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Head position at any point in time plays a fundamental role in shaping the auditory information that reaches a listener, information that continuously changes as the head moves and reorients to different listening situations. The connection between hearing science and the kinesthetics of head movement has gained interest due to technological advances that have increased the feasibility of providing behavioral and biological feedback to assistive listening devices that can interpret movement patterns that reflect listening intent. Increasing evidence also shows that the negative impact of hearing deficits on mobility, gait, and balance may be mitigated by prosthetic hearing device intervention. Better understanding of the relationships between head movement, full body kinetics, and hearing health, should lead to improved signal processing strategies across a range of assistive and augmented hearing devices. The purpose of this review is to introduce the wider hearing community to the kinesiology of head movement and to place it in the context of hearing and communication with the goal of expanding the field of ecologically-specific listener behavior.
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Introduction

Hearing aids and other assistive listening devices are on the cusp of major innovative leaps due to technical advances in machine learning, power sources, microchip miniaturization, increased capacity for online signal processing, and translational advances in the fields of auditory and cognitive neuroscience. Prosthetic hearing devices, are also uniquely positioned to capture key kinesthetic information due to their location on the head, providing great potential for capturing user intention based on head-movement as a listener interacts with the acoustic environment. Current hearing aid technologies typically rely on acoustic cues alone to determine which sound-features to amplify and which to suppress or modify (Ricketts et al., 2017). This approach, however, necessarily relies on many assumptions, leading to an inherent disconnect between device output and the intention of the user. Sensors that capture non-auditory cues such as head movements have the potential to provide a direct connection between the hearing device and aspects of listener-intention to automatically supplement device-processing and ensure a more productive listening experience.

In recent years, more attention has been paid toward individual variability in auditory perceptual abilities with the expectation that tailored approaches resulting from “precision audiology” will improve hearing health outcomes (Sanchez-Lopez et al., 2020). From the clinician’s perspective, there is still much unknown regarding the interaction of individual differences, other than what can be easily gleaned from basic audiological assessments. Due to the costs associated with additional tests in the clinic, there is a greater appetite for applications of “smart” technology that can learn functional characteristics of the individual wearer and adapt accordingly (Skoglund et al., 2022). For example, with knowledge of the behavioral patterns of an individual during active auditory and non-auditory activities, devices have the potential to anticipate whether a listener is engaged and participating in a conversation, and then adjust appropriately to the dynamics of head-movements and turn-taking patterns.

With the inclusion of inertial sensors (e.g., accelerometers or gyroscopes) in modern premium hearing aids, the devices are now capable of monitoring not just the acoustic environment but also the physical interaction of the listener with that environment (Fabry and Bhowmik, 2021; Rahme et al., 2021). Importantly, this approach avoids the need for explicit input from the listener via an interface like a mobile phone or remote control. Currently however, very little is known about the connection between the kinesthetics of head movement and the communicative goals of the listener or how individual differences influence these types of behavioral movements. Finally, it is still to be determined the best methods for harnessing that information and translating to improve hearing quality.

Studies of body language usually fall within the scope of fields such as social psychology, while investigations of the mechanical nature of head and body movements are common in the fields of kinesiology, physical therapy, occupational therapy, and exercise science. In an effort to combine information learned from across these disciplines to advance hearing enhancement technology, we review the relevant literature in the hopes that providing a resource that touches on a wide range of relevant head movement and balance literature will provide context, and promote advancement and communication between research, clinical practice, and the hearing device industry. This review is organized into five main focal areas: (1) the fundamental physics of head movement, (2) head movement during active listening (3) head movement during communication, (4) head-body interactions, and (5) the prospects of device intervention to benefit hearing and balance outcomes.

Many methodologies have been used over the years to study head movement, some with remarkable ingenuity (e.g., Zangemeister et al., 1981). A full accounting of these techniques is outside the scope of this review, but it should be noted that in this report (as with all studies), results are best interpreted in the context of the measurement equipment. Until recently, few widely available measurement systems were capable of simultaneously capturing rotational movements specific to yaw, pitch, and roll. Many contemporary recording systems track head location and orientation with 6-degrees of freedom, which allow for appropriate estimation of head azimuth and movement-kinematics, but are less interpretable for roll and pitch. Rotation-specific results are reported whenever possible.



Physical properties of head movement


Dimensions of the adult human head

To understand the connection between head kinematics and acoustic cues used in hearing, it is important to begin with the physical properties of the human head. The human head weighs up to 5.5 kg (12 lb) and has a circumference of approximately 60 cm (24 in), with average weight and circumference depending on age, height, and sex (Ching, 2007; Nguyen et al., 2012). Head size impacts interaural time (ITD) and level differences (ILD), demonstrated by comparative studies across animal species (Heffner, 1997) with vastly different head sizes.

Head size also dictates the location of the center of mass (Figure 1, red circle) of the head, which is the point where gravity acts to create a uniform distribution of weight. On average, the center of mass is located approximately 0.8 cm anterior to the auditory meatus, and 3 cm superior to the Frankfort plane on the sagittal plane (Figures 1A,B; Yoganandan et al., 2009). The Frankfort plane is the horizontal plane defined by the top of the left and right ear canals to the bottom border of the eye. The point corresponding to the center of mass is slightly off from the interaural- or pitch-axis of rotation (Figure 1, blue circle) that lies 0.38 cm posterior and 3 cm inferior to the auditory meatus (Moore et al., 2005). Differences in head size and shape affect the acoustic head shadow cast when sound sources are off-midline to one side of the head, and in theory, could impact the transition region between usable ITD and ILD cues (Cai et al., 2015).
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FIGURE 1
 (A) The relative position of the center-of-mass and angle-of-rotation on the sagittal plane; nodding motion shown as a rotation around the Y-axis, with a maximum range of 170°(Θ). (B) The center-of-mass and angle-of-rotation on the axial plane; shaking motion shown as a rotation around the Z-axis, with a maximum range of motion of 160° (Φ). (C) Pitch, Yaw and Roll of the angle of rotation and the relative location of the center of mass. FP, Frankfort plane; AM, Auditory Meatus; IA, Interaural axis; blue circle, axis of rotation; red circle, center of mass.




Axes of rotation: yaw, pitch, and roll

In addition to the standard axes of translation: x (rostral to caudal), y (left to right), and z (dorsal to ventral), there are three axes of rotation, each associated with one of the standard dimensions. The yaw axis rotates along the z-dimension (Figure 1C) characterized by a “head-shake” motion, a movement sometimes referred to as “axial-rotation.” The pitch axis rotates along the y-dimension (Figure 1C), characterized by a “head-nod” motion, a movement also referred to in the literature as “flexion” (head toward chest) and “extension” (head tilted back). Both the yaw and pitch axes of rotation are physiologically based on the atlanto-occipital and atlanto-axial joints (Bogduk and Mercer, 2000). Finally, the roll axis rotates along the x-dimension in a “side-to-side” motion, made possible by movement at the cervico-thoracic junction (Figure 1C; Bogduk and Mercer, 2000). The roll axis is also referred to as “lateral bending” in the kinesiology literature.



Range of head motion

The maximal range of head motion along the yaw axis of rotation, is around ±80° with the majority of maximal ranges reported between ±60° and ±80° (Ferrario et al., 2002; Tommasi et al., 2009; Park et al., 2014; de Souza Melo, 2017). The yaw axis of rotation is more symmetric than the pitch axis, and range of motion is less impacted by aging compared to pitch (flexion or extension). Estimates of the maximal angle of rotation across a population on the yaw axis differs across studies, some reporting a full, 180° across the frontal hemifield compared to other estimates closer to 160° (Tommasi et al., 2009) or 175° (Dvorak et al., 1992).

Starting from rest at 0° along the pitch axis of rotation, the maximal distance while executing a flexion motion (moving chin to chest) is −90° and executing an extension motion (moving head to back) is +101° (Graf et al., 1995; Bogduk and Mercer, 2000). To achieve these angles, the atlanto-occipital joint average range of motion is approximately 15° (Bogduk and Mercer, 2000). For flexion motions, each of the cervical vertebrae can contribute up to 12° of additional motion, whereas for extensions, the vertebrae can contribute up to 15° of additional motion (Graf et al., 1995). The angle of motion increases with the vertebrae that are further down in the neck contributing more to the head orientation. This is due primarily to the combined ranges of motion for the atlanto-occipital and cervico-thoracic joints of the neck (Graf et al., 1995). Reports indicate that the maximal range of motion along the pitch axis decreases with age in non-pathological persons by about 10° from 20 to 50 years of age (Tommasi et al., 2009; Park et al., 2014).

From a starting point of 0° along the roll axis of rotation, the maximal range of lateral bending to the left or right is approximately ±35° to 40° (Ferrario et al., 2002; Inokuchi et al., 2015). Sex-related differences have been reported, with a significantly larger range of motion, close to 12° greater, reported in females than males (Ferrario et al., 2002).



General kinematics

When the head orients to a target position, the kinematics of head movement conform to a predictive pattern of human movement known as Fitts’ Law: the time it takes to move to a target is a function of the distance to the target divided by the size of the target. This movement pattern can be described in two phases: (1) the initial movement, described by high velocity and imprecise change in position toward a target position; and (2) the final movement, which is slower, but more precise than the initial movement (Fitts, 1954; Chen et al., 2012). Demonstrating the efficacy of this model with regards to head movement (Hoffmann et al., 2017) observed that the time of movement along the yaw axis increased as the difficulty of target acquisition increased (via manipulation of target size), showing that head movements of 60° required 550 ms (109°/s) for the easiest targets, and 900 ms (66.7°/s) in the most difficult targets.

In studies that explicitly asked participants to quickly rotate their heads in the yaw domain, movement trajectories were sigmoidal in shape, with a near-linear relationship between the amount of rotation and the peak-velocity, reaching speeds up to and beyond 200°/s for large turns (Zangemeister et al., 1981; Thurtell et al., 1999; Kunin et al., 2007). In experiments where participants localized auditory targets presented across a loudspeaker array peak-velocity was highly correlated with the magnitude of a yaw-movement (i.e., jump size), ranging from 50°/s for small 30° jumps up to 150°/s or greater for jumps exceeding 90° (Brimijoin et al., 2010; Chen et al., 2012; Whitmer et al., 2022).



Modeling head movement

To accurately model head movement, the head can be considered a sphere (rigid body) rotating around a point such as the center of mass (Kunin et al., 2007); however, many models of head movement simplify the 3-dimensional (3D) sphere to either a 2-Dimensional (2D) or a 1-Dimensional system of equations. There are two primary tools for simplifying the 3D problem: Donder’s Law and the Fick Gimbal System (Figure 2). Donder’s Law states that starting from a frontal position, head orientation can only be obtained by a rotation matrix (quaternion) whose rotation is on a 2D axis. That is, the center of rotation must remain on the plane formed by the other two axes. When the head moves on the rotational yaw axis, for example, the model assumes that movement on the other axes (pitch and roll) are null or in the same direction (Figure 2). The Fick-Gimbal system describes 3D head movement by splitting the movement into its constituent components using a horizontal axis that directly intersects the vertical axis at the center of rotation as shown on Figure 2, known as Listing’s plane (Novelia, 2015). The center point of rotation is roughly midway between the ears and behind the eyes, as shown in Figure 1B (Moore et al., 2005; Kunin et al., 2007; Wijayasinghe and Ghosh, 2011). This axis is relevant for modeling turning or shaking head movements on the yaw axis.
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FIGURE 2
 Diagram showing how head orientations move on Listing’s plane using a Fick Gimbal system. The Fick Gimbal system accounts for head movement that occurs along two planes (Θ = pitch, Φ = yaw) by considering all movement on the roll (rho) axis equal to zero. Listing’s plane is formed between the yaw and pitch axes and lies at the intersection for all the axes, or the axis of rotation. Movement from the initial (i) position to the final (f) position on the pitch and yaw axes occurs on Listing’s plane.





Head-movement during active listening

In nearly all naturally occurring environments there exist a variety of sound sources. Some of these sound sources are important while others can be safely ignored. Nevertheless, all sounds are transduced and refined to some degree at the auditory periphery, beyond which the central auditory processing system determines which sound sources require active attention (Gibson, 1966). In other words, all sounds are heard, but only some are listened to. To expressly measure active listening, research paradigms typically require an explicit participant-response to measure their perception, such as repeating back a word in noise or selecting between options in a discrimination task. A distinction can be drawn however, between measures of perception that are intuitive to put into words such as repeating back a sentence, vs. absolute measures or quality of a sound, such as of the speed of a sound-source or the distance or physical shape of an auditory object. Stroffregen and Pittenger (1995) make a compelling argument that for these types of experiments, the best approach to measure perception is with perception-action paradigms, where participants are asked to make an ecologically relevant action in response to the acoustic stimuli. Head movement is one of those ecologically relevant perceptually-driven actions, particularly for experimentation on the perception of sound movement, distance, and location.


Sound localization

The ability to localize sound requires complex integration of interaural differences in time (ITD) and sound level (ILD) in combination with spectral cues specific to the individuals’ head-related transfer function (HRTF). Age-related hearing-loss followed by the introduction of hearing devices, fundamentally disrupts these spatial cues and the head-movement strategies the central auditory system relies upon for sound localization and auditory stream segregation (Van den Bogaert et al., 2006; Keidser et al., 2009; Kondo et al., 2012; Brown et al., 2015a).



Sound localization: influence of subject response paradigms

In the vast majority of sound-booth or anechoic chamber sound-localization testing paradigms, participants begin with their head fixed at 0° azimuth and indicate their perception of sound location following stimulus presentation (Drennan et al., 2005). Participant responses are recorded in a variety of ways with varying degrees of head and body movement. Many paradigms use a pictured schematic of the sound field with labels marking spatial locations in the sound field, and ask participants to indicate with a verbal response or finger-point to the location on a touchscreen or paper in front of them (Lorenzi et al., 1999; Drennan et al., 2005; Keidser et al., 2006). This approach requires participants to generate an internal representation of the sound-space and translate that position to a recording device (Wightman and Jenison, 1995). Using an approach with an active-response and potentially more ecological relevance, other paradigms ask participants to physically point to the location with their hand (Brungart et al., 2017; Gessa et al., 2022), and others instruct listeners to point their heads in the direction of the sound source (Brimijoin et al., 2010; Brown et al., 2015a). Interestingly, the method of capturing participant responses appears to affect localization accuracy, with better performance observed when participants are free to move their head (Pollack and Rose, 1967; Grange and Culling, 2016b; Gessa et al., 2022), or receive linked visual-proprioceptive feedback such as an arm point to target or a laser-pointer (Otte et al., 2013; Ahrens et al., 2019). Further evidence demonstrates that a link between physical movement to the location of the sound facilitates adaptation to altered spatial cues (Valzolgher et al., 2020, 2022), supporting the hypothesis that perception-action paradigms are most relevant to this type of experimentation (Stroffregen and Pittenger, 1995).



Sound localization: individuals with normal hearing vs. hearing loss

When instructed to orient their head to a sound source, similar patterns of movement were observed for both normal-hearing listeners and those with hearing-loss, but with different degrees of localization accuracy. Brungart et al. (2017) measured localization accuracy (arm point to sound source) and compared it to the total amount of listener head movement while localizing sounds in the free field. They found that during longer duration stimuli, 4,000 vs. 250 ms, participants had more time to make exploratory head movements, concluding that more total head movement led to improved localization accuracy. This result was observed in normal-hearing listeners who improved from 8° of azimuthal error to close to 0° of error. In parallel, the longer time duration for exploratory head movement time also led to a large accuracy improvement for the hearing-loss group, with decrease in azimuthal error from 35° to approximately 8°. This marked improvement indicates that individuals with hearing-loss maintain an ability to extract dynamic binaural cues accessed via head movement given sufficient time. Though Brungart et al. (2017) showed no significant head movement differences between the normal-hearing and hearing-loss groups, results from Brimijoin et al. (2010) showed greater complexity in rotational movements for the hearing-loss group, with greater choppiness in movement, and more changes in direction, quantified by a positive correlation between polynomial degree for best fit and the degree of hearing-loss.



Sound localization: head movement strategies

In listening environments with a target-talker and masker-talker at a different azimuth, studies show that rather than pointing the head directly at the target-talker, the most beneficial head orientation is midway between the target and masker (Kock, 1950; Blauert, 2001; Jelfs et al., 2011). For large target-masker separations (≥90°), the greatest benefit was observed approximately 30° to 60° relative to the target (on the side of the masker), as this orientation maximizes binaural disparities and pinna cues (Jelfs et al., 2011; Grange and Culling, 2016b). Across listeners, high variability has been observed in the amount of head movement (or lack thereof) listeners will exhibit. Grange and Culling (2016b) showed in a spatial release from masking experiment with free-head movement, that while some individuals oriented directly to an optimal angle, others did not move at all, or appeared to move their head randomly, with movements greater than 10° on just 56% of trials. Similarly, in an experiment using an audio-visual virtual environment that simulated a multi-talker conversation, Hendrikse et al. (2018) observed negligible head movement when the visual component of the participant conversation was not presented.

One general conclusion from surveying the head movement literature, is that in experimental settings, unprompted listener head movement is heavily influenced by the context of the experiment and the directions provided by the experimenter. When listeners were explicitly instructed to explore their listening environment or if a visual representation of the talkers’ face was presented, head movement increased and performance on the speech in noise task significantly improved (Grange et al., 2018). Grange and Culling (2016a) showed that cochlear implant users obtained a significant benefit with a 30° head orientation relative to target with the masker at 90° or 180°, quantified as a 5 dB head orientation benefit for the young normal-hearing group, and 1.5 to 4 dB benefit for the bilateral cochlear implant and unilateral cochlear implant groups. In a simulation of real-life listening environments, the same group (Grange et al., 2018) showed a benefit of head orientation of 1.2 to 3.2 dB, a number influenced by variables related to reverberation and the number of distractor sources (Grange and Culling, 2016a). The investigators speculated that a 30° angle maximizes the head orientation benefit, while simultaneously maintaining the ability to access lip-reading benefits, and satisfies the social need to maintain gaze connection with the talker. The one exception to the lack of spontaneous, unprompted head movement in these studies, is from Brimijoin et al. (2012), who demonstrated that listeners with asymmetric hearing-loss will naturally turn their “better” hearing ear approximately 60° off-center from the target source.



Spatial awareness of distance

In many listening environments, the presence of inanimate objects such as walls and objects create reflections and echoes. Listeners rely on these cues to create an internal acoustic-representation of their environment and configuration of objects relative to their physical location (Wightman and Jenison, 1995; Zahorik, 2002; Kolarik et al., 2016; Gandemer et al., 2017). Outside of a static environment, ITD and ILD cues reaching the two ears are ever changing due to movement of sound sources, acoustic reverberations, and head movements, referred to as dynamic ITD, ILD, and monaural spectral cues (Carlile and Leung, 2016; Stecker, 2018; McLachlan et al., 2023). One way the auditory system compensates for the oftentimes conflicting spatial information reaching the two ears is by weighting temporal information to emphasize the initial parts of sound and de-emphasize later parts of a sound (Wallach et al., 1949; Franssen, 1960; Brown et al., 2015b; Stecker and Moore, 2018), and by making small head movements to increase dynamic auditory cues and reduce confusions (Pollack and Rose, 1967; Gessa et al., 2022).

When asked to judge the distance of a sound, a dichotomy in perception is observed as near-sounds tend to be overestimated and far-sounds underestimated, with a transition point related to room characteristics (Zahorik and Wightman, 2001; Anderson and Zahorik, 2014; Parseihian et al., 2014). The cues used to estimate the distance of a sound are based on the ratio of direct energy to reverberant energy (DRR) and sound level cues, such that the DRR provides an absolute cue whereas the sound level provides a comparative cue useful for detecting changes in distance (Mershon and King, 1975; Bronkhorst and Houtgast, 1999; Kopčo and Shinn-Cunningham, 2011; Kolarik et al., 2016). Though human listeners are relatively poor at estimating the distance of auditory stimuli compared to visual stimuli (Anderson and Zahorik, 2014), there are a number of studies demonstrating high proficiency by listeners to use acoustic reverberations to gauge movement of the listening environment. Stoffregen et al. (2009), for example, used an experimental setup that featured a four-walled enclosure capable of moving back and forth in space while participants remained stationary. Participants were asked to sway, or move their head, in synchrony with the oscillation of the room while blindfolded and forced to rely solely on acoustic information to judge movement of the surrounding environment. Various conditions had loud-speakers mounted at the corners of the enclosure or placed on the non-moving floor of the enclosure. In both scenarios participants were able to match their head movements to oscillations of the enclosure-walls with high accuracy (Stoffregen et al., 2009).

In a study of distance perception that investigated the effects of training with various reaching strategies, and touches on the discussion above concerning subject-response paradigms, Hüg et al. (2022) demonstrated the power of integrating active physical movement with the perception of auditory space. Blindfolded participants tested in a pre-test, training, post-test paradigm, were presented with an auditory source and asked to reach their arm to the source-location on the table in front of them, or not to reach if the object was perceived to be outside of arm-range. Participants allowed to freely move their arm to explore the environment and find the auditory object during the training period outperformed the control group (that received extra practice) and the guided group (experimenters actively moved the participants’ arm to the source). All participants prior to training exhibited the overestimation of nearby sound-sources and underestimation of farther sound-sources described above, the group allowed to freely explore the environment came closest to having that bias extinguished in the post-test (Hüg et al., 2022).



Echolocation

Echolocation, though typically associated with blind individuals and extreme examples in the animal kingdom, is a localization ability well documented in sighted, relatively untrained human listeners as well (Supa et al., 1944; Cotzin and Dallenbach, 1950; Stroffregen and Pittenger, 1995). In its simplest description, echolocation is a process whereby a sound is emitted and the resulting sound field is assessed, a feature of the environment changes, such as taking a step forward, and the process is repeated. Echolocation then is the interpretation of the comparison of the relative differences between the sound fields before and after the step forward, not much different than a carpenter knocking on one section of a wall and then another section to locate a wall-stud (Stroffregen and Pittenger, 1995). Described at the level of the two ears, this process can be considered in three stages: the initial self-generated sound emission, the overlap of the emission and echo, and then the echo only (Papadopoulos et al., 2011; Kolarik et al., 2014).

Performance of echolocators improves with concurrent movement of the head and body. Early research showed that blind as well as sighted (blindfolded) individuals were both able to walk down a hallway and accurately stop before encountering a flat reflective surface (Supa et al., 1944; Cotzin and Dallenbach, 1950). Rosenblum et al. (2000) had sighted blindfolded participants echolocate a wall set at varying distances while participants either stood still and emitted a self-generated emission of their choice or were allowed to move while emitting the self-generated emission. Results showed that judgments made while moving were closer to the target distance than stationary judgments (Rosenblum et al., 2000). When asked to identify 2-dimensional shapes, blind-expert echolocators were significantly better when they were free to move their head than when their head was fixed in position (Milne et al., 2014). In the Milne et al. (2014) study, specific head movements were characterized as anecdotal speculation that “echo saccades”, like eye saccades, provide additional “sound” snapshots to aid perception. In a follow-up study by Thaler et al. (2022) that tested blind echolocators’ ability to discriminate the position of a 7.5 mm wooden disk, results showed better localization for intermediate-lateral positions (45°) compared to midline (0°) or extreme lateral (90°) positions (Thaler et al., 2022). Further analysis of the binaural level and timing information reaching the two ears, revealed that the greatest rate of change in binaural intensity and timing differences as a function of azimuthal angle occurred for objects located at 35° to 55° relative to 0° midline. Even though the highest binaural cue resolution occurs at the midline, the point in azimuth where two side-by-side locations have the greatest difference in naturally occurring binaural cues is at that intermediate-lateral position (35° to 55°). Taken together, the findings of Milne et al. (2014) and Thaler et al. (2022) strongly suggest that given freedom of head movement, the echolocators used head position in the yaw domain to maximize the binaural information contrasted between successive repetitions of self-emissions.

Additional factors that influence echolocation include distance to and orientation of reflective objects (Rosenblum et al., 2000; Teng and Whitney, 2011), the frequency and duration of sound emission (Papadopoulos et al., 2011; Rowan et al., 2013), and experience as an echolocator (Teng and Whitney, 2011; Kolarik et al., 2014). Briefly, evidence shows that echolocators are most accurate (1) at relatively short distances between listener and reflective surface (less than 1 m), (2) when the emitted sounds have high frequency content, (3) when emitted sounds proceed for longer durations (performance improves as broadband stimulus duration increases from 10 to 1,000 ms), and (4) when the acoustic environment has high reverberation (Stroffregen and Pittenger, 1995; Rosenblum et al., 2000; Rojas et al., 2009; Schenkman and Nilsson, 2010, 2011; Papadopoulos et al., 2011; Rowan et al., 2013; Schörnich et al., 2013). It must be noted that strong variability is observed across individuals, particularly for very experienced echolocators. For a comprehensive breakdown of the factors affecting human echolocator performance, see reviews by Kolarik et al. (2014) and Thaler and Goodale (2016).



Sound localization: temporal measures

In a complex acoustic scene, detection of and orientation to novel or relevant sound sources often requires multiple systems working in concert, including peripheral auditory processing (e.g., spectro-temporal resolution), central auditory processing (e.g., attentional capture), and fine-motor processing (e.g., head and neck movement). The timing of behavioral responses (i.e., reaction time) to new sounds therefore, can shed light on normally functioning or impaired functioning of these systems, and changes to the temporal course of behavior as a result of intervention may provide evidence of successful treatment options.

Numerous studies have shown that hearing deficits lead to slower and less accurate sound localization, as measured by head movements to source locations and ability to identify the speaker (Brimijoin et al., 2010, 2012; Archer-Boyd et al., 2015, 2018; Brungart et al., 2017). For example, the initial latency – the time it takes to initiate movement – is longer in unaided hearing-loss listeners relative to normal-hearing listeners and it takes listeners with hearing-loss longer to arrive at a target location (i.e., fixation latency) than normal-hearing listeners (Brimijoin et al., 2010). This latter observation may be confounded by the age of the hearing-loss group vs. the normal-hearing group. When searching for a sound source location, listeners with hearing-loss tend to have more reversals and “inconsistent variations” in their movement, which could be due to poorer cognitive or motor function as opposed to hearing deficits (Brimijoin et al., 2010). Considering age-related hearing loss very often manifests at higher frequencies, there also appears to be a frequency dependent relationship between the time to initiate head movement and head movement accuracy. Whitmer et al. (2022) demonstrated that listeners with minimal hearing loss performed more accurately and made faster initial movements towards acoustic targets that were low-pass filtered at 10 kHz compared to 5 kHz.




Head movement during communication

Head movements in communication settings comprise a variety of head movement patterns with a correspondingly wide range of culturally specific meaning and interpretation. For most western cultures, the most common communicative head movements are “nods” and “shaking,” both of which involve oscillations along the rotational axes (Kousidis et al., 2013; Wagner et al., 2014; Hall et al., 2019), though the meaning of these movements can vary by culture (Andonova and Taylor, 2012; Wagner et al., 2014).

“Turn” and “tilt” head movements are also described with similar frequency of occurrence in communication environments, with each motion leading to a different pattern of movement around the pitch, yaw, and roll axes of rotations. Together, all of these movements affect the nature of the sound received by the ear in a manner that depends on the axis upon which the head is rotating and the frequency of the head movement (Altorfer et al., 2000). For example, a turn-and-tilt movement to point a better-hearing ear toward a sound source that increases binaural disparity, involves integrated rotation in the yaw, roll, and pitch dimensions (Brimijoin et al., 2012).

Each of these movements has the potential to convey meaning on their own or in combination with vocalization (Munhall et al., 2004). Over the time course of dyadic conversation for example, different head movements are observed for the listener and the talker. When in the speaking role, a person is engaged in behavior that is meant to convey a message. When in the listening role, a person is engaged in behavior suited toward absorbing information and understanding meaning (Boker et al., 2009; Wagner et al., 2014). The kinematics of the head reflect these roles. In the speaking role, movements are used that depend on the meaning they want to convey (Munhall et al., 2004). For example, rapid head movements may be used to take control of the conversation, such as when interrupting another speaker (Hadar et al., 1983) or making positive assertions (Bousmalis et al., 2013). In the listening role individuals adjust their heads for improved auditory cues, to convey understanding prior to the speaker completing a sentence, and when presented with more difficult listening environments, such as louder background sound, listeners will move their head closer to the talker (Hadley et al., 2019). Also documented, is an element of head movement mimicry, where listeners will reflect back their partners’ head movements in both the horizontal and vertical planes (Boker et al., 2009; Hale et al., 2020).

Head movement between conversational partners has also been shown to provide nuance to observers. For example, observers were able to identify whether interactions were between friends or strangers with a higher success rate when presented head and face movements compared to body movement, indicating that head movement communicates familiarity between talkers (Latif et al., 2014). Observers were also able to accurately identify “real dyadic interactions” compared to pseudo (unconnected) interactions (Bernieri, 1988). Head movements in this context were characterized by intensity, the rate of movement, magnitude of displacement, range, and velocity, and expression of strong emotion has been shown to increase the intensity of head movements (Wagner et al., 2014). This emotion and intensity can be expressed further through singing (Livingstone and Palmer, 2016) or attempted deception (Duran and Fusaroli, 2017). For example, when deceivers disagreed with the target of deception, they anticipated the coming responses, provoking an immediate response to their conversational partners head movements and an increased amount of coordinated head movements and mimicked movements on the part of the listener (Duran and Fusaroli, 2017). When there is more agreement between conversation partners, more head movement and greater speech rate coordination are observed (Boker et al., 2009; Duran and Fusaroli, 2017).


Yaw: side-to-side head shake

While listening to speech stimuli, individuals generally orient their head in azimuth to the direction of the target, but often with a systematic offset between head angle and location of the talker. Movements in the yaw domain have a linear relationship to target angle or talker, quantified by a slope of approximately 0.6, representing a consistent “undershoot” of head turns (Stiefelhagen and Zhu, 2002; Brimijoin et al., 2010). In multi-talker conversations, this undershoot corresponded to a range of head angles 10° to 15° short of the target talker while eye gaze compensated for the difference (Hendrikse et al., 2018; Lu et al., 2021; Lu and Brimijoin, 2022).

Movement along the yaw axis is prominently involved in active listening strategies and non-verbal communication. There are two very similar types of movements, one described as an orienting, non-cyclical head-turn along the yaw-axis of rotation, with slight movement on the roll axis (Kunin et al., 2007). The other is a head-shake, with properties similar to a head turn but with a repeated, periodic rotation of the head, typically observed ±30° about the midline (Hadar et al., 1983; Moore et al., 2005; Kunin et al., 2007). Both movements lead to simultaneous changes in the position of the ears with respect to the point of rotation and sound source (Figure 1C). Both of these movements result in the potential for increased localization capacity due to changing ITDs, ILDs, and spectral notch differences associated with the head-related transfer function (Brungart et al., 2017), and a substantial reduction in front-back confusions (Yost et al., 2020; McLachlan et al., 2023). Thus, a head turn provides a listener-initiated increase in available spatial information, and greater sensitivity for distinguishing a target auditory source from background noise, an advantage that can be quantified with a spatial release from masking measure, as defined in the hearing literature (Cherry, 1953).

Head shaking has a similar potential for increasing spatial information and serves as a means of non-verbal communication. The nuances that carry specific meaning in head movements can be difficult to study due to challenges in systematically defining and annotating specific behaviors across multiple observers (Kousidis et al., 2013). Available evidence indicates that varying levels of intensity, velocity, and range are the key features that carry communication intent, transmitting signals such as feedback from a listener to a talker, indicating an interest in contributing to a conversation (turn-taking), and providing emphasis or subtlety to speech delivery (Hadar et al., 1983; Wagner et al., 2014). While rapid changes in pitch, or head nodding, has been implicated as a conveyance of both positive and negative connotations, head shaking has been hypothesized to be a complex unit of expression, but almost always conveys negativity (Kendon, 2002). This negativity can range from expressions of uncertainty or confusion to impatience to vehement opposition with a variety of expressions in between (Kendon, 2002; Heylen, 2008). A comprehensive characterization of the underlying kinematics for all of these different communications has not been compiled, but reports of head shaking during normal conversation indicate an oscillation range from 0.2 to 7 Hz, and this range has been subdivided into slow movements for frequencies between 0.2 and 1.8 Hz, ordinary movements between 1.9 and 3.6 Hz, and rapid movements with frequencies between 3.7 and 7.0 Hz (Hadar et al., 1983).



Pitch: up-down nodding

Movement along the pitch axis of rotation can take the form of a single downward (flexion) or upward motion (extension) made in the context of several activities, but in the field of active attention is naturally suited to surveying the external environment along the vertical dimension. Periodic pitch movements are often characterized as a “nod” in the context of communication. This motion is defined as repeated sinusoidal oscillations along the pitch axis combined with little movement along yaw and roll axes (Moore et al., 2005; Kunin et al., 2007). Nods naturally occur over a range of −3° (flexion) and +15° (extension) on the pitch axis of rotation during active listening (Hendrikse et al., 2019). This oscillation, while maintaining the external auditory meatus (ear canal) in space on the left and right sides of the head, does lead to some incremental movement in a vertical direction (z-axis of translation) with flexion and extension of the neck over a range of approximately ±10 mm (Moore et al., 2005). The result of this movement is that during a nod, the point of rotation minimally effect the position of the ear canals (Moore et al., 2005), while changing the orientation of the pinna, modulating the spectral information available to the listener (Hirahara et al., 2010), and potentially improving speech perception (Grange and Culling, 2016b; David et al., 2017; McLachlan et al., 2023).

Of the synchronized behaviors and mimicry used to facilitate social interaction, head nodding acts as one of the primary means for conversational back-channeling, a term used to describe activity that confirms attention and encourages the talker to continue, and confirms mutual interest (Kendon, 1970; Lakin et al., 2003; Hale et al., 2020). In a study by Hale et al. (2020), analysis of dyadic conversations showed that movements in the pitch dimension exhibit strong similarity between participants, quantified by a strong positive coherence of movement for frequencies between 0.2 and 1.1 Hz, with a 0.6 s lag for conversation organized as a leader and a follower. Conversely, coherent movement between the two participants was not observed at low frequencies for yaw and roll (Hale et al., 2020). At higher frequencies (2.6 to 6.5 Hz) a significant lack of coherence was observed, where listeners made many more “fast nods” than talkers, providing yet another avenue for non-verbal communication between conversational partners.



Roll: left–right head tilt

Head tilts also are noncyclical and differ from nodding, shaking, and turning in that the rotations are on the roll axis (Kousidis et al., 2013; Wagner et al., 2014). In the context of non-verbal communication during conversation, the meaning of head tilts is harder to define and annotators often confuse them with turns (Kousidis et al., 2013), but have been proposed to indicate disbelief, uncertainty, and skepticism (Stone and Oh, 2008; Wagner et al., 2014).




Head-body interaction

The intuitive connection between hearing, head stability, and balance is that auditory information allows the listener to navigate the environment, avoiding obstacles and hazards, and providing feedback about self-movement (Cornwell et al., 2020). From a biological perspective, the auditory periphery and vestibular system also share anatomical space, blood circulation, fluid-filled compartments, the eighth auditory nerve, and a number of co-occurring conditions such as Meniere’s disease, retro-cochlear lesion, and ototoxicity (Katz et al., 2002). The following sections further explore the relationship between head movement, hearing, and the maintenance of balance.


Head stability as it relates to standing balance

The head contains most of the sensory organs associated with stability including the visual system, the auditory system, and the vestibular system, and head stabilization is vital to the maintenance of balance and gait orientation whether standing still or navigating the environment (Bogduk and Mercer, 2000; Peterka, 2018). Head stability is facilitated by maintaining standing balance through adjustments in the trunk or lower legs (e.g., ankles). Slight corrections in the trunk or lower body, which people do not generally notice, act to balance the head as well as the entire upper body (Baird and Van Emmerik, 2009) and can be measured by the amount of postural sway. When standing in place and turning, people can rotate their head to look over their shoulder about 60° or 70° on the axial (yaw) plane (Figure 1B), independent of trunk movement (Baird and Van Emmerik, 2009). When looking at targets that are outside a person’s field of view, people tended to comfortably move their heads either 60° or 70° on the yaw axis, and 40° or 55° on the pitch axis. The velocity of these movements ranged from 200 to 600°/s, with an average velocity of 271°/s and slower movements for the pitch axis than the yaw axis (Paquette et al., 2006). These results depend on the amount of restriction in motion a person has and the age of an individual, with older adults and people with more restricted movements showing less angular movements (Paquette et al., 2006; Baird and Van Emmerik, 2009).

During a loss of balance, an individual must correct their head orientation by making a corrective movement in the form of a step to regain balance, thus allowing the individual to reorient their posture and regain their balance. The ability of a person to regain balance depends, in part, on the time it takes to step and the velocity of the head (Diehl and Pidcoe, 2011; Kowalewski et al., 2018). Head velocity in translation (rather than rotation), during the transition from a step to a standing balance is also an important consideration in head stabilization. Peak velocity, the highest measured velocity within a specified span of time is useful in these studies for quantifying compensatory movements. In a study where balance was disrupted and individuals were forced to readjust, peak velocity ranged from 150°/s and 100°/s under normal conditions with latency to step initiation measured at approximately 0.30 s. Peak velocity and step latency were strongly correlated, with r values > 0.80: as peak velocity increased, step latency increased for both younger and older cohorts (Diehl and Pidcoe, 2011). In general, older adults also exhibited greater angular velocity than younger adults indicating greater stability compensation (Diehl and Pidcoe, 2011).

To discuss the relationship between standing balance and hearing, a brief background on theories of standing balance is helpful. Current understanding is that the postural stability needed for balance involves integration of multiple sensory (somatosensory, visual, auditory) and proprioceptive modalities that work in tandem with the motor system in a feedback and feedforward relationship. Experiments examining the relative contributions of different sensory systems indicate a weighted distribution that shifts as available sensory information changes (Dozza et al., 2007; Assländer and Peterka, 2014; Peterka, 2018). For example, when participants were are asked to stand still on a force plate while blindfolded (vision disrupted), the amount of sway increases compared to the not-blindfolded condition (Letz and Gerr, 1995; Maurer et al., 2000; Kanegaonkar et al., 2012; Zhong and Yost, 2013). Explained by theoretical models of compensation, in this scenario somatosensory, auditory, and proprioceptive information would be given greater weight and additional cognitive resources called on; with the final result that the person, while not falling or making a compensatory step, does exhibit greater postural sway (Dozza et al., 2007; Peterka, 2018).

Studies have also demonstrated the use of auditory cues in the environment to reduce sway (Zhong and Yost, 2013; Ross and Balasubramaniam, 2015; Stevens et al., 2016; Vitkovic et al., 2016; Gandemer et al., 2017). Easton et al. (1998) for example, had sighted (eyes closed) and blind participants place their feet in the tandem Romberg stance (heel-to-toe) and measured sway via force plate as well as head movement sensors. They found a significant reduction in sway for both groups when two loudspeakers placed at the level of the pinna presented a 500 Hz square wave compared to the no-sound condition. They also demonstrated large correlations (>0.75) in all experimental conditions, between sway measured with the force place and sway measured by head movement sensors (Easton et al., 1998). Dozza et al., 2007 showed reduction in sway by implementing an auditory biofeedback loop that used accelerometers to track postural sway and update sound delivery in real time (over headphones), with sounds that corresponded to the degree and direction of the body accelerations. In studies that used non-speech stationary sounds, the decrease in sway was relatively small, around 9–20% compared to no-sound (Easton et al., 1998; Zhong and Yost, 2013; Ross and Balasubramaniam, 2015), an amount that increased to 30% reduction with rotating sound (Gandemer et al., 2014). Deviterne et al. (2005) compared postural sway in elderly participants following physical rehabilitation for locomotor apparatus surgery and showed significantly greater sway reduction when 20 s stories were presented from a slowly rotating sound source (0.2 revolutions per second), compared to a slowly rotating pure tone.

It must be noted that in addition to studies that did not show an effect of auditory stimuli to reduce sway (Raper and Soames, 1991; Park et al., 2011; Seiwerth et al., 2020) a number of the experiments highlighted above had test conditions that did not demonstrate reduction in sway with auditory stimuli. Easton et al. (1998) for example, did not see a reduction when a single speaker was placed in front of the participant and presented the same 500 Hz square wave, and Deviterne et al. (2005) did not see reduced sway in the pure tone condition compared to the control condition with no sound. Taken all together however, the evidence indicates that maintenance of standing balance can include an auditory component depending on the availability and quality of visual and somatosensory input, but that the relative weight of auditory information is small (Dozza et al., 2007; Peterka, 2018). Furthermore, comparison of the studies that have shown an effect of auditory stimuli on standing balance with those that did not, it can be speculated that the usefulness of the auditory cues depends on their spectral complexity and reliability, the same sound features used to generate spatial awareness (Gibson, 1966; Wightman and Jenison, 1995).

As individuals age, sensory and proprioceptive systems begin to decline and their utility for providing feedback to the motor system is compromised. In order to maintain competency in daily life individuals compensate via reallocation of cognitive resources (Humes and Dubno, 2010; Schneider et al., 2010; Seidler et al., 2010), often measured with dual-task paradigms that require participants, for example, to perform an n-back memory task in difficult or easy listening environments while balance is perturbed (Bruce et al., 2019). In that experiment, as the auditory task became more difficult, standing balance was disrupted and greater amounts of sway were observed. Growing evidence indicates that auditory deficits can precipitate cognitive decline, further limiting the pool of compensatory cognitive resources available and increasing the chances of an adverse postural event such as a fall (Sibley et al., 2015; Agmon et al., 2017). For more on the connection between age-related hearing loss and cognitive decline, see Rönnberg (2003) and Rönnberg et al. (2022).



Head stability as it relates to the gait cycle

During activities that involve full body movement such as gait, the head is used for balance. Normal gait in this context refers to the gait of non-pathological, healthy adults at an average walking speed. In steady state, or controlled balanced walking, a person requires coordinated control of the trunk movements and neck muscles to maintain the head’s center of mass (Cromwell, 2003; Cromwell et al., 2004;Keshner, 2004; Kavanagh et al., 2006). The head has to be balanced on top of the person’s trunk to walk in a stable manner, which is known as trunk-dependent movement (Keshner, 2004; Kavanagh et al., 2006). When trunk movement is restricted, balancing the head becomes more difficult and the head moves independently of the body. When trunk movement is unrestricted, the person can use the trunk to balance the head and control head movements (Keshner, 2004; Kavanagh et al., 2006).

Additionally, during gait the head moves in repeated side-to-side and front-to-back oscillations (Figure 3). These head movements, which appear in an elliptical formation around the person’s center of mass, are synchronized with the gait cycle. Walking speed and step length are generally independent of head stability (Hirasaki et al., 1993; Brodie et al., 2014). Movement along the pitch dimension compensates for the translation of the head in the z-dimension (up-down) during the gait cycle, as head position goes up, the head tilts forward (anterior), whereas when head position goes down, the head tilts back (posterior). The range of pitch motion during this cycle has a range of approximately 10° (Hirasaki et al., 1993).
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FIGURE 3
 Shows movements in the vertical (VT), medio-lateral (ML) and anterior–posterior (AP) motions for the head (green) and pelvis (blue) in normal gait for a healthy young adult. Figure marks the points of left and right heel strikes (HS) and toe off [TO; from Brodie et al., 2014].


The gait cycle is divided into different stages, based upon the location of the person’s feet and body. Each stage focuses on the path of motion of one leg since the other leg will mirror the movement (Stöckel et al., 2015). As illustrated in Figure 4, the stages are (1) the double support (both legs are on the ground), (2) the stance (one leg is planted on the ground and the other leg is in the swing phase), and (3) the swing (one leg is off the ground and “swinging” forward, while the other leg is planted).
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FIGURE 4
 Diagram of the gait cycle tracing the movements of a leg through the stance, swing, and double support phases. Gray: right leg; Black: left leg (adapted from: https://clinicalgate.com/assessment-of-gait/).


During the gait cycle, there are two cycles of head acceleration corresponding to the movements of the left and right foot. These cycles of acceleration correspond to the moment the foot contacts the floor and the upward swing upon the foots’ release. Thus, head movement during the gait cycle can be divided into the contact phase of the foot and the foot release (Hirasaki et al., 1993; Brodie et al., 2014). The effect of hearing-loss at these two different points may be related to how sound is augmented by different accelerations (Campos et al., 2018). Of course, this also depends on the frequency of the head moving, which has been found to move from side to side in an ellipse at about 1.75 Hz for both younger and older healthy individuals. These results are similar to the frequencies reported by Hadar et al. (1983) as well as Brodie et al. (2014).

As a physical activity, walking requires coordinated integration of a number of different systems, and gait speed is a useful indicator of overall health quality (Studenski et al., 2011). Much of the literature linking the gait cycle and hearing have investigated the impact of hearing-loss on aspects of the gait cycle. In a statistically controlled study with a large cohort (N > 1,000), gait speed was significantly slower in individuals with hearing loss, characterized by an estimate that a 25 dB shift in hearing loss was equivalent to approximately 12 additional years of age (Li et al., 2013). Viljanen et al. (2009) in a cohort of 434 women, provide an age-adjusted estimate that hearing loss doubled the risk of having major walking difficulties compared to those without hearing loss. Directly connecting the auditory feedback provided by footsteps, in an age-adjusted sample of older adults, the amount of time spent in the double support stage of the gait cycle (Figure 4) was significantly higher in participants with elevated high- and low-frequency pure-tone thresholds (Szeto et al., 2021).

The presence of environmental acoustic stimuli has also been shown to impact the gait cycle. Cornwell et al. (2020) demonstrated that older, normal-hearing adults made significantly longer step lengths when wearing earplugs compared to no earplugs control condition, hypothesizing that lack of auditory feedback prompted participants to seek greater somatosensory feedback provided by foot-ground strikes. In a group of young normal hearing listeners, a reduction in angular velocity (measured near to the body’s center of gravity) was observed in a variety of walking tasks including eyes open, and tandem steps when continuous noise was presented compared to silence (Anton et al., 2021).

Irregular gait is a term that describes how a person walks during non-ideal circumstances such as incline walking and turning. Dampening effects of the trunk are commonly observed during both turning and incline walking. When turning, head rotation is greater in younger adults, who presumably are better able to stabilize their gait compared to older adults (Paquette et al., 2006; Baird and Van Emmerik, 2009; Kuo et al., 2014).



Head movement during incline walking

One of the most common orientation changes that occurs when walking happens when encountering an incline. The change in the body’s orientation forces the head angle (Figure 5) to adjust in order to maintain balance, and modulates the orientation of the of the ears along the pitch axis (Figure 1) and sound cues presented to the ears are augmented (Hirahara et al., 2010). Cromwell (2003) compared head orientation while walking on a level plane to walking up or down an incline of 8.5°. Results showed that participants held their heads at an average position of 90.8° (±6.6°) when walking on a level plane. When walking on an incline, the average position decreased to 84.3° (±8.6°) and when walking on a decline, the average position declined to 83.1° (±9.8°). These changes in head position were significantly different from each other. The decrease in angle during inclined and declined was a result of changes in orientation of the neck and lower body (Figure 5). In the same study, Cromwell observed the amount of “excursion” the head made during strides. Defined as the average distance the head traveled between successive steps, excursion measures showed that during level-plane walking, the participants swayed their heads 5.6° (±1.6°) on the pitch axis, an angle that increased to 9.8° (±2.4°) for both the incline and decline paths (Cromwell, 2003).
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FIGURE 5
 Segmented average angular orientation for the trunk and the head for level, ascending and descending paths. Gray: right arm and leg; Black: left arm and leg [ɵ = 8.5°; adapted from Cromwell, 2003].




Head movement while turning and walking

Walking along a linear path is the most common form of locomotion, though there are times in which people are required to make turns. Movements involved in turning can range from pivoting over the hips, to slight alterations in body posture (Paquette et al., 2006), to making 180° turns mid stride (Kuo et al., 2014), and turning to look behind (Baird and Van Emmerik, 2009). Of particular interest is how head movements are affected when turning involves a change in gait pattern (Paquette et al., 2006; Kuo et al., 2014). Paquette et al. (2006) measured head movement during a goal directed task, where participants walked and then moved their heads toward targets. The average head turns were between 70° and 80° when walking, with the greatest head turns occurring for turns on the yaw axis (Paquette et al., 2006). Kuo et al. (2014) reported head movements for the phases of turning, notably that the swing phase (Figure 4), in which turning occurs, was characterized by less angular displacement in older adults, with turns of 23.65°, than younger adults, with head turns of 26.02°. From the perspective of audition, turning the head can allow more precise localization of specific objects (Grange and Culling, 2016b) and may impart a more complete awareness of the interactions between room acoustics and room characteristics (Yost et al., 2020). Thus, head movement while turning may produce important auditory sensations that facilitate the maintenance of balance throughout the turning and gait motions.



Head and eye movement interaction

Finally, it is worth considering the eyes as a third independently moving structure apart from the head and body. Undoubtedly there is synergy between head and eye movements, in that simple unidirectional head movements generally correspond to the head and eyes moving in unison (Collins and Barnes, 1999; Land, 2004). Research has shown however, that these variables can be more dependent or less dependent based on the task and environment. During simple walking, for example, individuals tended to scan the environment with a range of approximately 10–30° in the horizontal plane (Franchak et al., 2021). During this activity, eye and head angle were mostly in agreement, but about 16% of the time the two angles had a different sign [e.g., head pointed left while eyes pointed right (Tomasi et al., 2016)]. During this activity, head movement contributed about 45% to gaze shifts (sum of eye and head rotation) that ranged from 10 to 60°. For gaze shifts greater than 60°, head movement contributions increased to about 60% or higher, while the eye movement contribution decreased (Franchak et al., 2021). As walking gets more complex due to increasingly difficult terrain, gaze shifted downwards in the pitch domain approximately 30°, of which head movement accounted for approximately 15° to 20° of that total. While walking on difficult terrain the head tended to maintain the change in pitch, while the eyes adjusted to retain exploratory capacity (‘t Hart and Einhäuser, 2012). Other activities that have shown notable dissociation between eye and head movement typically involve systematic and familiar tasks where gaze jumps from one point of action to another; examples include meal prep (Land, 2004) and car driving, where head angle is highly correlated with car angle, while eye-in-head rotation is uncorrelated (Land and Tatler, 2001).

Other dissociations between eye and head movements have been reported in the literature. During conversations, eye movements are minimally correlated to head movement (Collins and Barnes, 1999; Chen et al., 2012; Vrzakova et al., 2016; Grange et al., 2018; Hadley et al., 2019). Gaze behavior also plays a role in balance through the Vestibular-Ocular Reflex. The Vestibular-Ocular Reflex is the activation of eye muscles to maintain their orientation in response to head movements and tilts. To accomplish this, the eyes keep their visual orientation by moving in an equal and opposite direction to the movement of the head, with the aid of the vestibular system (Glover, 2004). As an example, during a conversation in which one person disagrees with another, that person may shake their head. To maintain eye contact while shaking, the eyes move in opposite directions to the head. Head tilts with loss of visual information have been shown to lead to increased balance difficulty (Paloski et al., 2006; Morimoto et al., 2011). In this situation, balance difficulty is observed when people tilt their heads slightly with a 30° tilt on the roll axis (Paloski et al., 2006) and can be improved when the eyes are focused on a single position (Morimoto et al., 2011).




Hearing device intervention


Potential areas for hearing aid intervention in communication

Modern hearing aids are equipped with directional microphones to achieve spatial gain reduction, the process which exclusively attenuates spatial locations away from targets, effectively increasing signal-to-noise ratios (SNRs) for spatially separated targets (Wouters et al., 1999; Ricketts, 2000; Gnewikow et al., 2009; Picou and Ricketts, 2017). In low-reverberation environments this strategy works well for a talker directly in front of the listener. In acoustically complex environments with multiple sound streams from different directions, the benefit of the directional microphone (relative to omnidirectional; Abrams and Kihm, 2015) requires the listener to point their head toward a stationary target (Hornsby and Ricketts, 2007), within 30° maximum. Outside this range, speech intelligibility decreases (Kuk et al., 2005), leading to the expectation that listeners will dutifully orient their head to the source of interest. Listeners with directional microphones, however, have difficulty identifying the new location of interest for large angles, take a longer amount of time to turn the head to the target, and make more complex “searching” movements (Brimijoin et al., 2014).

In general, the strongest directional effect in modern hearing aids can be found directly in front of the listener due to more aggressive microphone strategies at the front. However, studies have shown that the angle of greatest “head-turn advantage” for most people is 30° (Grange et al., 2018), with the implication that rather than pointing the head directly at a target sound source, one should turn 30° from the location of the source for optimal listening. This observation is likely due to the introduction of interaural differences that would otherwise be minimized when directing the head toward the sound source (Perrott et al., 1987). One might expect hearing aids that account for human head shifts to this angle may have improved audibility relative to other hearing aids, and indeed, greater amount of head turn advantage has been found for monaural vs. binaural hearing aids; however, there is evidence that directional microphones alone provide more of a benefit to hearing than such head-turn advantages (Ricketts, 2000). Whereas there are still avenues to improve signal processing of the device and target localization accuracy via acoustic analyses, hearing aids may benefit immensely from knowing how the listener is moving their head and interacting with the environment.



Potential hearing-related interventions for balance

Understanding how the head is involved in stabilization and balance is important for anticipating and monitoring falls. Many individuals with hearing-loss over the age of 65 years are also at risk of falls resulting in injury (Lin et al., 2011; Lin and Ferrucci, 2012). Thus, it is worth considering how hearing devices may support these individuals beyond amplification.

The evidence for improved standing balance with the use of prosthetic hearing devices is somewhat mixed (for review, see Borsetto et al., 2021). It has been argued that hearing aids improve perception of the environment, reintroduce lost cues, and therefore improve balance and reduce fall risk (Agmon et al., 2017; Campos et al., 2018). Rumalla et al. (2015) asked a cohort of older participants (65+ years) with hearing aid experience to stand on a foam pad with feet together or on firm ground in tandem Romberg stance (heel-to-toe), in the presence of white noise, and measured the time duration before a controlled fall was observed (30 s ceiling). During the condition when hearing aids were worn, participants maintained standing balance significantly longer in both stance conditions than in the unaided condition. In a similar experiment, Vitkovic et al. (2016) showed a significant interaction between conditions of aided (on, off) and the presence of sound (on, off) but not a main effect of aided itself. Other studies showing a benefit of hearing aids on balance and fall reduction include those by Negahban et al. (2017) and Mahmoudi et al. (2019). On the other side of the argument, Kowalewski et al. (2018), while measuring the number of steps needed to regain balance after foot perturbation, showed hearing loss to be a significant factor, but the deficit was not restored with the use of hearing aids. And finally, data from a large-scale study that tested the effect of hearing aid use on gait speed and the Short Physical Performance Battery did not show an effect of hearing aid use in individuals with moderate hearing loss (N = 829) and those with greater hearing loss (N = 453; Chen et al., 2015).

One study with cochlear implant users showed a benefit on postural stability when devices were turn on compared to off (Buchman et al., 2004), but the evidence for cochlear implant use improving gait measures is mixed. One small pilot study in cochlear implant users (N = 3), showed that participants with bilateral caloric areflexia (severe vestibular impairment), had a modified gait cycle including increased stride time and decreased stride length when implant users had their devices turned on or were listening to music through the device, compared to the devices turned off (Hallemans et al., 2017). Conversely, Weaver et al. (2017) compared a number of gait cycle related parameters for hearing aid (N = 13) and cochlear implant users (N = 12), with their devices turned on or turned off, and failed to find significant differences between the two conditions. The authors of that study did however note that a subset of individuals exhibited marked improvement in balance metrics with devices on. These studies, and in the context of multiple studies that have shown improved standing balance in the presence of auditory cues, support the hypothesis that some individuals more than others use auditory cues for spatial awareness which can contribute to improved balance, and individuals with that listening profile are most likely to see a benefit with the use of hearing devices.

To further understand the utility of those perceptual abilities, studies of balance and hearing aid use is an area where an individualized approach might factor into future clinical decisions. That is, if aids are known to influence balance, either negatively or positively for an individual, knowing the specific factors that contribute to this outcome could be taken into consideration before fitting aids to certain at-risk populations. Finally, whereas hearing aids may provide more natural awareness of the environment and possibly mitigate fall risk, they may also play a critical role in alerting others of falls or warn the user of imminent falls. Current devices have the capability to monitor movements such as step counts, falls, or sudden impacts with the use of inertial sensors (Fabry and Bhowmik, 2021; Rahme et al., 2021). To further maximize the utility of these sensors and the information they provide, it is essential to better understand the predictive power of the behavioral patterns that head-body interactions represent.



Final considerations for future hearing aid designs

The above sections have outlined the fundamental kinematics of head movement, relationship to between head movement and active listening and spatial awareness, communication, head-body interactions, and reviewed movement differences for individuals with hearing-loss. As continued investigation builds the knowledge base connecting head movement patterns to optimized hearing strategies, the translation to listening devices will grow. Devices, specifically hearing aids and cochlear implants, situated with bilateral point sources co-located with the ears, are well positioned to provide the necessary biometric feedback. It is realistic to speculate that future devices will have the capacity to register head movement relative to instrument-identified target location, to provide a running computation of degree and direction of alignment or misalignment with target sources that can quickly adapt to the listeners environment. This process will require dynamic signal processing by the device in response to changes in head position, target location, and importantly, the ability to accurately target primary acoustic features. Such devices will also need to operate with a fundamental knowledge of conversational dynamics to determine if body or acoustic changes warrant change to target focus. From a macro-perspective, advances in this direction will require a shift in perspective from current validation measures that focus almost exclusively on tests of speech reception to more varied measures that investigate perception of spatial awareness.
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