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Downward gazing behavior after stroke can enhance postural control even in the absence of visual input
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Background: Recent reports have revealed that downward gazing, a common behavior among persons with stroke, enhances postural control. The mechanism underlying this phenomenon is currently unknown. In this study, we attempt to provide evidence to support the hypothesis that this effect is primarily derived from altered retinal input caused by gazing down. We also hypothesized that the effect of downward gazing on sway will be more pronounced in subjects with impaired balance control following stroke.

Methods: We quantified standing postural sway of 20 healthy participants and 20 persons with stroke who were instructed to stand as still as possible under different conditions: while gazing forward and gazing down, with their eyes open and eyes closed.

Results: Both the horizontal gaze angle and the lack of visual input had a negative effect on participants’ ability to attenuate their body sway. Yet, the effect of gaze angle was constant regardless of the presence or absence of visual input. Also, people with stroke were more sensitive to the effect of gaze angle.

Discussion: The results of this study indicate that downward gazing enhances postural control even in the absence of visual input and do not support our main hypothesis. Nonetheless, the effect of downward gazing on postural control was greater in unstable people (persons with stroke) than that observed in healthy adults, supporting our secondary hypothesis, which might explain less stable individuals’ tendency to gaze down while walking.
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1 Introduction

It is generally accepted that somatosensory, vestibular and visual information are integrated and used to control posture (1). That is, these sensory modalities provide information about the body’s position and motion that is used to generate corrective responses to gravitational and other internal and external forces acting on the body. Given that the visual and vestibular organs are in the head, and that sensory information from the muscles controlling eyes and neck have been implicated in postural control (2), any change in gaze position can affect the signals provided by these modalities, which in turn, can affect postural control.

Although during daily life activities humans often change their gaze position, gaze behavior during walking is mostly studied in the context of anticipatory stepping control (3). Downward gazing (DWG) while walking is a common clinical observation among persons with stroke (PwS) (4), and in other unstable walkers, but very few investigations were conducted to determine how this gaze behavior affects postural control (2, 4–7). Moreover, observations from these investigations were inconsistent and sometimes conflicting, with various mechanisms proposed to underly the observed effects (5, 6).

Recently, Koren et al. (8) reported that DWG enhanced postural steadiness of standing and walking younger adults. These authors also found a similar effect with older adults and PwS (9), two populations that excessively rely on visual input and are more likely to gaze down while walking (10, 11). Based on previous literature and deductive reasoning, they speculated that DWG enhances postural control primarily through its effect on the visual input [for a comprehensive explanation see (8)]. In this investigation we attempted to provide evidence to support this speculation. To do so, we tested whether the effect of DWG on postural sway with visual input (eyes open) was different from the effect observed without visual input (eyes closed). Specifically, we hypothesized that the effect of DWG on postural sway with eyes open would be greater than the effect with eyes closed (if such an effect is even observed). In other words, we expected to find a Vision by (gaze) Angle interaction, a prediction that previous reports had not tested directly. We also tested whether the effect of DWG is more pronounced in PwS, as PwS are less stable and tend to rely excessively on visual input. For this purpose, a significant Group by (gaze) Angle interaction was considered as supportive.



2 Methods


2.1 Participants

Twenty healthy adults and 20 PwS participated in this study. Participants were recruited at the Adi-Negev Rehabilitation Centre from among the patients (in-and outpatients), staff, and visitors (i.e., a convenience sample). All participants provided written consent prior to testing. Participants were men and women between 18 and 85 years old, able to stand with their eyes closed for 30s, able to provide consent, and able to follow simple instructions. Exclusion criteria included: (1) history of a major orthopedic condition (such as total knee replacement), or present acute orthopedic symptoms (such as severe pain due to osteoarthritis). (2) Any neurological (other than stroke) or degenerative condition. (3) Any other conditions that can affect postural control, such as vertigo, severe visual impairment, etc. Participants with common age-related conditions, such as controlled type 2 diabetes, hypertension, etc., were allowed to participate. The study complies with standards of the Declaration of Helsinki including approval of an institutional review board (regional ethical review board at Sheba Medical Center, Israel, approval number 6218-19-SMC).



2.2 Procedure

Participants were instructed to stand barefoot, as still as possible, in a standardized wide-base stance, i.e., their heels 6 cm apart with the feet externally rotated (10°), and their hands loosely hanging to the sides of their bodies (12). Their postural sway was measured while gazing forward or downward, with their eyes closed or open, for 30s in each trial. This can be visualized as a 2 [image: image] 2 conditions matrix (2 visual conditions and 2 angle conditions). For the forward condition, participants gazed at a target placed at eye level, located 4 meters ahead, and for the downward condition the target was placed on the standing surface, 2 meters ahead. The gaze targets were colored circles, 20 cm in diameter, made of laminated paperboard. In the eyes-open condition, participants were instructed to gaze at the designated target constantly throughout the trial. In the eyes closed conditions, participants were instructed to first gaze at the designated target with their eyes open and then to close their eyes while imagining that they are still gazing at the target. This instruction was specifically provided to match the eyes-in-head position between the eyes-open (EO) and the eyes-closed (EC) conditions. Five repetitions (13) of each condition were performed in a random order using a Latin rectangle. Rest between trials was provided as necessary without any restrictions. Participants that reported using corrective visual aids for usual daily activities (myopia but not presbyopia) were tested with their own aids. To ensure compliance with the instructions, one of the investigators stood by the participants throughout the experiment and watched their gaze behavior (when possible).



2.3 Instruments

To measure sway during the trials, participants stood on a platform equipped with an embedded force sensor array (Zebris FDM-T Treadmill, Zebris Medical GmbH, Germany). For consistency, the standardized foot position was marked on the platform. Raw data were acquired using the software provided by the manufacturer (Zebris FDM, version 1.18.40) at a 60 Hz sampling rate. Since the platform is elevated from the laboratory’s floor, a 1.70 × 0.7 × 0.3 m wooden platform was custom built to create an illusion of continuity of the standing surface (on which the target for the downward gaze was placed), and participants were tested while facing the back end of the treadmill.

To measure head angle throughout the experiment, participants were fitted with a single inertial measuring unit (IMU) on their forehead. The IMU (Xsens DOT, Movella, Netherlands) was placed in a special case attached to an elastic band, designed for this purpose (provided by the manufacturer). Data from the IMU was sampled at 60 Hz and acquired wirelessly using software provided by the manufacturer (Version 2020.0.1).



2.4 Data processing and outcome measures

Raw data from the force platform was exported and processed by a dedicated MATLAB script. First, the center of pressure (COP) time series was low passed using a 2nd order Butterworth filter with a cutoff frequency of 15 Hz. The script, which excludes the first 3 s and the last second of each trial, computes four traditional sway parameters from the individual time series: COP range in the anterior–posterior (AP) and medio-lateral (ML) directions is simply the distance between the extreme values on the Y and X axes, respectively, and given in mm. Sway velocity, given in mm/s, was calculated as the total excursion divided by time. The fourth parameter was sway area (given in mm2). We chose to calculate the area of the smallest convex set containing all visited points (convex hull) of the 2D data [as described in Wollseifen (14)].

As the main outcome measure, the script computes the short-term diffusion coefficient of COP, driven from stabilogram diffusion analysis (SDA) as described by Collins and De-Luca (15). Briefly, the diffusion coefficient is the rate at which the quadratic Euclidean distance between two COP positions increases as a function of the time interval between them. That is, for a given Δt, spanning m data intervals and N samples, planar displacement (Δr2) is calculated as:

[image: image]

This calculation is repeated for every Δt, and the Dis is calculated as the slope of the Δi2 by Δt plot. In this experiment we calculated three coefficients: single dimension on the X- (Dxs) and Y- (Dys) axes, and the planar coefficient (Drs), all given in mm2/s.

SDA parameters were shown to be more sensitive than summary statistics (traditional parameters) to postural instability (12). Nevertheless, many researchers prefer using traditional sway metrics, so we included both. Regardless of the true nature of standing sway (which is debated in the literature), the task in this study required participants to minimize sway as much as possible; therefore, smaller values (of all parameters) are interpreted as a better ability to control the COM.

To determine the vertical head angle in each trial, the data from the force platform and the vertical angle (relative to the gravitational vector) data from the IMU were synchronized using the time stamps from the devices. The head angle was determined as the mean value during the trial.



2.5 Sample size estimate

To estimate the number of participants required to show an effect of DWG on postural sway, we used the data collected from our previous study, which included four participants (one older adult and three PwS) who were tested in a wide-base stance (9). We used the ‘SIMR’ package (16) in R (Version 4.0.5), in conjunction with the ‘lme4’ package (17). This package allows users to calculate power for generalized linear mixed models. The power calculations are based on Monte Carlo simulations (16). We simulated multiple experiments with DWG (to 3 meters ahead) and forward gazing (FG) as levels of the fixed effect, at various levels of the random effect (i.e., number of participants). When the predicted term in these simulations was the variable Drs, the observed power reached 92% (CI: 85–96) with 20 participants. Given that we were (mostly) interested in the interaction term (‘Vision’ by ‘Angle’) and not the main effect of the angle, we decided to recruit 20 participants in each group. This value is much greater than that previously estimated (9), and is probably the result of testing participants in a wide-base-stance instead of narrow-base-stance, which is more sensitive to postural instability (18).



2.6 Statistical analysis

In all cases, mixed-effects models were used for the analysis (using SPSS, Version 29, IBM Corp, Armonk, NY). For the main objective, models included participants as the random effect. For fixed effects, we used ‘Group’, Vision’, ‘Angle’, and all possible interactions (full factorial models). Non-significant terms were excluded from the model in a stepwise manner. Significance level was set a-priori at α < 0.05, and sequential Bonferroni was used to correct for multiple comparisons when appropriate. For effect size, we used the marginal pseudo R2, which quantifies the variance explained by the fixed effects in the model. The distribution of all sway parameters was skewed to the right and therefore adjusted using a logarithmic transformation (natural log). The residuals of all models were evaluated for their distribution.




3 Results

One PwS did not complete the full experimental protocol due to tiredness. This participant performed only four trials of each of the conditions. Data from six other trials (from three different participants) were excluded from the final analysis due to interruptions (participant either moved or talked, or other disturbance occurred during the trial). Overall, sway data from 790/796 trials exectuted, performed by 20 healthy adults and 20 PwS, were used in the final analysis. Participants’ characteristics are presented in Table 1.



TABLE 1 Participants’ characteristics.
[image: Table1]


3.1 Head angle

First, we wanted to ensure that head angles in the EO and EC conditions were similar, and to estimate whether participants lowered their heads (head-on-neck) or eyes (eyes-in-head) to gaze down. The results of this comparison revealed that the DWG head angle differed from the FG head angle by roughly 20° (p < 0.0001), indicating that DWG was achieved (at least partially) using head-on-neck movement. The mean difference between the EO and EC conditions was <0.5° (DWG = 0.57° and FG = 0.12°) and was not significant (p > 0.39).



3.2 Main results

The effects of the ‘Group’, ‘Vision’, ‘Angle’ and the ‘Group’-by-‘Angle’ interaction, on multiple sway metrics (see Methods), were tested. The results of these tests are presented in Table 2 and in Figures 1, 2.



TABLE 2 Final models for all sway outcome measures.
[image: Table2]
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FIGURE 1
 Between-group comparison of the participants’ individual (black) and the mean (red) responses to the gaze angle. Results are presented as a within-subject effect (after adjusting for the random intercept), for the parameter Drs. While the response in the stroke group was greater (in terms of magnitude and the number of participants responding in the direction of the mean response) than that observed in the control (healthy) group, this difference was not significant for the parameter Drs; however, it was significant in other models.


[image: Figure 2]

FIGURE 2
 Between-group comparison of the participants’ individual (black) and the mean (red) responses to the visual condition. Results are presented as a within-subject effect (after adjusting for the random intercept) for the parameter Drs. EC and EO stand for eyes closed and eyes open, respectively.


Briefly, for all outcome measures we found the ‘Group’ and ‘Vision’ terms to be significant, revealing that mean sway values in the stroke group and with eyes closed, were significantly greater than the mean values in the healthy group and with eyes open, respectively.

The ‘Angle’ term was found to be significant in four out of the seven models, suggesting that mean sway values in the FG condition were significantly greater than the mean values in the DWG condition. Nevertheless, a significant ‘Group’ by ‘Angle’ interaction (5/7 models) revealed that FG was indeed associated with increased sway values in all models, but that this effect was either observed only in the stroke group or was more pronounced in the stroke group. None of the other interactions were found to be significant. Importantly, none of the statistical models revealed a significant ‘Vision’-by-‘Angle’ interaction, as would be predicted from our hypothesis.




4 Discussion

The main objective of this study was to provide evidence to support the hypothesis that the greater postural steadiness observed when a person gazes down is primarily a result of altered visual input. The results of this study revealed that three factors had a negative influence on the ability of participants to attenuate their body sway (i.e., to control posture): lack of visual input, a previous stroke, and a straight (horizontal) gaze angle. Importantly, our results indicate that retinal input had played no role in the effect of DWG on postural control, and PwS seem to be more sensitive than controls to the effect of DWG. The observed effects of visual input and of stroke are consistent with current literature, including previous reports from our own laboratory (8, 9) and will not be further discussed.

DWG is a common clinical observation among PwS (4) and other unstable walkers. While this behavior is often assumed to support online stepping control, there are other possibilities, including postural control (8, 9) and a way to free cognitive resources i.e., disengaging from distracting visual input (19). In all these cases, it would be reasonable to assume that DWG is used to change, in some way, the visual input. Nevertheless, most previous investigations in this area controlled for the visual input (5, 6, 20, 21), eliminating its effect. This approach is quite reasonable given that the visual input depends on the visual structure of the environment [e.g., Simoneau et al. (20)], which has endless possibilities. Yet, this approach does not allow to determine how DWG behavior affects postural control during daily life. Further, in daily life, DWG is achieved by a combination of downward head and eye movements (22), which seem to have opposite effects on postural control [see the difference between (5, 6)].

To investigate whether visual input plays a role in the effect of DWG on postural control during daily life, we simply instructed participants to gaze down (allowing them to choose whether to use head-on-neck, eyes-in-head or both, to do so). We then tested whether visual input modulates the effect of DWG, as indicated by the interaction term in the statistical models. While several other authors (4, 5, 7, 23) have used a similar approach, none directly tested the interaction term. Instead, they reported, for each visual condition, whether sway values were significantly different between gaze angles. While this approach is often acceptable, it does not necessarily indicate whether the magnitude of the effect changes (24). The main results of this investigation do not point to any such modulatory effect of the visual input, indicating that the observed effect is related to a different sensory modality (or modalities), or to a biomechanical effect (5). However, that we found no modulatory effect of visual input does not mean it plays no role in DWG’s impact on postural sway. Rather, it suggests DWG can enhance postural control even without visual input. Nonetheless, the current results do provide important information: first, the main effect of the gaze angle replicates our previous findings (8, 9) even though we used different settings, including measuring device, environment, gaze distance, stance width and a different sample, thus providing evidence that our initial findings were not coincidental. These results are consistent with reports on the stabilizing effect of downward eye movement (2, 6), in which the visual structure of the environment was controlled (to some extent). Interestingly, this effect seems to be more prominent at far distances (2), and suggested to result from afferent/efferent signals of the extraocular, and/or neck muscles. However, these results are inconsistent with a report (5) on the destabilizing effect of downward head motion (in which the visual structure of the environment was controlled by both matching it and by eliminating it). These authors suggested a biomechanical explanation, but had used a much larger (twice as large) head angle than that observed in the current report.

Second, in the current investigation we found a significant Group by Angle interaction, indicating that PwS are more sensitive to the effect of DWG, a finding consistent with a previous report (4) but inconsistent with our own previous investigation (9). We believe that two factors contributed to this result: stance width and sample size. Specifically, in our previous report participants were tested in a narrow-base stance and in the current in a wide-base stance. Narrow-base stance was reported to increase the sensitivity of sway measurements to instability (18), possibly, due to the greater postural challenge. This possibility is consistent with a previous report (7) showing that DWG enhanced postural steadiness of healthy adults standing on one leg, an effect that disappeared when participants were tested in a two-legged stance.

Another (or maybe additional) possibility, is that our previous report was underpowered to detect such interaction. In our previous report, only 10 PwS were tested because we were interested only in the main effect of gaze angle. In our current report, 20 PwS were tested, because we were more interested in the interaction terms, which require a greater sample. Also noteworthy is the fact that the interaction term was found significant in models for traditional sway metrics, which we did not use in the aforementioned investigation. These facts, among others, can also explain the differences between our results and those reported by Aoki et al. (4).

Third, as opposed to the common assumption that DWG is about changing/manipulating visual input, the results presented here suggest otherwise. Hayhoe and Matthis (3) state that gaze behavior investigations are challenging, because it is impossible to know what visual information is being acquired and for what purpose. We wish to extend this notion by adding that the results of the current investigation imply that “gaze behavior “is not necessarily about visual input altogether. Instead, the downward position of the head and eyes can serve to enhance some other sensory signal or enhance postural control through some other mechanism (for example, altered biomechanics), which is unknown at this time. From a clinical perspective this distinction might be important. Specifically, a patient may gaze down for online control over stepping, possibly because he/she does not trust their ability to react to slips and trips. For such patients, reactive training could be beneficial [see for example (25)], while for those gazing down for postural control more traditional balance training could be beneficial. For these individuals, we would suggest training without visual input to begin with, both because the DWG is likely to indicate deficit in some other feedback loop, and because training without visual input can prevent compensation through the visual system.

Naturally, this study has several limitations, two of which are addressed below. The first limitation is the fact that we talk about “gaze” but only measure head angle without the concurrent eyes angle. This fact introduces two problems: (1) we are unable to quantitatively assess the compliance of participants with our instructions, and to test whether the downward eyes angle was matched between the EO and EC conditions. (2) We are unable to determine whether downward eyes-in-head movement even occurred. The second is easily resolved by calculating the required gaze angle to look 2 m ahead, using a simple geometrical model. For example, if we consider the shortest participant in the study (153 cm), who requires the smallest DWG angle. For this participant, roughly 38° of downward gaze angle is required to look down 2 m ahead. Our data indicates that this participant used a ~ 15° downward head angle, meaning that the difference was achieved by downward eyes movement. As for the first problem, while some qualitative assessment of compliance was used (see Methods), this is indeed a limitation that should be considered when interpreting the results.

The second limitation is the fact that we did not age-matched our participants, which makes it impossible to conclude whether the difference between groups is a result of their stroke, their age or both. While true, we found no age effect in any of the groups (see Supplementary Figure S1, Supplemental Digital Content 1, for graphic presentation of the relation between age and sway values). In fact, when dividing the groups to younger (≤60) and older (>60), no difference was observed between them (also presented graphically in Supplementary Figure S1). This is likely due to some sampling bias of the older adults, as the effect of aging is well known, including our own observations (9). Nevertheless, to test whether stroke or instability as general is what made the stroke group more sensitive to the effect of DWG, future investigations should concentrate on other unstable groups, while appropriately controlling for age.

In conclusion, the results of the current report indicate that DWG can enhance postural control (replicating previous reports from our laboratory) even in the absence of visual input. These results also suggest that the effect of DWG is more pronounced in PwS, possibly due to their general instability. It is important to keep in mind that DWG prevent the walker from acquiring and using visual information about the far environment, information that is useful for navigation, planning a future trajectory and anticipating future disturbances, which can lead to reduced walking velocity, increase the risk of falls and, over time, can cause a shift from healthy automaticity to compensatory conscious control (26), even in those that gaze down for postural control.
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SUPPLEMENTARY FIGURE S1 | The effect of Age on postural sway. Given that participants in the stroke group were older than those in the control group, we explored the effect of age on postural sway. To do so, we plotted the mean sway value (of each participant) by age (left panel). Visually evaluating this plot revealed no obvious relation between the two variables. In addition (on the right), we classified participants as ‘young’ (<60 years) and ‘old’ (>60 years) and compared sway values between classes within each group. Comparison revealed no difference between age classes (p > 0.6). The mean and 95%CI of each group and age class are presented. Both panels show no obvious effect for the age of participants.
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