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List of abbreviations 
 
3D MP-RANGE three dimensional magnetization prepared rapid acquisition GRE 
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DW diffusion weighted 

DWI diffusion weighted image 

e.g. for example 

ENG electronystagmography 
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EPI echo-planar imaging 

FA fractional anisotropy 
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fODF fiber orientation distribution function 
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GIA gravito-intertial acceleration 
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MR magnetic resonance 
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TDI track density imaging 
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TR repetition time 

UC unilateral centrifugation 
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Samenvatting 
Inleiding: Na een plots vestibulair verlies presenteren patiënten zich met een 

syndroom van oculomotore en posturale klachten. Eerstdaags na dit vestibulair 

deficit zullen de klachten verbeteren, gedeeltelijk toe te schrijven aan 

neuroplasticiteit. De meeste patiënten compenseren vrij snel en zonder bijkomende 

problemen, terwijl anderen met vergelijkbare symptomen slechts gedeeltelijk of 

helemaal niet herstellen. Dit kan te wijten kunnen zijn aan inadequate 

compensatiemechanismen ter hoogte van specifieke hersenregio’s die 

verantwoordelijk zijn voor de integratie van vestibulaire signalen. Het doel van deze 

pilootstudie is een eerste inzicht te verkrijgen in het proces van neuroplasticiteit na 

vestibulaire aandoeningen. Methodologie: Data van magnetische resonantie 

beeldvorming met diffusieweging (DTI/DKI) en van ENG’s werden bekomen bij vijf 

vestibulaire patiënten en vijf gezonde controlepersonen. Groepsverschillen in 

fractionele anisotropie (FA) en gemiddelde diffusiviteit (MD) werden nagegaan. 

Hiervoor werd gebruik gemaakt van tractografie en analyse ter hoogte van ‘regions of 

interest’ (ROI). Bovendien werden functionele variabelen van het 

evenwichtsonderzoek zoals gain, fase en totale calorische respons (TCR) 

gecorreleerd met de bovengenoemde diffusie parameters. Resultaten: We vonden 

een significant verminderde fractionele anisotropie bij patiënten in de rechter OP2 

regio (p = 0.009) en de cerebellaire pedunkels (p = 0.03) in vergelijking met 

controlepersonen. Een significant positieve relatie tussen TCR en de FA-waarden 

van de rechter cingulate gyrus (rs = 0.74, p = 0.04) en de cerebellaire pedunkels (rs = 

0.74, p = 0.04) werd gevonden. We stelden bovendien ook een significant positieve 

associatie vast tussen gain en MD-waarden van de rechter insulaire cortex (rs = 0.81, 

p = 0.008), de linker insulaire cortex (rs = 0.75, p = 0.02), de rechter superior 

temporale gyrus (rs = 0.80, p = 0.009) en de linker corticobulbaire tractus (rs = 0.78, p 

= 0.01). We constateerden significante negatieve correlaties tussen fase en MD van 

de rechter insulaire cortex (rs = -0.70, p = 0.04), de rechter cingulate gyrus (rs = -0.73, 

p = 0.0026) en de linker cingulate gyrus (rs = -0.70, p = 0.04). Ten slotte vonden we 

een positief significante correlatie tussen MD van de rechter insulaire cortex en TCR-

scores (rs = 0.73, p = 0.04). Conclusie: Dit is de eerste studie die gebruik maakt van 

diffusie beeldvormingstechnieken bij vestibulaire patiënten. FA van de rechter OP2 

regio (de kern van de menselijke vestibulaire cortex) en van de cerebellaire 
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pedunkels zou kunnen dienen als een biomarker die de invloed van een 

ongecompenseerde vestibulaire laesie op functionele connectiviteit in kaart kan 

brengen. We vonden ook verschillende correlaties tussen diffusie parameters en 

vestibulaire parameters. Deze pilootstudie legt de basis maar verder onderzoek is 

nodig alvorens generaliseerbare conclusies getrokken kunnen worden.  
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Abstract 
Introduction: After a sudden vestibular lesion, patients present with a syndrome of 

oculomotor and postural symptoms. However, during the first days, symptoms 

meliorate and patients cope with these effects, partially due to neuroplasticity. Most 

patients compensate rather quickly, while others with similar symptoms recover 

suboptimal or don’t recover at all. This may be due to inadequate compensation 

mechanisms at specific brain regions responsible for the integration of vestibular 

signals. The aim of this pilot study is to gain a first insight in the process of 

neuroplasticity after vestibular disorders. Methodology: High angular resolution 

diffusion magnetic resonance images were obtained from five vestibular patients and 

five healthy control subjects, along with electronystagmography (ENG) data. Group 

differences in fractional anisotropy (FA) and mean diffusivity (MD) were measured by 

means of tractography and region of interest (ROI) analysis and were correlated with 

functional outcome variables from the ENG such as gain, phase and total caloric 

response (TCR). Results: Patients had significantly reduced fractional anisotropy in 

the OP2 region (p = 0.009) and the cerebellar peduncles (p = 0.03) compared with 

control subjects. A significant positive correlation was found between FA in the right 

cingulate gyrus (rs = 0.74, p = 0.04) and cerebellar peduncles (rs = 0.74, p = 0.04) 

with TCR. We also found a significant positive association between gain and mean 

diffusivity of the right insular cortex (rs = 0.81, p = 0.008), left insular cortex (rs = 0.75, 

p = 0.02), the right superior temporal gyrus (rs = 0.80, p = 0.009) and left 

corticobulbar tract (rs = 0.78, p = 0.01). Significant negative correlations were found 

between phase and MD of the right insular cortex (rs = -0.70, p = 0.04), right cingulate 

gyrus (rs = -0.73, p = 0.0026) and left cingulate gyrus (rs = -0.70, p = 0.04). A 

significant positive correlation was found between MD of the right insular cortex and 

TCR (rs = 0.73, p = 0.04). Conclusion: To our knowledge, this is the first study to use 

diffusion imaging methods in vestibular patients. FA of the right OP2 region (the core 

of the human vestibular cortex) and of the cerebellar peduncles may serve as a 

biomarker for studies seeking to identify how an uncompensated vestibular deficit 

influences functional connectivity. We also found several correlations between 

diffusion metrics and vestibular parameters. This pilot study lays the groundwork but 

future research is necessary for further exploration on this matter and before being 

able to generalize these results. 
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1. Introduction 
 

Since the human vestibular system is the organ that plays the lead role in this 

paper, it is important to have knowledge about its anatomical and physiological 

aspects. Therefore, a basic overview of the anatomy, physiology and function of the 

vestibular system, along with the different techniques used to assess its function, is 

provided at the end of this paper. Readers are advised to refer to these appendices 

for further reading. 

 

It has been clear for more than three decades that cortical representations in 

mammalian species, including humans, are not fixed entities, but are continuously 

modified, a process called brain- or neuroplasticity. Plasticity of the central nervous 

system (CNS) can occur at different levels; at receptor level, at synaptic level or at 

the level of the functional network (Buonomano & Merzenich, 1998). The results of 

these changes are altered brain maps: dynamic alterations of cortical 

representations induced by experience, learning, ageing, etc. Alterations and 

plasticity can also be lesion-induced (Buonomano & Merzenich, 1998). Research 

has shown this to be true for all primary cortical sensory areas such as the primary 

auditory cortex (A1) (Weinberger, 1993; Weinberger, Javid, & Lepan, 1993), the 

primary somatosensory cortex (S1) (Kaas, 1991; Merzenich et al., 1984; 

Weinberger, 1995) and the primary visual cortex (V1) (Gilbert, 1996; Gilbert & 

Wiesel, 1992).  

 

At the end of the 20th century, Guldin and Grüsser dedicated a paper to the 

question “Is there a vestibular cortex?” (Guldin & Grusser, 1998), a question that 

has only been partially answered up till now. Unlike the well-defined cortices for 

auditory, visual or somatosensory stimuli, a primary vestibular cortex has not yet 

been entirely identified in humans. Four out of five brain lobes have been 

considered “to harbour” the cortical vestibular system, with the exception of the 

occipital lobe (Duque-Parra, 2004). The fact that the question of Guldin and Grüsser 

is still unanswered most likely relates to both the fact that there is a great 

uncertainty on this matter, along with the fact that the vestibular network is probably 

widely distributed along the human brain.  
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Animal studies on rats, squirrels, java monkeys, rhesus monkeys and macaques 

(zu Eulenburg, Caspers, Roski, & Eickhoff, 2012) have shown that several cortical 

structures undoubtedly receive vestibular input from the vestibular nuclei; area 2v at 

the tip of the intraparietal sulcus (Buttner & Buettner, 1978; Fredrickson, Scheid, 

Figge, & Kornhuber, 1966; Schwarz & Fredrickson, 1971), area 3aV (a vestibular 

region in area 3a representing neck and trunk) in the central sulcus (Odkvist, 

Schwarz, Fredrickson, & Hassler, 1974), area 7 in the inferior parietal lobe (Faugier-

Grimaud & Ventre, 1989) and the parieto-insular vestibular cortex (PIVC), located at 

the posterior end of the insula (Grusser, Pause, & Schreiter, 1990a, 1990b). In 

animals, the vestibular system thus consists of a whole cortical network and it is 

suggested that the PIVC constitutes the core vestibular cortex (Grusser et al., 

1990a; Guldin & Grusser, 1998; OJ Grüsser, 1994), yet with further extensions to 

the cingulate cortex, the hippocampus, the primary somatosensory cortex (S1), the 

frontal cortex (motor cortex and the frontal eye fields) and several posterior parietal 

areas (Bremmer, Klam, Duhamel, Ben Hamed, & Graf, 2002; Ebata, Sugiuchi, 

Izawa, Shinomiya, & Shinoda, 2004; Gu, DeAngelis, & Angelaki, 2007; Guldin & 

Grusser, 1998; Liu, Dickman, & Angelaki, 2011; OJ Grüsser, 1994; Schwarz & 

Fredrickson, 1971). For a more extensive review on studies of the cortical vestibular 

network in animals, readers are referred to (Lopez & Blanke, 2011). 

 

 

 

 

 

 

 

 

 

Figure 1.1: Schematic representation of the areas receiving vestibular input on a monkey brain. 

Courtesy of (Brandt & Dieterich, 1999). 



	  

	   16 

In the human brain, the exact location of the human homologue to the animal PIVC 

is still controversial (Lopez & Blanke, 2011). This may be due to the fact that as in 

animals, the vestibular cortex is widely distributed along the human cortex and is a 

multimodal cortical network. Furthermore, most human studies, by far, have been 

conducted with the use of functional magnetic resonance imaging (fMRI) and 

positron emission topography (PET). These techniques are limitated due to their 

relatively poor temporal resolution (Lopez & Blanke, 2011) and it is not possible to 

adequately apply vestibular stimuli while using these techniques for the vestibular 

receptors since they are sensitive to angular and linear accelerations of the head 

(Becker-Bense et al., 2013). Research however suggests that the retro-insular 

cortex, the posterior insula (Brandt & Dieterich, 1999), the temporo-peri-Sylvian 

vestibular cortex (Kahane, Hoffmann, Minotti, & Berthoz, 2003) and the parietal 

operculum 2 (Eickhoff, Schleicher, Zilles, & Amunts, 2006; Eickhoff, Weiss, Amunts, 

Fink, & Zilles, 2006; zu Eulenburg et al., 2012) are involved in the processing of 

afferent information coming from the vestibular end organs. A recent study by zu 

Eulenburg (2012) elucidates the fact that there is a predominant role of the right 

hemisphere in cortical processing of vestibular information and thus a primary 

representation of vestibular afferents in OP2. Furthermore, multiple fMRI and PET 

studies following galvanic, caloric or saccular stimulation also revealed activations 

in several areas including the insula, the somatosensory cortex, the cingulate gyrus, 

the frontal cortex, the superior temporal gyrus and the hippocampus (Bense, 

Stephan, Yousry, Brandt, & Dieterich, 2001; Bottini et al., 1994; Bucher et al., 1998; 

Deutschlander et al., 2002; Dieterich et al., 2003; Eickhoff, Weiss, et al., 2006; Emri 

et al., 2003; Fasold et al., 2002; Lobel, Kleine, Bihan, Leroy-Willig, & Berthoz, 1998; 

Marcelli et al., 2009; Stephan et al., 2005; Suzuki et al., 2001; Vitte et al., 1996).  

A sudden unilateral vestibular failure (UVF) produces a syndrome of postural and 

oculomotor symptoms at rest and in dynamic situations (Peusner, Shao, Reddaway, 

& Hirsch, 2012). The static symptoms normalize due to a process called central 

vestibular compensation, but these symptoms persist in challenging situations such 

as fast head movements. An acute peripheral vestibular deficit results in a tonic 

imbalance at the level of the vestibular nuclei (Helmchen et al., 2009), the level of 

the thalamus (Dieterich et al., 2005), the cerebellum and several other areas of the 

complex and multimodal cortical vestibular network (Dieterich & Brandt, 2008) (refer 
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to(Dieringer, 1995; R Llinas, 1979) for reviews). Most patients compensate rather 

quickly, while others with a similar degree of peripheral vestibular failure recover 

only suboptimal or not at all (Helmchen et al., 2009). Why this occurs, is largely 

unknown but it seems that the peripheral vestibular deficit alone does not determine 

the functional recovery (Curthoys, 2000; Palla, Straumann, & Bronstein, 2008; 

Shupak, Issa, Golz, Margalit, & Braverman, 2008). Structural changes of grey 

matter volume (GMV) were observed in the multisensory vestibular cortex and data 

strongly suggest that GMV increases are related to vestibular compensation: 

functional rehabilitation and recovery were best with the largest GMV increase 

(Helmchen et al., 2009). Furthermore, PET and fMRI studies have shown that 

metabolic and functional changes can be noted in the different cortical vestibular 

areas; metabolic increases were found in the posterior insula, thalamus, 

hippocampus and brainstem and decreases in the visual, auditory and 

somatosensory cortices (Bense et al., 2004; Dieterich & Brandt, 2008). Inadequate 

central vestibular compensation could be contributed to insufficient neuroplasticity 

at one or more of these areas.  

 

A recently developed MR technique called Diffusion tensor imaging (DTI) allows 

investigating brain tissue microstructure and connectivity, particularly in white 

matter (WM) (Assaf & Pasternak, 2008; Basser, Mattiello, & LeBihan, 1994). This 

non-invasive imaging method probes the diffusion characteristics of water 

molecules in biological tissue, for example the human brain. This allows to 

determine the neuro-anatomy of the brain since water molecules are subject to 

random thermal motion (‘Brownian motion’). This process causes these molecules 

to move in a translational matter and thus ‘to diffuse’ (Zhang et al., 2006). In an 

infinite homogeneous fluid, diffusion may be truly random. This is called isotropic 

diffusion and means diffusion is equal in all directions. However, in biological tissue, 

such as the human brain, free motion of the water molecules is restricted due to 

natural barriers such as cytosol, cell membranes and other macromolecules (Hajnal 

et al., 1991). In this case, water will move more easily in one direction than the 

other, corresponding with the underlying organization of the tissue. Movement will 

be easier along the axonal bundle than perpendicular to these bundles. This is due 

to the fact that there are fewer obstacles to prevent movement along the fibres (EO 

Stejskal, 1965). In contrast to isotropic diffusion where diffusion is equal in all 
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directions, diffusion with a strong directional preference is called anisotropic 

diffusion (Figure 1.2).  

 
 

 

It is this anisotropy that is used in DTI to make an estimation of the underlying 

axonal organization of the brain. It is proven that in white matter, water molecules 

diffuse more freely along the direction of the axons than perpendicular with this 

direction and thus white matter tracts will show a high degree of anisotropy. Grey 

matter such as nuclei and the cortex of the brain only shows a small degree of 

anisotropy (JS Shimony, 1999), whereas diffusion in the cerebrospinal fluid (CSF) 

can be considered more or less isotropic (Pierpaoli, Jezzard, Basser, Barnett, & Di 

Chiro, 1996). DTI has greatly been applied in neuroscientific research to elucidate 

the underlying microstructural characteristics of healthy brains and to obtain 

diagnostic information regarding various neurological diseases such as stroke 

(Urbanski et al., 2008), brain tumours (Kallenberg et al., 2013), multiple sclerosis 

(Sbardella, Tona, Petsas, & Pantano, 2013), etc. However, with conventional DTI a 

Gaussian distribution of diffusion displacement is assumed and this is not the case 

for biological tissues due to restrictions by cellular microstructures (Susumu, 2007). 

Diffusion kurtosis imaging (DKI), an extension of the DTI model, can overcome this 

Figure 1.2: Graphical display of the range of isotropic towards anisotropic diffusion as can be 

observed in the various regions of the brain. Adapted from(Huisman, 2010)and redrawn by P. 

Rombaut. 
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limitation of DTI by using kurtosis to estimate the non-Gaussian distribution and 

thus providing insights into the underlying microstructure (Chen et al., 2012). 

Recent studies have shown that DKI has an improved sensitivity compared to 

conventional DTI when it comes to detecting complex developmental and 

pathological changes in neuronal structures (Blockx et al., 2012; Fieremans, 

Jensen, & Helpern, 2011) and in addition elucidate directionally specific information 

(Cheung et al., 2009; Hui, Cheung, Qi, & Wu, 2008; Wu & Cheung, 2010). Another 

approach to address the limitations of the DTI model is high-angular resolution 

diffusion imaging (HARDI) (Tournier, Mori, & Leemans, 2011). In essence, HARDI 

measures the diffusion-weighted (DW) signal by using a much larger number of 

uniformly distributed DW gradient directions than are used with conventional DTI. In 

this way, the DW signal, along with its higher angular frequency features, gets 

measured and thus improved sensitivity over standard DTI analysis is established 

(Emsell et al., 2013).  

 

The aim of this pilot study was to get a first insight in structural connectivity changes 

in several regions of interest (ROIs) and fiber tracts known to be involved in neuro-

vestibular and vestibulo-autonomic processing:  

- amygdala 

- the insular cortex (BA3, BA2 & BA1) 

- the human homologue of the parieto-insular vestibular cortex (PIVC) in 

monkeys = the right parietal operculum 2 (OP2) (zu Eulenburg et al., 2012) 

- superior temporal gyrus (stg, BA22) 

- cingulate cortex 

- tracts between both cerebellar peduncles 

- corticospinal tracts 

- corticobulbar tracts  

 

Most of these ROIs belong to the multisensory cortical vestibular network in 

humans and all of these have been identified in previous studies. Identifying 

possible structural connectivity changes could lead to a better understanding of the 

mechanisms of neuroplasticity in patients with vestibular pathologies. We examined 

patients and hypothesized that structural connectivity changes may be related to 

functional disability, possibly indicating vestibular compensation. To gain insight in 
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these biomarkers of neuroplasticity, we used advanced MRI techniques such as 

diffusion tensor imaging (DTI), diffusion kurtosis imaging (DKI) and high-angular 

resolution diffusion imaging (HARDI). These novel techniques provide unique tools 

to investigate fiber architecture in the brain, connectivity and volumetric changes. 

DTI/DKI outcome data such as fractional anisotropy (FA) will be correlated with 

functional outcome measures from vestibular testing. 
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2. Materials and methods 

2.1. Subjects 
For this pilot study, five patients (two men, three women; mean age = 49.9 years 

(SD = 13.7 years); age range 36.2 years – 69.5 years) suffering from vestibular 

‘decompensation’ 1 and five healthy controls (two men, three women; mean age = 

52.2 years (SD = 12.8 years); age range 38.1 years – 72.4 years) were recruited. 

The patients were selected during the vestibular consultation by Prof. dr. Wuyts and 

dr. De Valck at the ENT department of the Antwerp University Hospital, based on a 

long history of vestibular complaints suggesting improper compensation. When 

clinical and laboratory findings did not support the severe state of the patients 

regarding instability or vertigo, patients were selected. In some cases the vestibular 

tests were normal, despite the fact that the patient was really incapacitated by the 

vertigo. All controls were age- and gender matched with the patients. All subjects 

underwent both neuro-imaging at the MR unit University Hospital of Antwerp (UZA) 

and vestibular testing in AUREA, UZA in the time range between May 2013 and 

August 2013, except for one control who didn’t underwent vestibular testing. None 

of the controls showed a history of neurological or otovestibular abnormalities. 

Ethical Committee approval was obtained from both the University Hospital of 

Antwerp and the University Hospital of Ghent. Each participant provided a signed 

informed consent form. All clinical investigations have been conducted according to 

the principles expressed in the Declaration of Helsinki. 

Table 1.  Demographics of study population 

  
Patients 

 
Control subjects 

Number of subjects 5 5 

Gender: Male / Female 2 / 3 2 / 3 

Mean age in years (SD) 49.9 (13.7) 52.2 (12.8) 

Age range in years 36.2 – 69.5 38.1 – 72.4 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Vestibular decompensation is a non-official term we introduced to refer to vestibular patients in 

which central compensation does not occur or does only occur partially. 
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2.2. Neuro-imaging 

 2.2.1. Data acquisition 
Diffusion kurtosis imaging data were acquired on a 3T Siemens Magnetom Tim Trio 

scanner (Siemens, Erlangen, Germany) using a 32-channel head coil. High angular 

resolution diffusion imaging data were acquired using a single-shot echo-planar 

imaging (EPI) sequence with the following parameters: voxel size 2.5 × 2.5 × 2.5 

mm3, acquisition matrix = 96 x 96, repetition time (TR) = 8100 ms, echo time (TE) = 

116 ms. Diffusion sensitizing gradients were applied at b-values of 700, 1000 and 

2800 s/mm2, along 25, 45 and 75 non-collinear directions respectively. Ten images 

without diffusion weighting were acquired. The diffusion acquisition time was 22.5 

min. In total, the scanning had an acquisition time of 57min since also T1, T2, 3D 

MPRAGE, flair and resting-state fMRI (rfMRI) data were acquired (rfMRI data will be 

implemented in a future study). The examination was performed with the patient in 

the following position: head first – supine. Earplugs were given to each subject to 

reduce noise during scanning and the head was stabilized with cushions to 

minimize head movement.  

2.2.2. Data processing 
The diffusion weighted images were corrected for EPI distortions using FSL’s 

‘topup’-tool (J. L. Andersson, Skare, & Ashburner, 2003) and for motion and eddy-

current distortions using FSL’s ‘eddy’-tool (J. X. Andersson, J.; Yacoub, E.; 

Auerbach, E.; Moeller, S.; Ugurbil, K., 2012). Diffusion tensors and diffusion kurtosis 

tensors were estimated from the diffusion weighted images using the weighted 

linear least squares estimator (Tournier, Calamante, & Connelly, 2007) and we 

calculated fractional anisotropy and mean diffusivity. Fiber orientation distribution 

functions (fODFs) were obtained with constrained spherical deconvolution (CSD) 

(Veraart, Sijbers, Sunaert, Leemans, & Jeurissen, 2013) for the purpose of CSD 

fiber tractography (Jeurissen, Leemans, Jones, Tournier, & Sijbers, 2011). From the 

fODFs, whole brain CSD tractograms were generated using the pipeline described 

in (Smith, Tournier, Calamante, & Connelly, 2012, 2013). From the whole brain 

tractograms color encoded track density imaging (TDI) were created to aid 

delineation of specific brain structures (Calamante, Tournier, Jackson, & Connelly, 

2010). 

Region of interests (ROIs) were delineated in two ways: 
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- by drawing them manually on the 3D MPRAGE and/or the TDI images. 

- by means of probabilistic CSD fiber tractography between manually drawn 

begin and end ROIs. 

2.2.3. Tractography and ROI-analysis 
Fiber orientations were estimated by using validated constrained spherical 

deconvolution (CSD) methods, coupled with a probabilistic streamlines tracking 

algorithm. Hereto, the MRtrix 0.2.11 (http://www.brain.org.au/software/mrtrix/) 

software package was used (Tournier J.D., 2012). The color of each tract 

represents its direction; red for left – right or vice versa, green for anterior – 

posterior or vice versa and blue for a superior – inferior direction or vice versa (Fig 

2.1).  

 

 

For this study, we selected fiber tracts that were previously proven or suggested to 

be involved in vestibulo-autonomic (see Introduction). A single rater (AVO) 

performed all ROI placements.  

The following diffusion parameters were calculated for each tract: mean diffusivity 

(MD) and fractional anisotropy (FA). MD describes the average amount of diffusion 

within a voxel and is given in 10-3 mm2/s. The FA is a dimensionless normalized 

measure of the degree of anisotropy within a voxel. This can be related to the 

orientation of the axons crossing through the voxel.  

The corticospinal tracts (CSTs) were reconstructed for each hemisphere separately 

based on a standardized atlas of white matter tracts (Catani & Thiebaut de 

Figure 2.1:	  Slab visualization of whole 
brain CSD tractography. Courtesy of B. 
Jeurissen. 
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Schotten, 2008). For reconstruction of the CST, a multiple region of interest (ROI) 

selection approach was used. In total, one ‘‘AND’’ region and one “SEED” region 

were placed, both on an axial slice (Fig 2.2). The tracts between both cerebellar 

peduncles were computed by selecting both cerebellar peduncles. The 

corticobulbar tract (CBT) was also reconstructed by means of a multiple ROI 

selection approach: on an axial slice an “AND” and “SEED” region (Fig. 2.3) and on 

a sagittal slice a “NOT” region was selected.  

	  

Figure 2.2:	  ROI placement for tractography of the left corticospinal tract (CST). 

	  

	  

Figure 2.3:	  ROI placement for tractography of the left corticobulbar tract (CBT). 

 

For ROI placement of the amygdala, hippocampus, cingulate gyrus, superior 
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temporal gyrus (stg) and the insular cortex, we used online atlases with previously 

defined anatomical landmarks (Fig. 2.4). 

	  

Figure 2.4: Left: Outline of the amygdala in the online neuro-anatomy atlas of the University of Ghent 

(Ghent, 2012). Right: Example of our bilateral ROI placement of the amygdala in a patient.  

	  
For exact ROI placement of the operculum 2, a neuro-radiologist, independent from 

this study, gave guidelines.  

2.3. Vestibular testing 

 2.3.1. Electronystagmography (ENG) 
Evaluation of the horizontal SCC function was conducted for all participants, except 

for one control subject, by means of an ENG. The ENG was recorded and analyzed 

by an 8-channel PC-based system (Nystagliner Toennies, Germany). For a detailed 

methodology and normal values, readers are referred to the publication of (Van Der 

Stappen, Wuyts, & Van De Heyning, 2000). The ENG test battery consists of 

several subtests. First of all, ocular motor function was evaluated by means of 

saccades, optokinetics and smooth pursuit. Hereby, spontaneous and/or gaze-

evoked nystagmi can be elucidated. Secondly, rotation chair testing was performed 

consisting of sinusoidal rotations with a maximum velocity of 60°/s and a frequency 

of 0.05 Hz. With this test, the horizontal vestibulo-ocular reflex (VOR) was 

assessed. The subject was seated in a rotating chair (Instrumentation Difra, 

Belgium) in total darkness and was asked to close the eyes and meanwhile perform 
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a mathematical task out loud (counting backwards in steps of three) to ensure 

alertness. Measurement parameters consisted of gain (the ratio of the eye velocity 

to the head velocity), phase (time delay between response and stimulus) and 

asymmetry (discrepancy between responses to rotations leftwards and rightwards). 

The last subtest of the ENG consisted of caloric testing and evaluated the 

responsiveness of the horizontal semicircular canal. The subjects were placed on a 

30° declined chair, this way the horizontal SCC is approximately vertically oriented. 

Both ears were consequently irrigated with warm water (44°) followed by irrigation 

with cold water (30°) during 30s with a volume of 180 cm3. Between irrigations, a 5-

minute pause was held to avoid interference. During and after the irrigation, the 

subject was asked to close the eyes and count backwards out loud, again to ensure 

alertness in the subject. Labyrinth and nystagmus asymmetry were calculated using 

Jongkees’ formula (Jongkees & Philipszoon, 1964), based on the maximum slow 

component velocities. Additionally, the total caloric responsiveness (TCR) of the 

horizontal SCC was assessed; this can be considered as a measure of the function 

of the peripheral vestibular system.  

2.4. Statistics 
Statistical analysis of the data was performed with SPSS version 20 (IBM Corp, 

Armonk, New York). A significance level of 0.05 was chosen. Given the few number 

of data, non-parametric statistics were used by means of the Mann-Whitney U test. 

Spearman rank correlation analysis was used to compare ENG data with DTI data. 

Boxplot analysis was used to verify the integrity of the data and search for outliers. 
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3. Results 

3.1. Diffusion weighted imaging 

3.1.1. Fractional anisotropy  

Parietal operculum 2 (OP2) 
Significant group differences (p = 0.009) reflecting greater FA values in control 

subjects compared with patients were detected in the right OP2 region (Table 1a, 

1b, Fig 3.1).  

                   
	  
Figure 3.1: Boxplot shows statistically significant differences (p = 0.08) in FA (dimensionless) for the 

right operculum parietal 2 region between control subjects and patients.  

Cerebellar peduncles 
We found significantly greater (p = 0.03) fractional anisotropy values for tracts 

running between both cerebellar peduncles for the control group in comparison with 

the patient group (Table 1a, 1b).  

Other regions 

No significant group differences in FA values were found for the other regions 

investigated. See Table 1a and 1b for a complete overview.  
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Table 1a: Mean and standard error of region of interest analysis for fractional 

anisotropy in patients and controls.	  

Regions FA 

 C P 
amygdala R 0.175 ± 0.013 0.184 ± 0.011 
amygdala L 0.173 ± 0.009 0.173 ± 0.005 
insular cortex R 0.216 ± 0.005 0.217 ± 0.005 
insular cortex L 0.204 ± 0.008 0.213 ± 0.013 
OP2 0.230 ± 0.010 0.184 ± 0.003 
STG R 0.229 ± 0.011 0.233 ± 0.009 
STG L 0.229 ± 0.010 0.235 ± 0.017 
CG R 0.247 ± 0.007 0.236 ± 0.007 
CG L 0.237 ± 0.007 0.244 ± 0.007 
CST R 0.439 ± 0.014 0.429 ± 0.008 
CST L 0.424 ± 0.009 0.427 ± 0.009 
CBT R 0.391 ± 0.006 0.396 ± 0.004 
CBT L 0.388 ± 0.006 0.392 ± 0.007 
CP 0.325 ± 0.015 0.282 ± 0.008 
 

	  
Table 1b: Median and IQR (between brackets) of region of interest analysis 

for fractional anisotropy in patients and controls.	  

Regions FA p 

 C P  
amygdala R 0.169 (0.058) 0.177 (0.044) p = 0.602 
amygdala L 0.176 (0.039) 0.173 (0.022) p = 0.917 
insular cortex R 0.213 (0.014) 0.214 (0.022) p = 0.465 
insular cortex L 0.198 (0.033) 0.217 (0.047) p = 0.917 
OP2 0.236 (0.044) 0.183 (0.012) p = 0.009 
STG R 0.234 (0.046) 0.230 (0.035) p = 0.917 
STG L 0.224 (0.032) 0.227 (0.059) p = 0.917 
CG R 0.255 (0.029) 0.243 (0.028) p = 0.175 
CG L 0.236 (0.028) 0.245 (0.032) p = 0.347 
CST R 0.421 (0.059) 0.429 (0.031) p = 0.917 
CST L 0.419 (0.039) 0.420 (0.036) p = 0.754 
CBT R 0.391 (0.025) 0.393 (0.019) p = 0.602 
CBT L 0.398 (0.025) 0.396 (0.023) p = 0.753 
CP 0.314 (0.047) 0.280(0.029) p = 0.028 
 

Statistical significance based on Mann-Whitney U test. Significance level was set at p < 0.05. 

Significant ones are marked in bold. R, right; L, left; P, patients; C, controls; FA, fractional 

anisotropy; OP2, parietal operculum 2; STG, superior temporal gyrus; CG, cingulate gyrus; CST, 

corticospinal tract; CBT, corticobulbar tract; CP, cerebellar peduncles; IQR, interquartile range. 

  



	  

	   29 

3.1.2. Mean diffusivity  
No significant group differences were found for MD values for none of the 

investigated regions and tracts. See Table 2a and 2b for a summary.  

 

Table 2a: Mean and standard error of region of interest analysis for mean diffusivity 

in patients and controls.	  

Regions  MD 

 C P 
amygdala R 0.0017 ± 86 x 10-6 0.0017 ± 92 x 10-6 
amygdala L 0.0016 ± 79 x 10-6 0.0017 ± 82 x 10-6 
insular cortex R 0.0013 ± 35 x 10-6 0.0013 ± 74 x 10-6 
insular cortex L 0.0013 ± 24 x 10-6 0.0012 ± 39 x 10-6 
OP2 0.0012 ± 69 x 10-6 0.0013 ± 18 x 10-6 
STG R 0.0014 ± 28 x 10-6 0.0013 ± 35 x 10-6 
STG L 0.0013 ± 40 x 10-6 0.0012 ± 17 x 10-6 
CG R 0.0011 ± 39 x 10-6 0.0010 ± 45 x 10-6 
CG L 0.0011 ± 44 x 10-6 0.0011 ± 48 x 10-6 
CST R 0.0011 ± 29 x 10-6 0.0011 ± 36 x 10-6 
CST L 0.0011 ± 96 x 10-6 0.0011 ± 13 x 10-6 
CBT R 0.0011 ± 16 x 10-6 0.0011 ± 33 x 10-6 
CBT L 0.0011 ± 19 x 10-6 0.0011 ± 25 x 10-6 
CP 0.0011 ± 43 x 10-6 0.0011 ± 24 x 10-6 
 

Table 2b: Median and IQR (between brackets) of region of interest analysis for 

mean diffusivity in patients and controls.	  

Regions MD p 

 C P  
amygdala R 0.0017 (4 x 10-4) 0.0017 (4 x 10-4) p = 0.92 
amygdala L 0.0016 (3 x 10-4) 0.0017 (4 x 10-4) p = 0.35 
insular cortex R 0.0013 (1 x 10-4) 0.0012 (2 x 10-4) p = 0.25 
insular cortex L 0.0013 (3 x 10-4) 0.0012 (2 x 10-4) p = 0.53 
OP2 0.0012 (3 x 10-4) 0.0013 (1 x 10-4) p = 0.47 
STG R 0.0014 (1 x 10-4) 0.0013 (1 x 10-4) p = 0.11 
STG L 0.0013 (2 x 10-4) 0.0012 (1 x 10-4) p = 0.18 
CG R 0.0011 (2 x 10-4) 0.0011 (2 x 10-4) p = 0.18 
CG L 0.0011 (2 x 10-4) 0.0011 (2 x 10-4) p = 0.60 
CST R 0.0011 (1 x 10-4) 0.0012 (1 x 10-4) p = 0.12 
CST L 0.0011 (0 x 10-4) 0.0011 (1 x 10-4) p = 0.75 
CBT R 0.0011 (1 x 10-4) 0.0011 (1 x 10-4) p = 0.75 
CBT L 0.0011 (1 x 10-4) 0.0011 (1 x 10-4) p = 0.75 
CP 0.0010 (2 x 10-4) 0.0011 (1 x 10-4) p = 0.18 
 

Statistical significance based on Mann-Whitney U test. Statistical significance level was set at p < 

0.05. R, right; L, left; P, patients; C, controls; MD, mean diffusivity; OP2, parietal operculum 2; STG, 

superior temporal gyrus; CG, cingulate gyrus; CST, corticospinal tract; CBT, corticobulbar tract; CP, 

cerebellar peduncles; IQR, interquartile range. 
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Figure 3.2: Visualisation of the left corticobulbar tract of a patient in the sagittal plane. Above: Left 

corticobulbar tract. Each colour represents the direction of the tracts: green = anterior <-> posterior, 

blue = inferior <-> superior, red = left <-> right. Combinations of the above are also possible. Under: 

The same left corticobulbar tract positioned on an anatomical 3D MP-RAGE image. 
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3.2. Correlation of diffusion parameters with ENG data 

3.2.1. Fractional anisotropy 
A Spearman’s rank-order correlation coefficient was computed to assess the 

relationship between the several ENG parameters and fractional anisotropy. A 

significant positive correlation (rs = 0.74, p = 0.04) between total caloric response 

(TCR) and FA values of the right cingulate gyrus was found. We also found a 

significant positive correlation (rs = 0.74, p = 0.04) between TCR and fractional 

anisotropy of the tracts running between both cerebellar peduncles, a tract in which 

we also found significant differences between patients and controls. A scatterplot 

summarizes the results of the cerebellar peduncles (Fig. 3.3). We did not find any 

significant associations between FA and gain, phase of the rotation test, directional 

weakness (DW) and unilateral preponderance (DP). 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 3.3: Scatterplot of the correlation between FA values of the tracts running between both 

cerebellar peduncles and total caloric responsiveness (in ° /s).  
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3.2.2. Mean diffusivity  
A Spearman’s rank-order correlation coefficient was computed to assess the 

relationship between mean diffusivity and ENG data. A significant positive 

correlation between gain (rs = 0.81, p = 0.008) on one hand and TCR (rs = 0.73, p = 

0.04) on the other hand and MD values of the right insular cortex was found. We 

also found a significant negative correlation (rs = -0.70, p = 0.04) between the 

parameter phase and MD values of the right insular cortex. Furthermore, there was 

a significant positive relation between the parameter gain and the MD value of the 

left insular cortex (rs = 0.75, p = 0.02), the left corticobulbar tract (rs = 0.78, p = 0.01) 

and that of the right superior temporal gyrus (rs = 0.80, p = 0.009). Significant 

negative correlations were found between phase and MD values of the right (rs = -

0.73, p = 0.026) (Fig. 3.4) and left (rs = -0.70, p = 0.04) cingulate gyrus. Table 3 

gives an overview of the significant Spearman’s rank-order correlation coefficients. 

 

	  
Figure 3.4: Scatterplot of the correlation between MD values of the right cingulate gyrus and the 

parameter phase of the rotation test (in °).  
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Table 3: Significant Spearman’s rank-order correlation coefficients between MD 

values of the different ROIs and ENG parameters. 

Regions Gain Phase TCR 

insular cortex R rs = 0.81 

p = 0.008 

rs = -0.70 

p = 0.04 

rs = 0.73 

p = 0.04 

insular cortex L rs = 0.75 

p = 0.02 
 

 

STG R rs = 0.80 

p = 0.009 
 

 

CG R 
 

rs = -0.73 

p = 0.026 

 

CG L 
 

rs = -0.70 

p = 0.04 

 

CBT L rs = 0.78 
p = 0.01 

 
 

 

Statistical significance level was set at p < 0.05. 

R, right; L, left; MD, mean diffusivity (in 10-3 mm2/s); STG, superior temporal gyrus; CG, cingulate 

gyrus; CBT, corticobulbar tract; ENG, electronystagmography; TCR, total caloric responsiveness (in 

° /s). 
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4. Discussion 
The goal of this pilot study was to get a first insight in possible differences in FA and 

MD of certain regions of interest and white matter tracts in the human brain 

between vestibular patients and healthy controls. Secondly, we also wanted to 

explore the relationship between parameters from vestibular testing (ENG) and 

diffusion measures. The main findings were: a) vestibular patients had significantly 

decreased FA values in the right OP2 region and tracts running between both 

cerebellar peduncles; b) we found no significant differences in MD values between 

both groups; c) the FA values in the right cingulate gyrus and cerebellar peduncle 

tracts were significantly positively correlated with TCR scores from the ENG; d) the 

MD values of the right insular cortex, the left insular cortex, the right superior 

temporal gyrus and the left corticobulbar tract were significantly positively correlated 

with gain values from the ENG; e) a significant negative correlation between phase 

and the MD values of the right insular cortex, right cingulate gyrus and left cingulate 

gyrus; f) a significant positive correlation between MD values of the right insular 

cortex and parameter TCR from the ENG.   

4.1. Diffusion weighted imaging 
4.1.1. Fractional anisotropy 
Significant lower FA values for patients were found in the right parietal operculum 2 

and in the tracts running between both cerebellar peduncles. A recent meta-

analysis by zu Eulenberg (2012) has formulated a possible answer to the 

unanswered question most prominently posed by Guldin and Grüsser at the end of 

the 20th century: “Is there a vestibular cortex?” (Guldin & Grusser, 1998); zu 

Eulenberg and colleagues suggest that OP2, a histological defined part of the 

human parietal operculum (Eickhoff, Schleicher, et al., 2006), in the right 

hemisphere is the core region of the human vestibular cortex and possibly only 

processes vestibular information instead of multisensory input. The fact that we 

found significant differences in this region when comparing vestibular patients and 

controls is not only congruent with the findings by zu Eulenberg et al but could also 

contribute to OP2 as a core region of the vestibular cortex in humans. We also 

found a significant group difference for the tracts in the cerebellar peduncles. 

Afferents from the vestibular nuclei run through the cerebellar peduncles and these 

peduncles play an important role in maintaining balance (Gray, 1997). We did not 
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find significant differences for the other investigated regions. It is possible that there 

are no group differences for the other regions or this could be due to the small 

sample size. 

4.1.2. Mean diffusivity 
We did not found any significant group differences when comparing MD values for 

the regions and tracts we investigated. Atrophy or differences in tissue density, 

representing different pathophysiological processes normally show increased mean 

diffusivity values (Yang, Raine, Narr, Colletti, & Toga, 2009). Therefore, we expect 

to find significant differences in mean diffusivity values for certain regions if we 

would replicate this study for a larger number of patients and controls.  

4.2. Correlation with ENG data 
We found a significant positive relation of FA values of the tracts between both 

cerebellar peduncles and the right cingulate gyrus on one hand and gain scores of 

the ENG on the other hand. We found a significant positive association between 

gain and MD values of the left CBT, right and left insular cortex. A significant 

negative correlation between phase and MD values of the right insular cortex, right 

and left cingulate gyrus could be noted. Lastly, we also found a significant negative 

relation between TCR scores of the ENG and the MD values of the right insular 

cortex. Remarkable is the fact that we found significant correlations between MD 

values of the right insular cortex and three different parameters of the ENG. Figure 

4.1 summarizes these findings by means of scatter plots.  

 

The insular cortex is a part of the cerebral cortex folded deep within the lateral 

sulcus (Nolte, 1998) and is believed to have a main role in the processing of 

vestibular signals, as previous studies have already demonstrated, e.g. (Brandt & 

Dieterich, 1999) and more recently (Lopez & Blanke, 2011). Moreover, as stated in 

the previous section, a predominant role of the right hemisphere in the cortical 

processing of vestibular afferents has also been proven in the meta-analysis by zu-

Eulenberg et al (2012). Our data are thus in accordance with these previous 

findings but prospective studies should be conducted to further evaluate these 

correlations.  
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Fig.4.1: Scatter plots showing the significant 

correlations between MD of the right insular 

cortex and ENG parameters. Upper left corner: 

the significant negative correlation between 

mean diffusivity values (in 10-3 mm2/s) of the 

right insular cortex and parameter phase (in °). 

Upper right corner: the significant negative 

correlation between mean diffusivity values (in 

10-3 mm2/s) of the right insular cortex and 

parameter TCR (in °/s). Lower left corner: the 

significant positive correlation between mean 

diffusivity values (in 10-3 mm2/s) of the right 

insular cortex and parameter gain (in °/s). 

 

4.3. Study limitations, considerations for interpretation and future 
research 

4.3.1. Methodology 
The small sample size of this pilot study definitely is a limitation. A replication of this 

study with a larger sample size is necessary before being able to generalize these 

results and also to take intro account a possible intra-subject variation. Another 

limitation of this study is the cross-sectional design. By using a longitudinal study 

design, changes in connectivity and their relation to functional outcome 

measurements of vestibular testing could be assessed over time. In the current 

study, a single-rater performed the ROI placements. By including more raters, 

reliability could be increased. Another important aspect is the fact that we only 
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looked for the associations between hSCC function and diffusion parameters. By 

means of c-VEMP, o-VEMP and UC-testing, information on saccular and utricular 

function could be included and correlations between diffusion parameters and 

vestibular functional outcome parameters could be determined. 

4.3.2. Diffusion parameters 
We did not include axial diffusivity (AD) and radial diffusivity (RD), diffusion 

parameters that relate respectively to the degree of diffusion perpendicular and 

along to the principal direction of diffusion. Although both measurements can reflect 

non-biological features of the images and their interpretation is not trivial (Reijmer et 

al., 2012), they are also known to be more specific to underlying biological 

processes, such as the degree of myelination and axonal changes (Song et al., 

2002). Another parameter that should be included in future studies is the amount of 

fibres running through the investigated tracts. For example, if we compare bilaterally 

the corticospinal tract between a patient and his age and gender matched control, 

we can visually note differences; the tracts of the control are much denser (Fig 4.2). 

If we could include an objective measure for this, like counting the fibres in each 

tract and compare them, we could look for group differences. 

	  

Figure 4.2: Left: bilateral corticospinal tracts of a patient in the coronal plane. Right: bilateral 

corticospinal tracts in the coronal plane of an age and gender matched control. Note the thicker and 

denser tracts. 

4.3.3. Hemisperical asymmetry 
The human vestibular system is represented bilaterally in the brain but its function 

however is asymmetrical. Several previously conducted studies proposed this 
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predominant role of the right hemisphere in the processing of vestibular afferents. 

Takeda et al. proposed a prominent role of the right parieto-temporal cortex in the 

processing of vertigo (Takeda, 1995). In the same study, they hinted that the right 

hemisphere could possibly hold the vestibular cortex in humans. A later PET-study 

by Dieterich et al. focussed on the dominance for vestibular cortical function in the 

non-dominant right hemisphere. In the same study not only a dominant role of the 

non-dominant hemisphere (depending on the handedness of the subject) was 

proposed but also dominance of the ipsilateral side (Dieterich et al., 2003). Naito 

and co-workers also proposed the right hemispherical dominance in right-handed 

people (Naito et al., 2003). Another study suggested a right hemispherical 

preference in vestibular processing due to lateralization during evolution (Jager, 

2003). A recent meta-analysis by zu Eulenberg and colleagues has proposed OP2 

in the right hemisphere as the core region in the human vestibular cortex (zu 

Eulenburg et al., 2012). Furthermore, central compensation in vestibular deficits is 

based on a shift from the ipsilateral pathways to the healthy, contralateral pathways. 

Because of the above-mentioned dominance, this shift will depend on the site of 

lesion (dominance of the right side in the case of a right-hander) and the 

handedness of the patient (Becker-Bense et al., 2013). We didn’t take into 

consideration the site of the lesion (if known) and handedness of the subjects. Both 

aspects should be taken into account in future research, since this can influence the 

results and their interpretation, especially when including patients with different sites 

of lesion and handedness (left vs. right).  

4.3.4. Future research  
Since this is the first study on this matter to our knowledge, comparison with the 

findings of previous studies is not possible but this pilot study lays the groundwork 

for future research. For example, more regions and tracts should be investigated to 

get the whole vestibular cortical network covered. Also, more sophisticated analysis 

protocols could be incorporated in future research as this would lead to more 

precise spatial information on white matter abnormalities in vestibular patients. 

Studies employing a longitudinal study design can better address whether white 

matter abnormalities are influenced by symptom profiles and could detect subtle 

changes due to inter-subject variation. Furthermore, by including a third group of 



	  

	   39 

vestibular patients with normal central compensation, possible differences in white 

matter between both patient groups could be revealed.  
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5. Conclusions 
To our knowledge, this is the first study using diffusion imaging methods in an 

attempt to elucidate functional connectivity in vestibular patients. Although it is too 

early to draw any conclusions, the fact that there is a significant difference in 

fractional anisotropy in what is supposed to be the core region of the human 

vestibular cortex (right parietal operculum 2) is really substantial. Along with the 

significant group differences in FA values of the cerebellar peduncles, this may 

serve as a biomarker for studies seeking to identify how an uncompensated 

vestibular deficit influences functional connectivity in the human brain. We also 

found several correlations between diffusion metrics and parameters of 

electronystagmography. Future research on other regions and tracts involved in the 

human vestibular network and replications of the current study with a greater 

sample size are needed before being able to generalize these results. Still, the 

current findings are also promising for our future study where we will look for similar 

effects in astronauts before and after spaceflight (ESA project BRAIN-DTI). 

Inevitably, the number of tested astronauts will be limited, but this pilot study 

suggests that large cohorts are not needed to find significant results. 
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 APPENDICES 

The vestibular system: a general introduction 
The vestibular system is an old and ingenious control system (Cain T., 2006). It 

requires accurate processing of sensory input such as postural motion and rapid 

head movements and which is critical for daily function (Khan & Chang, 2013) and 

for survival (Cain T., 2006). Human balance is the result of a constant interaction 

between three main sensory input systems: the vestibular system, the visual system 

and proprioception (Cain T., 2006). Information on the linear and angular 

accelerations of the head and its position with respect to gravity comes from the 

vestibular organ, located in the inner ear whereas the visual input concerns 

information on the position and movement of the head with respect to its 

surroundings (Buytaert, 2011). Proprioception gives information on the position and 

movement of head, neck, limbs and trunk via receptors in muscles and joints 

(Proske & Gandevia, 2012) .  

	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure a: Input and output of the human vestibular system. (Adapted from (Wuyts F., 2007), redrawn 

by Rombaut P.) 
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This variety of input signals gets integrated and modulated by all levels of the 

central nervous system (CNS), especially by the vestibular nuclei in the brainstem 

and the cerebellum, more specifically the vestibulo-cerebellum (Bronstein A., 2007). 

In turn, this central processing leads to different output signals, consisting mainly of 

the vestibular driven reflexes: the vestibulo-ocular reflex (VOR), the vestibulo-collic 

reflex (VCR) and the vestibulo-spinal reflexes (VSR). The VOR ensures the 

possibility to keep an image stable on the retina by compensating a head 

movement with an eye rotation in the opposite direction to that of the head 

movement. Due to this reflex, gaze stabilization is possible. The VCR acts on the 

neck muscles in order to stabilize the head, where the VSR ensures the ability to 

maintain the body upright and hereby prevent falls (Cain T., 2006); (Wuyts F., 

2007). By combining the inflow of signals generated by these systems, along with 

signals from the auditory apparatus and graviceptors, a multisensory and 

multimodal system with a fourfold purpose is formed: it allows humans to maintain 

balance and guarantees gaze stabilization, navigation and orientation in space due 

to the output motor reflexes (VOR, VCR & VSR), as described above (Angelaki & 

Cullen, 2008; Buytaert, 2011; Wuyts F., 2007).  Figure a depicts this input-output 

relationship of the human vestibular system.  

 

Every movement in space and thus every head movement can be described by six 

variables: a combination of three rotations and three translations. Rotations occur 

around the axes through the centroid of the body: rotation around the x-axis, y-axis 

and z-axis is called roll, pitch and yaw respectively (Buytaert, 2011). The three 

translations are parallel to the axes of the reference frame and can thus be 

described as anterior-posterior, left-right and superior-inferior (Fig. b). 

  

 

 

 

 

 

  

Figure b: Reference frame used to quantify the 

six degrees of freedom.  

(Adapted from Purves et al, Neuroscience, 

redrawn by P. Rombaut.) 
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Since the vestibular system is built to register head and body movements, its 

anatomy lends to ‘sense’ movement along each of these six degrees of freedom 

(Jansen E., 2006) (Wuyts F., 2007). 

	  

Anatomy and physiology of the vestibular system	   

Anatomical aspects 
The peripheral part of the vestibular organ is located bilaterally in the inner ear, 

posterior to the cochlea (Cain T., 2006), which on its turn is responsible for the 

processing of auditory stimuli (Hernandez, Hoffman, & Honrubia, 1998). The inner 

ear consists of a bony and a membranous labyrinth. The bony labyrinth is filled with 

perilymphatic fluid and consists of the cochlea, the three semicircular canals 

(SCCs) and a central chamber containing the otolith organs (utricle and saccule), 

called the vestibule (Fig. c) (Maes, 2010). The membranous labyrinth is located 

within the bony labyrinth and is filled with endolymphatic fluid. In normal 

circumstances, there is no communication between the perilymphatic and the 

endolymphatic fluid. The vestibular apparatus consists in total of five sensory 

organs, namely the three SCCs and the two otolith organs (Cain T., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure c: The bony and membranous labyrinth of the human vestibular organ. (Redrawn by P. 

Rombaut from an illustration by Timothy Cain; originally adapted from (Pender, 1992).  
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The three semicircular canals can be divided into one horizontal canal (hSCC) and 

two vertical canals, an anterior semicircular canal (aSCC) and a posterior 

semicircular canal (pSCC). The hSCC or lateral semicircular canal makes a 30° 

angle with the xy plane (Fig. d). The aSCC or superior semicircular canal and the 

pSCC or inferior semicircular canal are vertically oriented and are almost 

perpendicular to each other (Della Santina, Potyagaylo, Migliaccio, Minor, & Carey, 

2005). The three SCCs detect angular accelerations and thus provide sensory input 

concerning head movements. Since the three SCCs are oriented differently, each 

canal is sensitive to movement in another plane. The greatest sensitivity is found for 

rotations round the axis perpendicular to the plane in which the canal is situated, as 

described by Ewald’s first law (Ewald, 1882).  

 

 
 
 
 
 
 
The otolith organs on the other hand are responsible for the detection of linear 

accelerations and changes in gravity.  

 

The vestibular organs are equipped with sensory parts in order to be able to detect 

these linear and angular accelerations. These sensory organs consist of hair cells 

and hairs on top of them, the so-called stereocilia (A. Lysakowski, 2003). These hair 

cells are the physiological sensors that will convert displacement due to 

accelerations into neural firing (Cain T., 2006). Two different types of hair cells can 

be found in the vestibular organs as well as in the cochlea. A type I hair cell is 

goblet-shaped, while a type II hair cell has a cylindrical shape (Lindeman, 1969a, 

1969b, 1969c). Each hair cell consists of 50 to 200 cilia, increasing stepwise in 

length towards a reference cilia, the kinocilium. A deflection of these stereocilia 

towards the kinocilium causes a depolarisation of the cell potential of the hair cell 

and as a consequence an increased firing rate of the afferent nerve innervating that 

hair cell. The firing rate of the afferent nerve in rest is about 70 to 90 action 

potentials (APs) per second. When the cilia deflect towards the kinocilium, inducing 

Figure d: Orientation of the horizontal semicircular 

canal (hSCC). Courtesy of F. Wuyts, redrawn by P. 

Rombaut. 
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an excitation, the firing rate will increase, conform the amplitude of the deflection. A 

deflection of the cilia away from the kinocilium leads to a hyperpolarization of the 

cell potential and thus an inhibition and decrease of the firing rate (Fig. e).  

 

 

 

 

 

 

 

 

 

This activation pattern is asymmetrical; a hair cell is more sensitive to deflections of 

the cilia towards the kinocilium then deflections away from it (Ewald’s second law, 

(Ewald, 1882). This can be presented in an asymmetrical sigmoid function curve 

(Fig. f). 

 

 

 

 

 

 

 

 

 

  

 

Figure f: Firing rate of the afferent nerve as a function of stereocilia deflection (Ewald’s second law). 

Adapted from K. Buytaert (2011) and redrawn by P. Rombaut.  

 

Figure e: Activation pattern of the afferent nerve innervating a hair cell in the vestibular system. 

(Adapted from Buytaert, 2011. Redrawn by P. Rombaut.  
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The vestibular receptors, being the three semicircular canals and the otolith organs, 

detect acceleration in a different way.  

Detection of angular acceleration 
The sensory part of all three semicircular canals is located in the ampulla, an 

enlargement of the canal. The stereocilia of the hair cells are embedded in the 

cupula, a gelatinous mass overlying the cristae with the same density as the 

endolymph filling the SCCs. With head rotation or linear acceleration, the inertia of 

the endolymph will result in a deflection of the cupula in the opposite direction. 

Depending on the direction of the deflection, this will lead to an excitation or 

inhibition and thus to an increase or decrease in firing rate of the afferent nerve. 

The detection mechanism of the SCCs is relatively insensitive to rotations below 0.1 

Hz and above 10 Hz (Newlands, 2006) and furthermore is unable to detect rotations 

at a constant velocity. Therefore, only changes in rotation will be detected.   

Detection of gravity and linear acceleration 
The sensory parts of the otolith organs are located in the macula (Fig. g). The 

utricular macula contains up to 30.000 hair cells while the saccular macula only 

contains half as much. The macula is covered with a membrane in which cilia are 

embedded and on top of this membrane lie thousands of CaCO3 crystals, the 

otoconia, with a density that is greater than that of the endolymph. These so-called 

otoconia are important for detection of linear acceleration since they will shift with 

respect to the macula due to inertia. Due to the larger density, otolithic maculae are 

sensitive to gravitational changes. A limitation of the otolith detection system is that, 

purely based on deflection of the hair cells, one can not distinguish between 

acceleration and a backward tilt or deceleration and forward tilt. Possible 

mechanisms that can solve this ambiguity are described in (Angelaki, Wei, & 

Merfeld, 2001) among others. 

Innervation of the peripheral vestibular system 
The VIIIth cranial nerve, also known as the vestibulo-cochlear nerve, is responsible 

for the innervation of the peripheral vestibular and cochlear system. It can be 

divided into two different parts: a pars cochlearis (nervus acousticus), innervating 

the cochlea, and a pars vestibularis (nervus vestibularis), innervating the vestibular 

system. The pars vestibularis can be further divided into two different components, 

namely an inferior and a superior part. The inferior part receives information of the 
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saccule and the posterior semicircular canal while the superior part receives 

afferent information from the utricle, the horizontal and anterior SCCs. The N. 

Vestibularis is mainly an afferent nerve. The cell bodies of the vestibular organs can 

be found at the ganglion of Scarpa and the pathways resume from there on towards 

the vestibular nuclei in the brainstem and the vestibulo-cerebellum (Fig. h).  

	  
Figure g: Schematic overview of the otolith membrane containing the sensory part of the saccule and 

utricle. (Redrawn by P. Rombaut from an illustration by Timothy Cain) 

	  
Figure h: Innervation of the peripheral vestibular system. (Redrawn by P. Rombaut from an 

illustration by Goldberg and Hudspeth, 2000) 
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Blood supply of the peripheral vestibular system 
Blood supply of the vestibular system (Fig. i) is provided by the arteria labyrinthi, 

which either arises from the anterior cerebellar artery (45%), the posterior cerebellar 

artery (24%) or the basilar artery (16%). The labyrinthine artery has two branches; 

the first branch, called the anterior vestibular artery, supplies the utricle, the ampulla 

of the horizontal (hSCC) and anterior (aSCC) semicircular canal and a small part of 

the saccule. The cochlear artery, the second branch, can be further divided into two 

parts; the cochlear artery supplies the cochlea while the vestibulocochlear artery 

supplies the ampulla of the posterior SCC (pSCC), most of the saccule and a part of 

the utricle (Hoffman, 1992). 

	  
Figure i: Arterial blood supply of the peripheral vestibular organ. (Redrawn by P. Rombaut from an 

illustration by Timothy Cain) 

Vestibular function testing 
	  
A short overview of the different techniques to assess the vestibular function is 

given below.  

Assessment of oculomotor function and nystagmus investigation 
Oculomotor testing prior to vestibular testing is important since abnormal eye 

movements can interfere and influence the interpretation of vestibular test results. 
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In addition, these tests can elucidate the presence of a pathological (either 

spontaneous or gaze-evoked) nystagmus. Furthermore, oculomotor function is 

tested by means of saccades, optokinetics and smooth pursuit. This test battery 

allows to investigate the integrity of eye movements in the absence of vestibular 

stimuli (Wuyts, 2003). 

Assessment of semicircular canal function 

Rotatory chair testing 

Evaluation of the horizontal SCC and superior vestibular nerve function can be 

assessed by this test. The most widely used rotational paradigm is the sinusoidal 

harmonic acceleration test (SHAT). During this test, patients are asked to take 

place in a chair which gently rotates from left to right and back from right to left at a 

frequency of 0,05 – 0,1 Hz. Mental alertness can have a great effect on outcome 

parameters so alertness should be pursued by letting the patient perform a mental 

task while rotating. Relevant outcome parameters include gain, phase and 

asymmetry. The gain is the ratio of the eye velocity to the velocity of the head, while 

phase is the time lag between the response and the stimulus. Asymmetry in its turn 

is the discrepancy between rotations from left to right and rotations from right to left. 

A more extensive description on the rotatory test can be found in Maes (2010).  

Caloric testing 

Another test able to give information on horizontal SCC function, due to the close 

anatomic proximity of the hSCC to the middle ear cavity, is caloric testing. Patients 

take place on a 30° declined chair such that the horizontal SCCs is approximately 

aligned with the vertical plane. Then, a non-physiologic thermal stimulus is given to 

both ears consecutively by irrigating the ears with warm (44°) and cold water (30°). 

This thermal stimulation causes a change in density of the endolymph and this will 

have gravitational induced convective currents as a consequence, as can be 

explained by Barany’s convection theory (Barany, 1907). Cold water will cause an 

increase in density and a hyperpolarization on the irrigated side while irrigation with 

warm water will cause a decrease in endolymph density and a depolarization. 

Caloric testing is the only test than can unilaterally stimulate the hSCC. 

Furthermore, by stimulating unilaterally, a sensory conflict arises which often 

causes nausea and sometimes even vomiting. A more extensive description on 

caloric testing can be found in Maes (2010).	  
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Assessment of saccular function 

Cervical vestibular evoked myogenic potential test (c-VEMP) 

Saccular and inferior vestibular nerve function can be assessed by the c-VEMP 

test. The saccule not only plays an important role in the detection of linear 

accelerations but also is sensitive to sound (the remains of evolution; in lower 

species the saccule also has an acoustic function because of the absence of a 

cochlea) (Popper, 1982). The c-VEMP makes use of this principle; by stimulating 

with loud air-conducted sound, the saccular sensory hair cells will be stimulated. 

Hereby, an inhibitory reflex is generated at the contracted sternocleidomastoideus 

(SCM) muscle via the sacculocollic pathway (Rosengren, Welgampola, & 

Colebatch, 2010), running from the inferior part of the vestibular nerve to the 

vestibular nuclei (VNC) and from there on via the medio-vestibulo spinal tract 

(MVST) to the nucleus ambiguus (NA) to innervate the SCM muscle through the 

spinal accessory nerve (N. XI). The typical response is a biphasic waveform with a 

positive peak after 13 ms (p13) and a negative peak appearing after 23 ms (n23).  

Important to keep in mind is the fact that an intact middle ear system is required, 

since the response will otherwise be attenuated. In this case, as for example with a 

conductive hearing loss, stimulation with bone-conducted sound can be used as an 

alternative, although it is a less favorable and less recommended stimulation mode 

since bone-conducted sound will also stimulate the utricular afferents (Halmagyi, 

Curthoys, Colebatch, & Aw, 2005). c-VEMPs are mostly recorded with an active 

electrode at the contracted sternocleidomastoideus (SCM) muscle but other 

locations such as the inion or even legs can also be used. In case of usage of the 

SCM muscle location, constant and consistent contraction of the muscle is very 

important since the amplitude of the response is directly proportional with both the 

degree of contraction and the sound intensity (Colebatch, Halmagyi, & Skuse, 

1994). For more information on cervical VEMP testing, readers are referred to the 

doctoral dissertations of Vanspauwen (2009) and Maes (2010). 

Assessment of utricular function 

Ocular vestibular evoked myogenic potential test (o-VEMP) 

Otolith function, namely utricular function, can also be assessed by the use of o-

VEMPs. 500 Hz bone conducted vibration (BCV) applied to the midline of the 

forehead at the hairline (position Fz) causes short-latency myogenic potentials 
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beneath the eyes. The pathway of this vestibulo-ocular reflex runs from the superior 

part of the vestibular nerve to the vestibular nuclei and then crosses the midline via 

the medial longitudinal fasciculus (MLF) to the contralateral oculomotor nerve. The 

o-VEMP is therefore a crossed vestibulo-ocular response; the o-VEMP response 

beneath the left eye gives information on the function of the right utricle and vice 

versa. These potentials can be measured by using surface electrodes: an active 

electrode placed about 1 cm under the lower eyelid, a reference electrode about 2 

cm under the active electrode and a ground electrode at the sternum. The typical 

response is a biphasic waveform with a negative peak occurring at 10 ms (n10) and 

a positive peak at 15 ms (p15). For more information on ocular VEMP testing, 

please refer to the doctoral dissertations of Buytaert (2011) or Maes (2010). 

Unilateral centrifugation test (UC) 

Unilateral utricular function can be assessed by means of the unilateral 

centrifugation (UC) test. During this test, the subject is seated upright in a vertical 

axis rotation chair. After a rotational acceleration of 3 °/s2, the chair rotates at high 

velocity (350 - 400 °/s). After a short period of time (mostly 90 s), the chair is 

translated 4 cm along the interaural axis, alternately to the right and left according a 

sinusoidal pattern. When the axis of rotation is aligned with one of the utricles, that 

particular utricle is only stimulated by the gravitational acceleration (g = 9.81 m/s2), 

whereas the contralateral utricle is subjected to both the gravitational and a 

centripetal acceleration ac (caused by the rotation). The vector sum of the 

gravitational acceleration and ac is referred to as gravito-intertial acceleration (GIA). 

This GIA causes an apparent tilt of 21.7°, inducing an ocular counterroll (OCR) that 

can be measured by means of 3D infrared video goggles. By means of this test, 

utricular sensitivity and preponderance of right and left utricle can be assessed 

separately. For an extensive description on UC-testing, please refer to the doctoral 

thesis of Buytaert (2011). 
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