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Abstract MRI diffusion tensor imaging tractography was

performed on the bilateral vestibular brainstem pathways,

which run from the vestibular nuclei via the paramedian

and posterolateral thalamic subnuclei to the parieto-insular

vestibular cortex. Twenty-one right-handed healthy sub-

jects participated. Quantitative analysis revealed a rope-

ladder-like system of vestibular pathways in the brainstem

with crossings at pontine and mesencephalic levels. Three

structural types of right–left fiber distributions could be

delineated: (1) evenly distributed pathways at the lower

pontine level from the vestibular nuclei to the pontine

crossing, (2) a moderate, pontomesencephalic right-sided

lateralization between the pontine and mesencephalic

crossings, and (3) a further increase of the right-sided lat-

eralization above the mesencephalic crossing leading to the

thalamic vestibular subnuclei. The increasing lateralization

along the brainstem was the result of an asymmetric

number of pontine and mesencephalic crossing fibers

which was higher for left-to-right crossings. The domi-

nance of the right vestibular meso-diencephalic circuitry in

right-handers corresponds to the right-hemispheric domi-

nance of the vestibular cortical network. The structural

asymmetry apparent in the upper brainstem might be

interpreted in relation to the different functions of the

vestibular system depending on their anatomical level: a

symmetrical sensorimotor reflex control of eye, head, and

body mediated by the lower brainstem; a lateralized right-

sided upper brainstem–thalamic function as part of the

dominant right-sided cortical/subcortical vestibular system

that enables a global percept of body motion and orienta-

tion in space.
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Introduction

The bilateral organization of human brain functions is

characterized by a hemispheric specialization that is

determined by phylogenetic, genetic, and developmental

factors [1]. This has been primarily investigated for

handedness [2] and the lateralization of language. Appar-

ently, language does not strictly depend on handedness,

since almost all right-handers and nearly 70% of left-han-

ders have left-hemispheric control for language [3].

Hemispheric lateralization of handedness and speech is

slowly established in the developing brain, appearing rel-

atively determined by age 3 [4]. The input of sensory

modalities is mediated in both hemispheres, but
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lateralization may also depend on context. fMRI and MEG

studies showed that the right acoustic cortex was pre-

dominantly activated during passive listening to different

sound localizations [5], or when applying complex peri-

odic sounds (in MEG [6], or during a combination of EEG

and fMRI [7]).

A PET study found that the bilateral vestibular cortical

network [8] has a right-hemispheric dominance in right-

handers and a left-hemispheric dominance in left-handers

[9]. Named study was based on caloric vestibular stimu-

lation and could be confirmed by fMRI during galvanic

vestibular stimulation [10] and auditory-evoked vestibular

(otolith) stimulation [11, 12]. A meta-analytical analysis

using activation likelihood estimation for the integration of

then published neuroimaging results of the vestibular sys-

tem found the core region of the vestibular cortical cir-

cuitry to be a parietal opercular area, OP2, and confirmed

the dominance of the right hemisphere in right-handers

[13]. Another meta-analysis also investigating the precise

localization of the vestibular cortical network using func-

tional MRI studies activated by caloric, galvanic, or audi-

tory vestibular stimulation identified the retroinsular cortex

(Ri), parietal operculum (OP2), and the posterior insula as

core regions [14]. The latter includes the parieto-insular

vestibular cortex (PIVC), which was first discovered in

electrophysiological studies of the monkey [15]. The

human homologue of the PIVC was first described in

patients with acute circumscribed middle cerebral artery

strokes [16]. Recent neurophysiological studies modulating

the activity of the visual cortex V1 [17] or posterior parietal

cortex (PPC) areas [18] by means of transcranial magnetic

or direct current stimulation revealed a lateralized top-

down influence of the visuo-vestibular network on brain-

stem functions such as the suppression of vestibular

nystagmus.

In our initial PET study [9] we both found a global

cortical hemispheric dominance and could differentiate two

further determinants of lateralization. First, there was a

stronger activation in the hemisphere ipsilateral to the

irrigated ear (right or left ear), and second, irrigations of the

right ear (in right-handers) evoked stronger activations in

general than those of the left ear [19]. This raised the

question whether the bilateral vestibular brainstem cir-

cuitry with its ascending fibers from the vestibular nuclei to

the vestibular thalamic subnuclei is also structurally orga-

nized asymmetrically, i.e., is there a dominant side of the

vestibular pathways? Such a structural asymmetry would

concur with the above-described PET data. In the main

ascending vestibular brainstem fibers provide a ‘‘rope-

ladder’’ system with crossing and non-crossing fibers [20].

These fibers travel through posterolateral or paramedian

thalamic regions [21, 22], and are projected from there onto

the bilateral central vestibular network [8]. Three right–left

brainstem crossings connect first the vestibular nuclei at the

pontomedullary level (commissural fibers), second, cross in

the pons between the medial longitudinal fascicles, and

third, cross at the midbrain tegmental level to connect the

right and left portions of the oculomotor nuclei/interstitial

nucleus of Cajal complex. It is hypothesized that the sen-

sorimotor functions of the lower brainstem (including the

vestibulo-ocular and vestibulo-spinal reflexes) do not

require structural or functional lateralization, whereas the

upper brainstem and thalamic system which link vestibular

input to multisensory, higher vestibular functions might be

incorporated into the right-sided lateralized hemispheric

cortical system.

The aim of this study was to attempt a first quantifica-

tion of vestibular brainstem pathways using diffusion ten-

sor imaging (DTI) tractography. The analyses focused on

both (1) the ipsi- or contralateral pathways from the

vestibular nucleus to the thalamus detected in a recent

study in humans using structural and functional connec-

tivity mapping [20] and (2) the posterolateral and para-

median thalamic regions associated with vestibular

dysfunction identified earlier in thalamic infarctions [21].

This technique allowed us to determine if a structural

right–left asymmetry in right-handed healthy subjects

forms the basis of the described functional dominance [23]

in the vestibular system.

Materials and methods

Subjects

Twenty-one right-handed (RH) healthy volunteers (10

females; aged 20–47 years, mean age 27.6 ± 6.1 years)

participated in the study. The laterality quotient for right-

handedness according to the 10-item inventory of the

Edinburgh test [24] resulted in ?100% in 19, ?90% in one,

and ?80% in the remaining one subject. Institutional

Review Board (IRB) approval was obtained prior to

beginning the study (project-nr: 094-10). Participants pro-

vided their informed oral and written consent in accordance

with the Declaration of Helsinki.

Measurement of the semicircular canal and otolith

functions

The integrity of vestibular function was ascertained by

assessing the semicircular canal function with the vesti-

bulo-ocular reflex (VOR) and the otolith function by

determining the subjective visual vertical (SVV). A median

gain during video-head impulses\0.8 (eye velocity in �/s
divided by head velocity in �/s) was considered the crite-

rion for a pathological VOR [25]. A mean deviation of
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[2.5� from the true vertical was considered a pathological

tilt of the SVV. None of the participants showed deficits of

the VOR or pathological tilts of the SVV [26].

MRI data acquisition

MR imaging data were acquired in a whole-body 3.0 Tesla

MR scanner (Magnetom Verio, Siemens Healthcare, Erlan-

gen, Germany) with a 32-channel head coil. Diffusivity was

measured in 32 directions with 2.0 9 2.0 9 2.0 mm3 iso-

tropic voxels (TE = 110 ms, TR = 8900 ms, b values = 0

and 1000 s/mm2). Anatomical images included a T1-

weighted magnetization-prepared rapid gradient echo (MP-

RAGE) sequence with a field-of-view of 256 mm and an

isotropic spatial resolution of 1.0 9 1.0 9 1.0 mm3 (TE

4.37 ms, TR = 2100 ms, number of slices 160).

Regions of interest (ROIs)

The major focus of our study was to quantify known

vestibular brainstem pathways that deliver input to the

parieto-insular vestibular cortex (PIVC) via different tha-

lamic regions. These thalamic regions (Fig. 1a) were

extracted from previous studies [20, 21] and grouped dif-

ferentially by laterality (ipsilateral vs. contralateral) or

topography (posterolateral vs. paramedian). Vestibular

nuclei seed ROIs, brainstem waypoint ROIs (subdivided

into right or left pons or midbrain ROIs), and PIVC target

ROIs were created as described elsewhere [20]. This yiel-

ded a threefold pathway set consisting of one non-crossing

pathway and two crossing pathways (at the pons or mid-

brain levels) per thalamic region (Fig. 1b).

DTI preprocessing and analysis

The data were preprocessed and analyzed with FMRIB’s

Diffusion Toolbox as part of the FSL package (FSL v5.0.9,

FDT v2.0, Oxford, UK). First, eddy current correction [27]

and brain extraction [28] were applied. DTIFIT 1st

eigenvector was used to check for data quality. Then the

local probability density function of a diffusion tensor

model was calculated using an algorithm that models

intravoxel crossing fibers [29]. Structural connectivity of

the brainstem to the core region of the PIVC was deter-

mined using the connectivity-based seed classification

option of the FSL probabilistic tractography software:

number of samples = 5000/voxel; curvature thresh-

old = 0.2; number of steps = 2000; step length = 0.5 mm

[30]. Probabilistic tracts were quantified using waytotal

(w), which corresponds to the total number of generated

tracts from each seed mask that reached the target mask

and were not rejected by inclusion or exclusion mask cri-

teria, and then corrected for differing ROI target size

before comparing the streamline quantifications.

Statistics and map display

Statistics were performed in FSL and with the IBM SPSS

Statistics software package (version 20). A participant was

considered to have structural connections from the

vestibular nuclei to the core region of the PIVC if any

voxel in the vestibular nuclei passed a threshold of 1500 of

5000 (30%) samples or higher sent to the PIVC ROI [31].

Statistical maps were thresholded accordingly with the min

(30%) and max intensity (100%). After correction for

multiple testing, p\ 0.001 was set to 0.00005. DTI maps

were projected onto high-resolution T1-weighted default

anatomical brain images distributed with Chris Rorden’s

MRIcron.

Results

In this study a right-sided (R) pathway means a pathway

that reaches the right PIVC. A left-sided (L) pathway

means a pathway that reaches the left PIVC. The source of

Fig. 1 To quantify known vestibular brainstem pathways that deliver

input to the parieto-insular vestibular cortex (PIVC) via different

thalamic regions these thalamic regions were extracted from previous

studies [20, 21] and grouped differentially by laterality (ipsilateral vs.

contralateral; a left) or topography (posterolateral, pl vs. paramedian,

pm) (a right). Vestibular nuclei seed ROIs, brainstem waypoint ROIs

(subdivided into right or left pons or midbrain ROIs), and PIVC target

ROIs were created as described previously [20]. This resulted in a set

consisting of one ipsilateral non-crossing pathway (b left) and two

contralateral crossing pathways at the pons (b middle) or midbrain

(b right) levels per thalamic region. a Depiction of the ipsilateral (i,

yellow), contralateral (c, pink), posterolateral (green), and paramedian

(orange) vestibular thalamus ROIs. b Schematic overview of the

resulting vestibular pathways within the brainstem per thalamic ROI
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the pathway may be the left or right vestibular nuclear

complex (VN), depending on an existing crossing or not.

Ipsilateral (i) means no crossing and contralateral

(c) means crossing on the level of the pons (p) or midbrain

(m). The thalamus can be referred to as posterolateral (pl)

or paramedian (pm), depending on the used waypoint ROI

(region of interest).

Ipsilateral (i) vs. contralateral (c) thalamic informed

brainstem pathways

The ipsilateral pathways (Ri: w = 73,499.7 ± 31,386.0;

Li: w = 72,520.4 ± 20,284.7) had significantly more tracts

when compared to the contralateral pathways crossing in

the pons (Rcp: w = 2908.4 ± 3182.9; Lcp:

w = 634.3 ± 590.9) or mesencephalon (Rcm:

w = 3464.3 ± 3126.6; Lcm: w = 1149.2 ± 727.4)

(Table 1). Whereas the number of right (Ri)- and left (Li)-

sided ipsilateral tracts were similar, both the number of R

contralateral tracts (Rcp; Rcm) were significantly higher

when compared to L (Lcp; Lcm), and contralateral tracts

crossing in the mesencephalon (Lcm; Rcm) were signifi-

cantly higher when compared to the contralateral tracts

crossing in the pons (Lcp; Rcp). Overall more streamlines

reached the right PIVC (w = 79,872.4) when compared to

the left (74,303.9). For visualization, please see Fig. 2.

Posterolateral (pl) vs. paramedian (pm) thalamic

informed brainstem pathways

The ipsilateral (i), right-sided (R) pathways through the

posterolateral (pl) part of the thalamus (Ri-pl:

w = 71,105.0 ± 30,969.7; Li-pl: w = 40,063.6 ± 540.4)

and through the paramedian (pm) part of the thalamus

(Ri-pm: w = 63,975.9 ± 36,299.2; Li-pm:

w = 38,369.9 ± 20,055.8) again had significantly more

tracts when compared to the contralateral (c), left-sided

(L) pathways that crossed in the pons (p; Rcp-pl:

w = 1459.1 ± 1824.1; Lcp-pl: w = 611.0 ± 580.6; Rcp-pm:

w = 499.6 ± 1014.5; Lcp-pm: w = 332.5 ± 308.) or mes-

encephalon (m; Rcm-pl: w = 1717.6 ± 1938.6; Lcm-pl:

w = 921.1 ± 642.7; Rcm-pm: w = 1578.6 ± 1253.5; Lcm-

pm: w = 1797.5 ± 1471.2) (Table 1). Here the number of

Ri-pl/pm was significantly higher when compared to Li-pl/pm,

the number of R contralateral tracts (Rcp-pl/pM; Rcm-pl/pm)

was significantly higher when compared to L tracts (Lcp-pl/

pm; Lcm-pl/pm). The number of contralateral tracts crossing

in the mesencephalon (Rcm-pl/pm; Lcm-pl/pm) was signifi-

cantly higher when compared to the contralateral tracts

crossing in the pons (Rcp-pl/pm; Lcp-pl/pm). Overall more

streamlines reached the right PIVC (w = 140,335.8) when

compared to the left (82,095.6), and more streamlines

reached the PIVC on both sides via pl (wR = 74,281.7;

wL = 41,595.7) when compared to pm (wR = 66,054.1;

wL = 40,499.9).

Discussion

DTI tractography of the vestibular pathways between the

pontomedullary vestibular nuclei and the paramedian (pm)

and posterolateral (pl) vestibular subnuclei of the thalamus

confirmed that a bilateral vestibular network with crossings

in the pons and mesencephalon forms a ‘‘rope-ladder’’

structure. This rope-ladder system shows the following

quantifiable characteristics: (1) the importance of ipsilat-

eral non-crossing pathways (Fig. 3a), (2) the quantifiable

superiority of pathways leading to the non-dominant right

hemisphere (Fig. 3a, b) for both thalamic projections pl or

pm (Fig. 3b), and (3) an overhang of contralateral fibers

crossing in the mesencephalon when compared to the pons

(Fig. 3a, b).

Table 1 Overview of DTI tractographies

Lwaytotal Rwaytotal

VT

i 73,499.7 ± 31,386.0 72,520.4 ± 20,284.7

cm 1149.2 ± 727.4 3464.3 ± 3126.6

cp 634.3 ± 590.9 2908.4 ± 3182.9

i ? cm ? cp 74,303.9 79,872.4

pl

i 40,063.6 ± 540.4 71,105.0 ± 30,969.7

cm 921.1 ± 642.7 1717.6 ± 1938.6

cp 611.0 ± 580.6 1459.1 ± 1824.1

i ? cm ? cp 41,595.7 74,281.7

pm

i 38,369.9 ± 20,055.8 63,975.9 ± 36,299.2

cm 1797.5 ± 1471.2 1578.6 ± 1253.5

cp 332.5 ± 308 499.6 ± 1014.5

i ? cm ? cp 40,499.9 66,054.1

The analyses focused on both the ipsi (i)- or contralateral (c) path-

ways from the vestibular nucleus to the thalamus detected in a recent

study in humans using structural and functional connectivity mapping

[20] and the posterolateral (pl) and paramedian (pm) thalamic regions

associated with vestibular dysfunction identified earlier in thalamic

infarctions [21]. Quantification of DTI tractographies were based on

‘‘waytotal’’ streamlines found in the respective pathway. Waytotal

corresponded to the total number of generated tracts from each seed

mask (vestibular nuclei) that reached the target mask (PIVC; parieto-

insular vestibular cortex) through the different vestibular informed

thalamic waypoint masks. In this context, a right-sided (R) pathway

means a pathway that reaches the right PIVC. A left-sided (L) path-

way means a pathway that reaches the left PIVC. Note that overall

more streamlines reached the right PIVC when compared to the left

PIVC, independent of the thalamic region used. Further, ipsilateral

pathways dominated over contralateral pathways, mesencephalic

crossings over pontine crossings, and pl over pm
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The structural asymmetry of the vestibular brainstem

network can be cautiously quantified in terms of DTI

streamlines that reached the parieto-insular vestibular

cortex (PIVC) from the vestibular nuclei (VN) through

specific regions of the thalamus. Asymmetry appears to

increase from the lower to the upper brainstem as a con-

sequence of the asymmetric crossings with in the whole

more fibers crossing from left VN to right PIVC. This

means that three levels of structural lateralization can be

topographically delineated within the bilateral vestibular

network in the brainstem up to the thalamus:

1. a symmetrical, lower pontine level that includes the

vestibular nuclei and ipsilateral pathways up to the

pontine crossing,

2. a moderate right-sided lateralization at the pontomes-

encephalic level between the pontine and mesen-

cephalic fiber crossings, and

3. a further increase in right-sided lateralization above the

mesencephalic crossing for pathways running to the

thalamus, the vestibular subnuclei of which carry on

the lateralization (Figs. 2a, 3).

The data allow us to roughly estimate the right–left

relationship in terms of total streamlines arriving in the

target region PIVC via distinct thalamus waypoint regions

(see Fig. 3). These findings are in line with the subdivision

of sensorimotor vestibular function into (a) reflexive con-

trol of gaze, head, and body in three spatial planes (yaw,

pitch, roll) at the brainstem/cerebellar level; (b) perception

of self-motion and control of voluntary movement and

balance at the cortical/subcortical level; (c) higher

vestibular cognitive functions such as orientation, atten-

tion, spatial memory and navigation at multisensory cor-

tical level [32].

Reflexive control, e.g., of the eyes by the VOR for

maintaining gaze on target during head rotation, is based

on information of head angular velocity in degrees per

second. This function is probably symmetrical. Awareness

of the change of head direction in space requires integra-

tion of the angular velocity signal to a head position signal.

These changes in heading direction, attention, and orien-

tation most likely involve the dominant vestibular cortical

network.

The perception of angular head velocity and head

direction is mediated by specialized neuronal systems that

encode different features including head rotation by the

angular head velocity cells and heading direction by the

head direction cells [33–35]. These cells interact with

hippocampal place cells and entorhinal cortex grid cells.

The neuronal assemblies of angular head velocity cells

which sense semicircular canal function and head direction

cells have a separate but overlapping infratentorial distri-

bution [36]. The angular head velocity cell system is

especially localized in the lower brainstem, whereas the

head direction cell system is mainly distributed in the upper

midbrain and anterior dorsal thalamus. This explains why

Fig. 2 Visualization of the major findings of the DTI tractographies

of a the thalamus (z = 0) and b the upper midbrain just before arrival

at the different thalamic ROIs (z = -8). The level is also shown as a

blue line on a schematic brain map (left). DTI maps were thresholded

to 0.2–1.0 of the maximally calculated probability value. All tracts

(ipsilateral and contralateral) were colored blue (left) or red (right)

according to the vestibular nuclei from which they were seeded. Note

the dominance of fiber tracts of the right side at midbrain and

thalamic level
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unilateral lower brainstem lesions manifest with rotational

vertigo, whereas unilateral lesions in and above the mid-

brain do not [32, 37]. Thus, the distribution and function of

these two vestibular cell systems may help us to understand

the increasing lateralization of vestibular structures and

their functions along the brainstem. The perceptual trans-

formation of head velocity into the perception of head

direction is a precondition for updating our awareness of

body localization and orientation in space during locomo-

tion. The brainstem asymmetry of the vestibular system

contributes to the predominant right-hemispheric cognitive

functions of orientation, spatial memory, and navigation.

This view does not diminish the importance of the inter-

hemispheric collaboration of the two visual–vestibular

cortical networks via their transcallosal interconnections

for a global percept of self-motion and orientation.

There are several methodological shortcomings in this

study. The main one pertains to DTI tractography itself

[38]. DTI is characterized by a low resolution

(2.0 9 2.0 9 2.0 mm3), limited quality (it is not possible

to make a statement about excitatory or inhibitory pro-

cesses), unclear directionality (inability to distinguish

between afferent and efferent pathways), and a question-

able accuracy when distinguishing crossing from bending

fibers close to midline (this is a considerable problem). To

minimize the latter problem we performed additional DTI

tractography analyses focusing on crossing brainstem

fibers. However, our analyses were based on known

brainstem crossings. More level of crossings is possible. It

is overall probable that our analyses underestimate the

number of crossing fibers and overestimates the number of

non-crossing fibers. In addition, a number of problems

associated with quantification of the fibers based on

streamlines tractograms (regardless if count or density) are

known, which means that the validity of any conclusions

drawn from this approach regarding brain network

Fig. 3 Quantitative visualization of the ipsilateral (vertical) and

contralateral (crossing horizontally) vestibular brainstem pathways

that were informed by distinct thalamic waypoint regions of interest

(ROI). Fibers cross at pontine or mesencephalic level. Thickness of

the lines reflects the ‘‘waytotal’’ streamlines found in the respective

pathway, and corresponds to the total number of generated tracts from

each seed mask (vestibular nuclei; VN) that reached the target mask

(PIVC; parieto-insular vestibular cortex) through the different

vestibular informed thalamic waypoint masks (vestibular thalamus;

VT). For quantitative details see Table 1. The direction of the arrows

indicates the directionality of analyses from seed to target, and does

not characterize the directionality of possible pathways (no distinction

between afferent and efferent pathways). a Pathways coming from the

right (R) vestibular nucleus (VN) are colored in red and pathways

coming from the left VN are colored in blue. Note that due to the

asymmetrically crossing fibers in sum more streamlines arrive in the

right PICV when compared to the left. b Here the VT is not only

divided by ipsilateral and contralateral fibers, but also into fibers

passing the posterolateral (pl) or paramedian (pm) part of the

thalamus. PIVC and corresponding arriving pathways were dimmed

to indicate that the specific anatomical waypoints in between pm and/

or pl thalamus remain as yet unclear. Please note, the overall

preponderance of ipsilateral pathways over contralateral pathways,

mesencephalic crossings over pontine crossings, and pathways

arriving in the right PIVC over pathways arriving in the left PIVC
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properties remain uncertain and must be interpreted cau-

tiously [39]. Another methodical limitation lies within our

ROIs. It is important to note that our analyses only apply to

one specific PIVC node. Add-ons in future in vivo

approaches might be the use of a higher resolution of

voxels, directions, and nodes within a DTI tractography.

Multimodal approaches adding functional modalities and

brain stimulation to this structural approach could help

specify the directionality of the aforementioned pathways.

Postmortem approaches such as 3D imaging of cleared

human brains or high-field and high-resolution MRI

imaging of the brain in combination with different tracers

might be interesting tools to visualize the vestibular neu-

ronal structural network more correctly and in its entirety.

Finely, it is still an open question whether left-handers also

show a dominance of the left-sided vestibular meso-dien-

cephalic fibers as has been demonstrated for vestibular

cortex structures [9].
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