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Previous research in vestibular cognition has clearly demonstrated a link between the vestibular system and several cognitive and emotional functions. However, the most coherent results supporting this link come from rodent models and healthy human participants artificial stimulation models. Human research with vestibular-damaged patients shows much more variability in the observed results, mostly because of the heterogeneity of vestibular loss (VL), and the interindividual differences in the natural vestibular compensation process. The link between the physiological consequences of VL (such as postural difficulties), and specific cognitive or emotional dysfunction is not clear yet. We suggest that a neuropsychological model, based on Kahneman’s Capacity Model of Attention, could contribute to the understanding of the vestibular compensation process, and partially explain the variability of results observed in vestibular-damaged patients. Several findings in the literature support the idea of a limited quantity of cognitive resources that can be allocated to cognitive tasks during the compensation stages. This basic mechanism of attentional limitations may lead to different compensation profiles in patients, with or without cognitive dysfunction, depending on the compensation stage. We suggest several objective and subjective measures to evaluate this cognitive-vestibular compensation hypothesis.
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INTRODUCTION

Animal models and artificial stimulation studies on healthy human participants have delivered a growing body of evidence supporting a clear link between the vestibular system, emotional and cognitive impairments. This body of research consistently shows that postural imbalance which appears after (artificially created) vestibular damage is linked to cognitive changes, mostly related to space perception difficulties (Zheng et al., 2006; Lenggenhager et al., 2008; Lopez et al., 2010; Machado et al., 2012a,b; Ferrè et al., 2013a,b; van Elk and Blanke, 2014; Besnard et al., 2015; Deroualle et al., 2015). However, according to the clinical experience from Ear, Nose and Throat doctors (ENT) and their multidisciplinary teams, a high variety of patient profiles do not match this scientific evidence. For example, patients might present with a vestibular pathology associated with mild residual postural instability, but show no objective cognitive impairment measured by neuropsychological tests. At the same time, patients frequently complain of subjective emotional or cognitive difficulties, some variables missing in animal or healthy human artificial stimulation studies. Disentangling these different dimensions could help to disentangle the complex variety of observed patients profiles. Too few investigations have tried to quantify the specific contribution of each potential variable, and the results of the literature exploring vestibular-damaged patients profiles remain heterogeneous.

We present a novel hypothesis to explore the heterogeneous clinical profile of vestibular-damaged patients. Taking into account their degree of postural imbalance; their objective cognitive neuropsychological performances; and their degree of subjective cognitive, physical, and emotional complaints would lead to a comprehensive approach. We focus on the potential role of cognitive effort that patients have to invest to compensate their vestibular pathology. To quantify this effect, we apply a neuropsychological model, based on Kahneman’s Capacity Model of Attention, which will allow to integrate the existing findings from the literature in the framework of our hypothesis. The contribution of this model to clinical observations of a variety of patients’ profiles will be discussed, as well as a protocol that could be applied retrospectively on (un)published data. We are convinced that this cost-benefits approach could shed new light on clinical vestibular research.


Animal and Artificial Stimulation Research

In rodent animal studies, vestibular loss (VL) is typically associated with spatial memory and navigation impairments (Russell et al., 2003; Baek et al., 2010; Besnard et al., 2012; Machado et al., 2012a); as well as with increased anxiety-like behaviour (Machado et al., 2012b). Moreover, spatial memory impairments seem to persist in time, at least up to 14 months after bilateral vestibular deafferentation (BVD), suggesting that cognitive deficits may be permanent despite a possible adaptation to the physical symptoms such as oscillopsia (Baek et al., 2010).

Similarly, studies on healthy human participants have also demonstrated specific cognitive impairments using artificial vestibular stimulation. For example, galvanic vestibular stimulation (GVS) modulated spatial perception bias in a bisection line task (Ferrè et al., 2013a) and random number generation (Ferrè et al., 2013c). Caloric vestibular stimulation (CVS) changed the perception of body part position in space, relative to body schema causing a bias in perceived object size, hand length, and hand width (Lopez et al., 2012). Vestibular stimulation caused by a rotatory chair influenced self-centred mental imagery, but not 3D object mental rotations (Deroualle et al., 2015).

These observations in animal and healthy human artificial stimulation research have led to patient studies, which have attempted to replicate results and identify common neural pathways. However, the generalisation to patient studies is complex for several reasons. Firstly, animal studies mostly use maze tasks for practical reasons, creating a literature bias toward the investigation of spatial memory compared to other cognitive functions. This under-representation of other cognitive functions makes the comparison with clinical population more difficult, as patients report many other cognitive decrements. Secondly, the understanding of the mechanisms of how artificial vestibular stimulation influences cognition is not yet well understood (Grabherr et al., 2015). Finally, the acute temporary character of the stimulation influence on cognition may not be an appropriate comparison to long-term chronic vestibular pathology.

Regarding patient studies, the variety of cognitive and emotional measures impairs the comparison to studies using artificial stimulation. Original patient studies have mostly used subjective questionnaires, consistently showing significant increases of emotional, physical, and cognitive complaints compared to control participant responses (Eagger et al., 1992; Yardley et al., 1992; Yardley and Putman, 1992; Godemann et al., 2004; Gómez-Alvarez and Jáuregui-Renaud, 2011; Alghwiri et al., 2013; Lahmann et al., 2015; Lacroix et al., 2016; Semenov et al., 2016; Liu et al., 2019). Comparison with animal and artificial stimulation research is difficult, as no questionnaires are used in animal research and very few questionnaires have been used with human artificial stimulation research. Fortunately, recent patient studies have included more objective neuropsychological measures (such as virtual mazes, computerised reaction time tasks, etc…), allowing some comparison.



Variability of Results in Vestibular-Damaged Patient Studies

Objective neuropsychological assessment through computerised measures has contributed to a better understanding of VL patient cognition. Specific cognitive deficits have been identified for spatial cognition, short-term memory, executive functions, processing speed, and visuospatial abilities, particularly in patients with bilateral vestibular loss (BVL) when compared to patients with unilateral vestibular loss (UVL) or healthy controls (Grabherr et al., 2011; Popp et al., 2017; Deroualle et al., 2019). However, contrary to the global coherence observed in animal and stimulation studies, patient studies show less straightforward results. Several additional reasons can be identified for this discrepancy, mostly highlighting methodological differences between protocols.

Similarly to animal studies, some vestibular-damaged patient research has used orientation tasks such as the Virtual Morris Water Task (VMWT). Chronic BVL patients demonstrate impairments in this task, which are associated with a decreased hippocampal volume (Schautzer et al., 2003; Brandt et al., 2005). However, this structural change has not always been found in other studies of BVL (Cutfield et al., 2014) or UVL patients (Hüfner et al., 2007). In addition, studies exploring body perception in space have demonstrated depersonalisation symptoms (where one feels detached from one’s own body) in BVL and UVL patients (Sang et al., 2006; Jáuregui-Renaud et al., 2008a,b), but a subsequent study failed to evidence these effects using a subjective questionnaire in chronic BVL patients (Deroualle et al., 2017). So far, it remains unclear whether VL patients present specific cognitive deficits, such as space or numerical processing; or if the effects are rather more general cognitive deficits involving executive functioning (Risey and Briner, 1990; Moser et al., 2017). Whereas the extent of VL can be controlled in animal studies through surgical or chemical procedures, patient research needs specific physiological measures to assess the degree of this VL. Caloric testing (Mean Caloric Response – MCR, values from caloric irrigation in°/s from both ears with cold −30°C- and warm −44°C- water), vestibular evoked myogenic potentials (VEMP; registering information from two muscles effectors and allowing testing of otolithic receptors) or the video head impulse test (VHIT; measuring high acceleration for the six canals) provide complementary information about the current statute of the VL. However, it remains unclear whether and how these physiological measures are related to cognitive deficits.

Popp et al. (2017) evidenced a correlation between the degree of VL measured trough the MCR and two tasks measuring visuospatial abilities and memory in BVL patients. They also found a correlation between the VHIT outcomes and some aspects of memory and executive functions; for both UVL and BVL patients. However, no correlations were found between those physiological measures and processing speed, nor with the Corsi Block Tapping task. Those inconsistencies underline the complexity of establishing mechanistic links between the different dimensions. Other studies have searched for a link between physiological measures of the VL, cognitive and emotional impairments, and brain changes. For example, Helmchen et al. (2009) showed that UVL patients who recovered the best after the VL (at least at the physiological level, measured by the MCR), had a higher increase in grey matter volume (GMV; inferior insular temporal GMV increase), as a sign of their recovery. At the same time, their results demonstrated a volume increase in the vestibular insular cortex and superior temporal gyrus (STG) that was negatively correlated with the patient’s subjective vestibular disability score (SVDS), indicating that patients with higher subjective clinical complaints had a higher increase in these cerebral areas. On the other hand, no correlation was found in a subsequent study (Göttlich et al., 2016) between hippocampus volume and patient’s subjective measures [Vertigo Handicap Questionnaire (VHQ) (Tschan et al., 2010), Vertigo Symptom Scale (VSS) (Tschan et al., 2008), and SVDS]; nor with the quantitative assessment of the vestibulo-ocular reflex (VOR gain).

In addition, vestibular pathologies frequently accompany sensorineural hearing loss (SNHL) and many patient studies have not adjusted for this comorbidity (Smith, 2021). Recent research showed that cognitive function could be affected differently by each pathology, with specific challenges in immediate memory and language tasks for SNHL patients, and worse performance in attention tasks for VL patients (Dobbels et al., 2019). Statistically significant differences on the VMWT have been found between VL patients and healthy controls in studies where some VL patients (only one or two patients on the total sample) had mild hearing loss (Brandt et al., 2005; Kremmyda et al., 2016); whereas no differences were found in a larger VL patients sample when adjusting for hearing status (Dobbels et al., 2020).

Although the results presented above could be linked to the different measures used, the variety of vestibular pathologies studied could also provide a potential explanation. The many different types of vestibular pathologies (Ménière’s disease, vestibular neuritis, vestibular schwannoma, vestibular migraines, Benign Paroxysmal Positional Vertigo, vestibular nerve resection, or vestibular areflexia), as well as the different types of recovery a patient can experience, add complexity to this research field and warrant further investigation.



Variety of Pathophysiology and Clinical Expression of the Patient Recovery

The early stage of a vestibular dysfunction is associated with diminished postural and oculomotor control, abnormal body perception in space, and autonomic symptoms. Fortunately for patients, VL triggers a vestibular pathway reorganisation called vestibular compensation, allowing for rapid improvements in postural control, action control, and improved body perception in the environment (Lacour et al., 2016). This vestibular compensation mechanism has been described as composed of three stages: Restoration, Habituation, and Adaptation. In addition, within the adaptation stage, a distinction is made between “sensory substitution” and “behavioural substitution.” Sensory substitution means that patients rely (intentionally or not) on other sensory modalities such as visual or somesthetic information in order to compensate for the impaired vestibular input. Behavioural substitution indicates that patients use other neural networks to mimic or replace vestibular function (Lacour et al., 2016).

Although compensation mechanisms are increasingly documented in animal research, there is a level of idiosyncrasy in human patient recovery that cannot be fully explained by the animal models. While some patients very rapidly succeed in returning to a normal balance; others only partially recover at the postural level, with a highly variable functional impact on their quality of life. The type of VL (UVL versus BVL) may partially explain the variety of compensation profiles in patients (Lacour et al., 2009). However, even in similar pathology, such as unilateral vestibular deafferentation patients (UVD), at least 20% of the patients may present persistent complaints of postural imbalance and incomplete long-term compensation (Reid et al., 1996; Halmagyi et al., 2010). Functionally compensated patients regarding the physiological impairment may nonetheless continue to present subjective complaints about their quality of life, with emotional and cognitive difficulties. These dimensions can be measured with specific questionnaires (Lacroix et al., 2016). Although several premorbid patient characteristics such as age (Gauchard et al., 2012); psychological factors (Yardley and Redfern, 2001); illness perception and coping strategies (Ribeyre et al., 2016); or the level of physical activity (Gauchard et al., 2013) seem to play a role in the recovery process, the way these different variables interact remains largely unknown.



The Complexity of Cognitive-Vestibular Compensation Assessment in Patients

Compensation mechanisms of VL patients are typically investigated with various physiological measures, among which the improvement of the gain and phase of the VOR trough saccades (VOR) (Curthoys, 2000; Curthoys and Halmagyi, 2007; Macdougall and Curthoys, 2012; Ranjbaran et al., 2016); the postural score changes on dynamic posturography platforms (Gauchard et al., 2012; Parietti-winkler et al., 2016); or changes in the GMV (Helmchen et al., 2011; Hong et al., 2014). However, these assessments focus solely on the vestibular compensation at the physiological level. Furthermore, it is not always possible to implement these measures in clinical settings, with a varying degree of access to diagnostic resources (Agrawal et al., 2020). Most of the time, patient recovery is evaluated based on the clinical reduction of physical symptoms, such as a better postural control. Therefore, the persistence of subjective emotional or cognitive complaints such as agoraphobia, persistent fatigue or attentional disorders usually leads to supplementary (neuro)psychological consultations, where standard gold-standard measurements are not always sensitive enough to detect specific impairments.

Whereas it is widely accepted that postural recovery can vary from one patient to another, little is known about the associated subjective emotional or cognitive impairments, which might be the cost of a successful postural recovery. Guidetti et al. (2008) compared 50 unilateral labyrinthine-defective patients (without vertigo) to healthy controls using the Symptom Check List questionnaire (SCL-90; Derogatis et al., 1976) and several objective cognitive measures. These authors report that patients showed significantly higher levels of subjective anxiety and lower scores on the objective visual memory Corsi block task. However, no correlation analyses were performed between the measures, and no physiological compensation measures such as postural control were recorded. This type of analysis is essential if we want to understand whether patients presenting subjective physical or emotional complaints (despite postural compensation), also present specific cognitive neuropsychological impairments.



DETERMINING THE COGNITIVE AND EMOTIONAL COST TO MAINTAIN A FUNCTIONAL POSTURAL BALANCE AFTER A VESTIBULAR DAMAGE


Allocation of Resources Models

Various theoretical models attempt to explain how individuals allocate (willingly or not) resources when facing challenging actions, and what could be the cost of this allocation in terms of fatigue (Pattyn et al., 2018). In sleep research, it is well established that sleep loss and fatigue decrease the individual resources available to the task and increases the effort required to perform the task (Williamson et al., 2011). This compensatory model postulates that fatigue will primarily affect the secondary task activities, since primary task activities are protected (Robert and Hockey, 1997). In the vestibular domain, dual-task paradigms (where a participant performs a postural and a cognitive task at the same time) are similarly used to demonstrates competition between the cognitive resources needed to complete two tasks and a resulting cost to performance (Bigelow and Agrawal, 2015). Therefore, we advocate to apply a neuropsychological model to take into account the degree of perceived subjective compensation (at the physical, emotional, and cognitive level) in addition to objective physiological and cognitive measures.



The Kahneman’s Capacity Model of Attention Adapted to Vestibular Damaged Patients

According to Kahneman’s Capacity Model of Attention (Egeth and Kahneman, 1975), there is a limited quantity of cognitive resources that can be allocated to any given task. Therefore, Kahneman’s model applied to VL predicts that a patient with successful physiological compensation (where cognitive resources are successfully used to maintain postural control, thereby preventing falls), would have reduced cognitive resources for other cognitive tasks in comparison to patients with non-successful compensation (i.e., where no cognitive resources are used for vestibular compensation) (Bigelow and Agrawal, 2015). Unlike sleep loss, where the compensatory efforts have to be provided temporarily in specific situations (when the restoration of sleep can be achieved later), the loss of vestibular information requires a continuous adaptation of the body to maintain a proper balance. Therefore, it is highly plausible that the cost of adaptation will affect specific cognitive abilities. This cost might fluctuate and increase with time, depending on the compensation stage, and consequently affect patients’ emotions and quality of life.

This hypothesis is in contrast to the traditional view, which assumes that the more physiologically or physically affected vestibular-damaged patients would show more cognitive or emotional disorders. We suggest that non-compensated patients (no use of cognition to compensate for posture) would not show difficulties in cognition as all their cognitive resources remain available. On the contrary, after successful physiological compensation, the loss of resources (dedicated to maintain balance) will affect cognitive abilities. With postural recovery achieved, patients’ subjective perception of their physical capacities could be positively affected, leading to a counter-intuitive observation: less complaining patients (at least at the physical level) would be more cognitively impacted (see Figure 1). This cognitive-vestibular compensation hypothesis could explain an apparent absence of group effect in some studies (as the different types of compensation could cancel each other out amongst the different patients depending on their compensation stage).


[image: image]

FIGURE 1. Schematic overview of the cognitive-vestibular compensation hypothesis – adaptation of the Kahneman’s Capacity Model of Attention to vestibular-damaged patients.




Evidence Supporting the Cognitive-Vestibular Compensation Hypothesis

Although our hypothesis has never been investigated as such, there is tentative evidence supporting the assumption that only vestibular-damaged patients with successful compensation would show specific cognitive impairments. Redfern et al. (2004) evaluated the cognitive profiles of 15 UVL patients that were described as “well-compensated” (showing no symptoms of dizziness or postural deficits). When compared to controls in a dual-task paradigm, they demonstrated significantly slower reaction times during a choice and inhibitory reaction time task (the secondary task) while performing a postural task (the main task). However, three of the patients were described as “not perfectly well-compensated” (with abnormal results in posturography or vestibulo-ocular function) and these three patients showed faster reaction times than the other patients. It is possible that the three patients were only in the early stage of their compensation adaptation process and had sufficient cognitive resources available for the cognitive tasks. These preliminary results suggest that different compensation profiles may interfere with cognitive abilities. However, until now, the relationship between cognitive impairments and the various degrees of postural compensation has not been systematically investigated, and more research is needed to explore our hypothesis.



FUTURE PERSPECTIVES

Future research investigating how cognitive impairments might be the cost of coping with compensation would benefit from a degree of standardisation in assessment, including subjective and objective measures.

Regarding subjective assessment, we suggest using specific questionnaires to systematically determine how patients describe their own level of compensation. One validated gold standard questionnaire, the Dizziness Handicap Inventory (DHI; Jacobson and Newman, 1990), provides specific subscales evaluating physical, functional, and emotional self-perception of the patient’s vestibular state. It has been demonstrated that the functional subscale is related, at least partially, to GMV increase in visual and cerebellar areas; and therefore may be used as a potential sign of vestibular compensation (Helmchen et al., 2009; Hong et al., 2014; Lacour et al., 2016). Future studies could use the DHI to separate patients into subgroups, based on the scores for these subscales. Using a large patient group, it should be possible to analyse retrospectively if patients with higher versus lower levels of physical complaints show different objective cognitive results.

Regarding our cognitive-vestibular hypothesis, we predict that patients with higher levels of physical complaints are less physiologically compensated, and therefore will show preserved cognitive abilities. We propose to use specific subjective cognitive measures to test this hypothesis. The cognitive-failure questionnaire (CFQ; Broadbent et al., 1982), or the neuropsychological vertigo inventory (NVI; Lacroix et al., 2016), may offer helpful insight into patients’ own perception of their cognitive state. These questionnaires have already demonstrated their sensitivity by allowing for the identification of different profiles among different types of VL (Liu et al., 2019). However, it has not been possible so far to determine whether patients with higher levels of subjective cognitive complaints have higher objective cognitive deficits and what would be their state of physiological compensation. To the best of our knowledge, this has never been measured in such a holistic approach.

Regarding objective cognitive assessment, we thus propose that future research should include challenging assessments, taking into account the degree of cognitive effort required by the tasks. A recent study testing vestibular-damaged children yielded a distinction between dynamic (involving a “mental movement” during the execution to solve the task, such as in mental rotation) and static tasks [not involving mental movement, such as when performing a target detection task (Lacroix et al., 2020)]. We suggest that the cognitive tasks involving dynamic processes require greater cognitive resources than the static ones, and therefore are more likely to be sensitive to successful vestibular compensation. Alternatively, the level of cognitive resources involved in the tasks could also be estimated based on the amount of executive functions involved in the tasks. Executive functions have been shown to play a role in gait disturbances, and several simple tasks to assess these can easily be used in clinics (Yogev-Seligmann et al., 2008).

Finally, at the physiological level, we propose to investigate the role of compensatory ocular saccades as it seems that different patterns of saccadic response may predict different profiles of patient compensation (Macdougall and Curthoys, 2012). Correlations between objective and subjective cognitive measures on the one hand, and ocular saccades on the other hand, would allow to understand the seemingly random inter-individual differences in patients populations. In addition, physiological measures of brain volume and brain connectivity modifications could also help define different compensatory profiles. Neuroanatomical studies have previously demonstrated that CVS measuring the vestibular impairment were correlated with structural brain changes such as GMV (Helmchen et al., 2011; Hong et al., 2014; Lacour et al., 2016). Recent research also shows asymmetric cerebellar hyperactivity in patients with vestibular migraine, which could be linked to compensation after vestibular rehabilitation (Liu et al., 2020). Based on these findings, we suggest that patients who are compensated at the postural level (hence with mild clinical signs of vestibular impairment and lower subjective complaints) could exhibit an increase in GMV in specific areas such as visual cortices and cerebellum, similar to what has been observed by Hong et al. (2014). We suggest that this increase could be linked to changes in performance in the objective neuropsychological measures, differentiating between compensated and non-compensated patients. Reciprocally, the increases in GMV that Hong et al. (2014) found in the vermis and the prefrontal cortex could be related to visual dependence.

If our cognitive-vestibular compensation hypothesis is incorrect, and deafferentation is the sole cause of cognitive difficulties, VL patients with reduced objective cognitive performance should present a high level of physical and subjective cognitive disorders, whatever their degree of physiological compensation. Measuring compensation in vestibular-damaged patient is challenging, and interesting new perspectives have recently emerged such as trying to harmonise physiological measurements through a compensation index based on functional balance performance (Verbecque et al., 2021). The use of a new computational model of the vestibular system may also contribute to more fine-grained measures of cognitive costs associated with postural compensation (Mast and Ellis, 2015; Ellis and Mast, 2017). Cognitive rehabilitation such as mental imagery training in BVL patients could reduce physiological symptoms particularly in BVL patients that learn to rely more on anticipated sensory input and less on the impaired sensory measures (Ellis et al., 2018).

Investigating the cognitive-vestibular compensation hypothesis would allow for a better understanding of how the compensation mechanism operates; whether the patient is aware of this adaptation process; and which measures can be used to disentangle between compensated and non-compensated profiles. It would also open the door to the publication of non-significant results of objective cognitive function deficits in vestibular-damaged patients, when these data contrast with significant subjective cognitive or physiological measures. The exact cognitive cost of vestibular compensation might thus be objectivated.
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REFERENCES

Agrawal, Y., Merfeld, D. M., Horak, F. B., Redfern, M. S., Manor, B., Westlake, K. P., et al. (2020). Aging, vestibular function, and balance: proceedings of a national institute on aging/national institute on deafness and other communication disorders workshop. J. Gerontol. A Biol. Sci. Med. Sci. 75, 2471–2480. doi: 10.1093/gerona/glaa097

Alghwiri, A., Alghadir, A., and Whitney, S. L. (2013). The vestibular activities and participation measure and vestibular disorders. J. Vestib. Res. 23, 305–312. doi: 10.3233/VES-130474

Baek, J. H., Zheng, Y., Darlington, C. L., and Smith, P. F. (2010). Evidence that spatial memory deficits following bilateral vestibular deafferentation in rats are probably permanent. Neurobiol. Learn. Mem. 94, 402–413. doi: 10.1016/j.nlm.2010.08.007

Besnard, S., Lopez, C., Brandt, T., Denise, P., and Smith, P. F. (2015). Editorial: the Vestibular System in Cognitive and Memory Processes in Mammalians. Front. Integr. Neurosci. 9:55. doi: 10.3389/fnint.2015.00055

Besnard, S., Machado, M. L., Vignaux, G., Boulouard, M., Coquerel, A., Bouet, V., et al. (2012). Influence of vestibular input on spatial and nonspatial memory and on hippocampal NMDA receptors. Hippocampus 22, 814–826. doi: 10.1002/hipo.20942

Bigelow, R. T., and Agrawal, Y. (2015). Vestibular involvement in cognition: visuospatial ability, attention, executive function, and memory. J. Vestib. Res. 25, 73–89. doi: 10.3233/VES-150544

Brandt, T., Schautzer, F., Hamilton, D. A., Brüning, R., Markowitsch, H. J., Kalla, R., et al. (2005). Vestibular loss causes hippocampal atrophy and impaired spatial memory in humans. Brain 128, 2732–2741. doi: 10.1093/brain/awh617

Broadbent, D. E., Cooper, P. F., FitzGerald, P., and Parkes, K. R. (1982). The cognitive failures questionnaire (CFQ) and its correlates. Br. J. Clin. Psychol. 21, 1–16. doi: 10.1111/j.2044-8260.1982.tb01421.x

Curthoys, I., and Halmagyi, G. (2007). “Vestibular compensation: clinical changes in vestibular function with time after unilateral vestibular loss,” in Vestibular Rehabilitation, 3rd Edn, ed. S. Herdman (Philadelphia: FA Davis), 76–97.

Curthoys, I. S. (2000). Vestibular compensation and substitution. Curr. Opin. Neurol. 13, 27–30. doi: 10.1097/00019052-200002000-00006

Cutfield, N. J., Scott, G., Waldman, A. D., Sharp, D. J., and Bronstein, A. M. (2014). Visual and proprioceptive interaction in patients with bilateral vestibular loss. NeuroImage Clin. 4, 274–282. doi: 10.1016/j.nicl.2013.12.013

Derogatis, L. R., Rickels, K., and Rock, A. F. (1976). The SCL-90 and the MMPI: a step in the validation of a new self-report scale. Br. J. Psychiatry 128, 280–289. doi: 10.1192/bjp.128.3.280

Deroualle, D., Borel, L., Devèze, A., and Lopez, C. (2015). Changing perspective: the role of vestibular signals. Neuropsychologia 79, 175–185. doi: 10.1016/j.neuropsychologia.2015.08.022

Deroualle, D., Borel, L., Tanguy, B., Bernard-Demanze, L., Devèze, A., Montava, M., et al. (2019). Unilateral vestibular deafferentation impairs embodied spatial cognition. J. Neurol. 266, 149–159. doi: 10.1007/s00415-019-09433-7

Deroualle, D., Toupet, M., Van Nechel, C., Duquesne, U., Hautefort, C., and Lopez, C. (2017). Anchoring the self to the body in bilateral vestibular failure. PLoS One 12:e0170488. doi: 10.1371/journal.pone.0170488

Dobbels, B., Mertens, G., Gilles, A., Claes, A., Moyaert, J., Van De Berg, R., et al. (2019). Cognitive function in acquired bilateral vestibulopathy: a cross-sectional study on cognition, hearing, and vestibular loss. Front. Neurosci. 13:4. doi: 10.3389/fnins.2019.00340

Dobbels, B., Mertens, G., Gilles, A., Moyaert, J., and Hamilton, D. A. (2020). The Virtual Morris Water Task in 64 Patients With Bilateral Vestibulopathy and the Impact of Hearing Status. Front. Neurol. 11:710. doi: 10.3389/fneur.2020.00710

Eagger, S., Luxon, L. M., Davies, R. A., Coelho, A., and Ron, M. A. (1992). Psychiatric morbidity in patients with peripheral vestibular disorder: a clinical and neuro-otological study. J. Neurol. Neurosurg. Psychiatry 55, 383–387. doi: 10.1136/jnnp.55.5.383

Egeth, H., and Kahneman, D. (1975). Attention and Effort. Am. J. Psychol. 88:339. doi: 10.2307/1421603

Ellis, A. W., and Mast, F. W. (2017). Toward a dynamic probabilistic model for vestibular cognition. Front. Psychol. 8:138. doi: 10.3389/fpsyg.2017.00138

Ellis, A. W., Schöne, C. G., Vibert, D., Caversaccio, M. D., and Mast, F. W. (2018). Cognitive rehabilitation in bilateral vestibular patients: a computational perspective. Front. Neurol. 9:286. doi: 10.3389/fneur.2018.00286

Ferrè, E. R., Bottini, G., Iannetti, G. D., and Haggard, P. (2013a). The balance of feelings: vestibular modulation of bodily sensations. Cortex 49, 748–758. doi: 10.1016/j.cortex.2012.01.012

Ferrè, E. R., Longo, M. R., Fiori, F., and Haggard, P. (2013b). Vestibular modulation of spatial perception. Front. Hum. Neurosci. 7:660. doi: 10.3389/fnhum.2013.00660

Ferrè, E. R., Vagnoni, E., and Haggard, P. (2013c). Galvanic vestibular stimulation influences randomness of number generation. Exp. Brain Res. 224, 233–241. doi: 10.1007/s00221-012-3302-6

Gauchard, G. C., Lion, A., Perrin, P. P., and Parietti-Winkler, C. (2012). Influence of age on postural compensation after unilateral deafferentation due to vestibular schwannoma surgery. Laryngoscope 122, 2285–2290. doi: 10.1002/lary.23497

Gauchard, G. C., Parietti-Winkler, C., Lion, A., Simon, C., and Perrin, P. P. (2013). Impact of pre-operative regular physical activity on balance control compensation after vestibular schwannoma surgery. Gait Posture 37, 82–87. doi: 10.1016/j.gaitpost.2012.06.011

Godemann, F., Linden, M., Neu, P., Heipp, E., and Dörr, P. (2004). A prospective study on the course of anxiety after vestibular neuronitis. J. Psychosom. Res. 56, 351–354. doi: 10.1016/S0022-3999(03)00079-5

Gómez-Alvarez, F. B., and Jáuregui-Renaud, K. (2011). Psychological Symptoms and Spatial Orientation During the First 3 Months After Acute Unilateral Vestibular Lesion. Arch. Med. Res. 42, 97–103. doi: 10.1016/j.arcmed.2011.03.004

Göttlich, M., Jandl, N. M., Sprenger, A., Wojak, J. F., Münte, T. F., Krämer, U. M., et al. (2016). Hippocampal Gray Matter Volume in Bilateral Vestibular Failure. Hum. Brain Mapp. 37, 1998–2006. doi: 10.1002/hbm.23152

Grabherr, L., Cuffel, C., Guyot, J.-P., and Mast, F. W. (2011). Mental transformation abilities in patients with unilateral and bilateral vestibular loss. Exp. Brain Res. 209, 205–214. doi: 10.1007/s00221-011-2535-0

Grabherr, L., Macauda, G., and Lenggenhager, B. (2015). The Moving History of Vestibular Stimulation as a Therapeutic Intervention. Multisens. Res. 28, 653–687. doi: 10.1163/22134808-00002495

Guidetti, G., Monzani, D., Trebbi, M., and Rovatti, V. (2008). Impaired navigation skills in patients with psychological distress and chronic peripheral vestibular hypofunction without vertigo. Acta Otorhinolaryngol. Ital. 28, 21–25.

Halmagyi, G. M., Weber, K. P., and Curthoys, I. S. (2010). Vestibular function after acute vestibular neuritis. Restor. Neurol. Neurosci. 28, 37–46. doi: 10.3233/RNN-2010-0533

Helmchen, C., Klinkenstein, J., MacHner, B., Rambold, H., Mohr, C., and Sander, T. (2009). Structural changes in the human brain following vestibular neuritis indicate central vestibular compensation. Ann. N. Y. Acad. Sci. 1164, 104–115. doi: 10.1111/j.1749-6632.2008.03745.x

Helmchen, C., Klinkenstein, J. C., Krüger, A., Gliemroth, J., Mohr, C., and Sander, T. (2011). Structural brain changes following peripheral vestibulo-cochlear lesion may indicate multisensory compensation. J. Neurol. Neurosurg. Psychiatry 82, 309–316. doi: 10.1136/jnnp.2010.204925

Hong, S. K., Kim, H. J., and Lee, H. J. (2014). Changes in the gray matter volume during compensation after vestibular neuritis: a longitudinal VBM study. Restor. Neurol. Neurosci. 32, 663–673. doi: 10.3233/RNN-140405

Hüfner, K., Hamilton, D., and Kalla, R. (2007). Spatial memory and hippocampal volume in humans with unilateral vestibular deafferentation. Hippocampus 17, 471–485. doi: 10.1002/hipo.20283

Jacobson, G. P., and Newman, C. W. (1990). The Development of the Dizziness Handicap Inventory. Arch. Otolaryngol. Neck Surg. 116, 424–427. doi: 10.1001/archotol.1990.01870040046011

Jáuregui-Renaud, K., Ramos-Toledo, V., Aguilar-Bolaños, M., Montaño-Velázquez, B., and Pliego-Maldonado, A. (2008a). Symptoms of detachment from the self or from the environment in patients with an acquired deficiency of the special senses. J. Vestib. Res. 18, 129–137.

Jáuregui-Renaud, K., Sang, F. Y. P., Gresty, M. A., Green, D. A., and Bronstein, A. M. (2008b). Depersonalisation/derealisation symptoms and updating orientation in patients with vestibular disease. J. Neurol. Neurosurg. Psychiatry 79, 276–283. doi: 10.1136/jnnp.2007.122119

Kremmyda, O., Hüfner, K., Flanagin, V. L., Hamilton, D. A., Linn, J., Strupp, M., et al. (2016). Beyond dizziness: virtual navigation, spatial anxiety and hippocampal volume in bilateral vestibulopathy. Front. Hum. Neurosci. 10:139. doi: 10.3389/fnhum.2016.00139

Lacour, M., Dutheil, S., Tighilet, B., Lopez, C., and Borel, L. (2009). Tell me your vestibular deficit, and i’ll tell you how you’ll compensate. Ann. N. Y. Acad. Sci. 1164, 268–278. doi: 10.1111/j.1749-6632.2008.03731.x

Lacour, M., Helmchen, C., and Vidal, P. P. (2016). Vestibular compensation: the neuro-otologist’s best friend. J. Neurol. 263, 54–64. doi: 10.1007/s00415-015-7903-4

Lacroix, E., Deggouj, N., Salvaggio, S., Wiener, V., Debue, M., and Edwards, M. G. (2016). The development of a new questionnaire for cognitive complaints in vertigo: the Neuropsychological Vertigo Inventory (NVI). Eur. Arch. Otorhinolaryngol. 273, 4241–4249. doi: 10.1007/s00405-016-4135-x

Lacroix, E., Edwards, M. G., De Volder, A., Noël, M.-P., Rombaux, P., and Deggouj, N. (2020). Neuropsychological profiles of children with vestibular loss. J. Vestib. Res. 30, 25–33. doi: 10.3233/VES-200689

Lahmann, C., Henningsen, P., Brandt, T., Strupp, M., Jahn, K., Dieterich, M., et al. (2015). Psychiatric comorbidity and psychosocial impairment among patients with vertigo and dizziness. J. Neurol. Neurosurg. Psychiatry 86, 302–308. doi: 10.1136/jnnp-2014-307601

Lenggenhager, B., Lopez, C., and Blanke, O. (2008). Influence of galvanic vestibular stimulation on egocentric and object-based mental transformations. Exp. Brain Res. 184, 211–221. doi: 10.1007/s00221-007-1095-9

Liu, L., Hu, X., Zhang, Y., Pan, Q., Zhan, Q., Tan, G., et al. (2020). Effect of vestibular rehabilitation on spontaneous brain activity in patients with vestibular migraine: a resting-state functional magnetic resonance imaging study. Front. Hum. Neurosci. 14:227. doi: 10.3389/fnhum.2020.00227

Liu, Y. F., Locklear, T. D., Sharon, J. D., Lacroix, E., Nguyen, S. A., and Rizk, H. G. (2019). Quantification of cognitive dysfunction in dizzy patients using the neuropsychological vertigo inventory. Otol. Neurotol. 40, e723–e731. doi: 10.1097/MAO.0000000000002311

Lopez, C., Lenggenhager, B., and Blanke, O. (2010). How vestibular stimulation interacts with illusory hand ownership. Conscious. Cogn. 19, 33–47. doi: 10.1016/j.concog.2009.12.003

Lopez, C., Schreyer, H., Preuss, N., and Mast, F. W. (2012). Vestibular stimulation modifies the body schema. Neuropsychologia 50, 1830–1837. doi: 10.1016/j.neuropsychologia.2012.04.008

Macdougall, H. G., and Curthoys, I. S. (2012). Plasticity during Vestibular Compensation: the Role of Saccades. Front. Neurol. 3:21. doi: 10.3389/fneur.2012.00021

Machado, M. L., Kroichvili, N., Freret, T., Philoxène, B., Lelong-Boulouard, V., Denise, P., et al. (2012a). Spatial and non-spatial performance in mutant mice devoid of otoliths. Neurosci. Lett. 522, 57–61. doi: 10.1016/j.neulet.2012.06.016

Machado, M. L., Lelong-Boulouard, V., Smith, P. F., Freret, T., Philoxene, B., Denise, P., et al. (2012b). Influence of anxiety in spatial memory impairments related to the loss of vestibular function in rat. Neuroscience 218, 161–169. doi: 10.1016/j.neuroscience.2012.05.029

Mast, F. W., and Ellis, A. W. (2015). Internal models, vestibular cognition, and mental imagery: conceptual considerations. Multisens. Res. 28, 443–460. doi: 10.1163/22134808-00002503

Moser, I., Vibert, D., Caversaccio, M. D., and Mast, F. W. (2017). Impaired math achievement in patients with acute vestibular neuritis. Neuropsychologia 107, 1–8. doi: 10.1016/j.neuropsychologia.2017.10.032

Parietti-winkler, C., Lion, A., Frère, J., Perrin, P. P., Beurton, R., and Gauchard, G. C. (2016). Prediction of Balance Compensation After Vestibular Schwannoma Surgery. Neurorehabil. Neural Repair 30, 395–401. doi: 10.1177/1545968315600270

Pattyn, N., Van Cutsem, J., Dessy, E., and Mairesse, O. (2018). Bridging exercise science, cognitive psychology, and medical practice: is “cognitive fatigue” a remake of “the emperor’s new clothes”? Front. Psychol. 9:1246. doi: 10.3389/fpsyg.2018.01246

Popp, P., Wulff, M., Finke, K., Rühl, M., Brandt, T., and Dieterich, M. (2017). Cognitive deficits in patients with a chronic vestibular failure. J. Neurol. 264, 554–563. doi: 10.1007/s00415-016-8386-7

Ranjbaran, M., Katsarkas, A., and Galiana, H. L. (2016). Vestibular Compensation in Unilateral Patients Often Causes Both Gain and Time Constant Asymmetries in the VOR. Front. Comput. Neurosci. 10:26. doi: 10.3389/fncom.2016.00026

Redfern, M. S., Talkowski, M. E., Jennings, J. R., and Furman, J. M. (2004). Cognitive influences in postural control of patients with unilateral vestibular loss. Gait Posture 19, 105–14. doi: 10.1016/S0966-6362(03)00032-8

Reid, C. B., Eisenberg, R., Halmagyi, G. M., and Fagan, P. A. (1996). The outcome of vestibular nerve section for intractable vertigo: the patient’s point of view. Laryngoscope 106, 1553–1556. doi: 10.1097/00005537-199612000-00022

Ribeyre, L., Spitz, E., Frère, J., Gauchard, G., and Parietti-Winkler, C. (2016). Correlations between postural control and psychological factors in vestibular schwannoma patients. J. Vestib. Res. Equilib. Orientat. 26, 387–394. doi: 10.3233/VES-160588

Risey, J., and Briner, W. (1990). Dyscalculia in patients with vertigo. J. Vestib. Res. 1, 31–37.

Robert, G., and Hockey, J. (1997). Compensatory control in the regulation of human performance under stress and high workload: a cognitive-energetical framework. Biol. Psychol. 45, 73–93. doi: 10.1016/S0301-0511(96)05223-4

Russell, N. A., Horii, A., Smith, P. F., Darlington, C. L., and Bilkey, D. K. (2003). Bilateral peripheral vestibular lesions produce long-term changes in spatial learning in the rat. J. Vestib. Res. Orientat. 13, 9–16.

Sang, F. Y. P., Jáuregui-Renaud, K., Green, D. A., Bronstein, A. M., and Gresty, M. A. (2006). Depersonalisation/derealisation symptoms in vestibular disease. J. Neurol. Neurosurg. Psychiatry 77, 760–766. doi: 10.1136/jnnp.2005.075473

Schautzer, F., Hamilton, D., Kalla, R., Strupp, M., and Brandt, T. (2003). Spatial Memory Deficits in Patients with Chronic Bilateral Vestibular Failure. Ann. N. Y. Acad. Sci. 1004, 316–324. doi: 10.1196/annals.1303.029

Semenov, Y. R., Bigelow, R. T., Xue, Q.-L., du Lac, S., and Agrawal, Y. (2016). Association between vestibular and cognitive function in u.s. adults: data from the national health and nutrition examination survey. J. Gerontol. A Biol. Sci. Med. Sci. 71, 243–250. doi: 10.1093/gerona/glv069

Smith, P. F. (2021). Hearing loss versus vestibular loss as contributors to cognitive dysfunction. J. Neurol. [Epub Online ahead of print]. doi: 10.1007/s00415-020-10343-2

Tschan, R., Wiltink, J., Best, C., Bense, S., Dieterich, M., Beutel, M. E., et al. (2008). Validation of the German version of the vertigo symptom scale (VSS) in patients with organic or somatoform dizziness and healthy controls. J. Neurol. 255, 1168–1175. doi: 10.1007/s00415-008-0863-1

Tschan, R., Wiltink, J., Best, C., Beutel, M., Dieterich, M., and Eckhardt-Henn, A. (2010). Validation of the German version of the Vertigo Handicap Questionnaire (VHQ) in patients with vestibular vertigo syndromes or somatoform vertigo and dizziness. Psychother. Psychosom. Med. Psychol. 60, e1–12. doi: 10.1055/s-0029-1243206

van Elk, M., and Blanke, O. (2014). Imagined own-body transformations during passive self-motion. Psychol. Res. 78, 18–27. doi: 10.1007/s00426-013-0486-8

Verbecque, E., Wuyts, F. L., Vanspauwen, R., Van Rompaey, V., Van de Heyning, P., and Vereeck, L. (2021). The Antwerp Vestibular Compensation Index (AVeCI): an index for vestibular compensation estimation, based on functional balance performance. Eur. Arch. Otorhinolaryngol. 278, 1755–1763. doi: 10.1007/s00405-020-06192-4

Williamson, A., Lombardi, D. A., Folkard, S., Stutts, J., Courtney, T. K., and Connor, J. L. (2011). The link between fatigue and safety. Accid. Anal. Prev. 43, 498–515. doi: 10.1016/j.aap.2009.11.011

Yardley, L., Masson, E., Verschuur, C., Haacke, N., and Luxon, L. (1992). Symptoms, anxiety and handicap in dizzy patients: development of the Vertigo symptom scale. J. Psychosom. Res. 36, 731–741. doi: 10.1016/0022-3999(92)90131-K

Yardley, L., and Putman, J. (1992). Quantitative analysis of factors contributing to handicap and distress in vertiginous patients: a questionnaire study. Clin. Otolaryngol. Allied Sci. 17, 231–236. doi: 10.1111/j.1365-2273.1992.tb01833.x

Yardley, L., and Redfern, M. S. (2001). Psychological factors influencing recovery from balance disorders. J. Anxiety Disord. 15, 107–119. doi: 10.1016/S0887-6185(00)00045-1

Yogev-Seligmann, G., Hausdorff, J. M., and Giladi, N. (2008). The role of executive function and attention in gait. Mov. Disord. 23, 329–342. doi: 10.1002/mds.21720

Zheng, Y., Darlington, C. L., and Smith, P. F. (2006). Impairment and recovery on a food foraging task following unilateral vestibular deafferentation in rats. Hippocampus 16, 368–378.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Lacroix, Deggouj, Edwards, Van Cutsem, Van Puyvelde and Pattyn. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Cognitive-Vestibular Compensation Hypothesis: How Cognitive Impairments Might Be the Cost of Coping With Compensation



		INTRODUCTION



		Animal and Artificial Stimulation Research



		Variability of Results in Vestibular-Damaged Patient Studies



		Variety of Pathophysiology and Clinical Expression of the Patient Recovery



		The Complexity of Cognitive-Vestibular Compensation Assessment in Patients







		DETERMINING THE COGNITIVE AND EMOTIONAL COST TO MAINTAIN A FUNCTIONAL POSTURAL BALANCE AFTER A VESTIBULAR DAMAGE



		Allocation of Resources Models



		The Kahneman’s Capacity Model of Attention Adapted to Vestibular Damaged Patients



		Evidence Supporting the Cognitive-Vestibular Compensation Hypothesis







		FUTURE PERSPECTIVES



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fnhum-15-732974-g001.jpg
Vestibular loss
Postural imbalance,
Oscilloscopia, vertigo,

dizziness ...

Successful postural N 1 %

: o postural compensation
compensation P P

Cognitive resources always

Attribution of coenitive resources ;
J cogn available

to maintain balance

Nor or reduced physiological
symptoms Physiological symptoms

Less subjective physical Subjective physical complaints
complaints

- Cognitive resources available
Cognitive resources reduced gt

Normal performances in
objective neuropsychological
assessment

Lower performances in objective
neuropsychological assessment






OPS/images/cover.jpg
’ frontiers
In Human Neuroscience

The Cognitive-Vestibular
Compensation Hypothesis: How
Cognitive Impairments Might Be

the Cost of Coping With

Compensation









OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





