in muscle strength were found between 251 

fallers and non-fallers (Table 2), although muscle dysfunction or weakness is a major factor in fall risk 252 

(Tinetti and Kumar, 2010). Alterations in the Tr component may not have been found because fallers and 253 

non-fallers used similar peripheral mechanics during standing. The rambling-trembling decomposition of 254 

the CoP time series would provide a deeper understanding of postural control mechanisms, and periodic 255 

evaluation using this technique may also be useful in determining the effectiveness of interventions, in 256 

addition to screening for fall risk, in clinical practice. Future studies are warranted to clarify whether this 257 

measure could be useful for a broader assessment. 258 

 259 

4.2 The necessity of comprehensive measurements 260 

A fall-related difference was observed in the MV of the Rm component in the AP direction, whereas 261 
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no difference was observed in the RMS of Rm component (Figures 3 and 4). Similar results have been 262 

found in previous studies; MV has been reported to be better at detecting age-induced changes in postural 263 

control than RMS (Maki et al., 1990; Prieto et al., 1996). A systematic review has also shown that MV 264 

reflects fall risk better than RMS (Quijoux et al., 2020), and MV indices may alter first owing to postural 265 

disability and fall risk, followed by RMS indices. RMS reflects the effectiveness of the postural control 266 

system and MV is related to the amount of regulatory balancing activity associated with the stability level 267 

(Hufschmidt et al., 1980; Maki et al., 1990). Given the different aspects of RMS and MV, fallers and non-268 

fallers in this study might have similar levels of postural stability, whereas fallers may require a large 269 

amount of regulatory activity from the central nervous system to achieve postural stability.  270 

None of the clinical measures could distinguish fallers from non-fallers. This could be because of 271 

the high functional abilities of fallers and non-fallers. For example, although there was a wide range, the 272 

cut-off values of timed up and go test to assess fall risk ranged from 10 to 32.6 seconds (Beauchet et al., 273 

2011), and all participants in this study were substantially smaller than the value. High physical function 274 

levels were also observed in other clinical measures. It is possible that most clinical measurements are easy, 275 

rapid, and useful for assessing frail adults with a high fall risk, but they may be inadequate for detecting 276 

potential fall risk in healthy older adults with high physical function. Falls result from a complicated 277 

combination of many factors, one of which is postural impairment. Given that postural control is also 278 

complex, comprehensive measures using quantitative posturographic measurements, in addition to the 279 
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clinical measurements, may be needed to significantly increase the accuracy of fall prediction. 280 

 281 

4.3 Study limitations 282 

This study had some limitations. First, we did not obtain details on how the fallers experienced falls. 283 

Falls during walking have several causes, including inappropriate weight shifting and tripping (Robinovitch 284 

et al., 2013), which are likely related to poor control of the center of mass and swing foot, respectively. The 285 

Rm component may predict falls, especially those due to inappropriate weight shifting. Further studies that 286 

explore the relationship between Rm components and the detailed information on falls are required to 287 

clarify which specific factors the Rm component may predict. Second, this was a cross-sectional study. 288 

Longitudinal studies are warranted to explore whether this technique can be used to predict future falls and 289 

determine a proper intervention strategy. Finally, the cut-off value is unclear. Further studies are required 290 

to generalize our findings to other populations and apply them as a fall-assessment tool in clinical practice. 291 

 292 

5. Conclusions 293 

In this study, clinical measurements did not distinguish between older adults with and without a fall history, 294 

indicating that older adults with a fall history maintained the same physical functions as those without a 295 

fall history. The mean velocity and root mean square of the CoP time series also failed to distinguish 296 

differences in fall risk; however, we observed a difference in the rambling component of the CoP trajectories 297 
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in the AP direction during quiet standing. If force plate measurements are available, the index based on the 298 

rambling-trembling decomposition method, in particular, the mean velocity of the rambling component, 299 

could be useful as a sensitive screening biomarker for potential fall risks in healthy adults.  300 

 301 
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Figure legends 385 

 386 

Figure 1. Flowchart of research design. 387 

 388 

Figure 2. The time profiles of each index in force plate measurements for a representative participant. The 389 

top panel represents the ground reaction force in the anteroposterior direction (FAP; thin black line). Black 390 

dots show instantaneous equilibrium points (IEPs), i.e., the instances at which FAP was zero. The middle 391 

panel represents the center of pressure in the anteroposterior direction (CoPAP; thin black line) and rambling 392 

(Rm; thick gray line) trajectories. Rm was the time series computed based on the cubic spline interpolation 393 

of the IEP coordinates in the top panel. The bottom panel represents the trembling (Tr; thick black line) 394 

trajectory computed based on the difference between the CoPAP and Rm trajectories in the middle panel.  395 

 396 

Figure 3. Box plots of the mean velocity of the center of pressure (CoP_mv; top panel), rambling (Rm_mv; 397 

middle panel), and trembling (Tr_mv; bottom panel) in non-fallers (white box) and fallers (grey box). Left 398 

and right panels represent indices in the anteroposterior (AP) and mediolateral (ML) directions. Dots 399 

represent the values of each individual. The horizontal lines and red crosses indicate the median and average 400 

values of the participants while standing with their eyes open (EO) and closed (EC), respectively. The edges 401 

of the boxes represent the 25th and 75th percentiles.  402 
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 403 

Figure 4. Box plots of the root mean square of the center of pressure (CoP_rms; top panel), rambling 404 

(Rm_rms; middle panel), and trembling (Tr_rms; bottom panel) in non-fallers (white box) and fallers (grey 405 

box). Left and right panels represent indices in the anteroposterior (AP) and mediolateral (ML) directions. 406 

Dots represent the values of each individual. The horizontal lines and red crosses indicate the median and 407 

average values of the participants while standing with their eyes open (EO) and closed (EC), respectively. 408 

The edges of the boxes represent the 25th and 75th percentiles. 409 


