
Brief Communications
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Study
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The perceived subjective visual vertical (SVV) is an important sign of a vestibular otolith tone imbalance in the roll plane. Previous studies
suggested that unilateral pontomedullary brainstem lesions cause ipsiversive roll-tilt of SVV, whereas pontomesencephalic lesions cause
contraversive roll-tilts of SVV. However, previous data were of limited quality and lacked a statistical approach. We therefore tested
roll-tilt of the SVV in 79 human patients with acute unilateral brainstem lesions due to stroke by applying modern statistical lesion–
behavior mapping analysis. Roll-tilt of the SVV was verified to be a brainstem sign, and for the first time it was confirmed statistically that
lesions of the medial longitudinal fasciculus (MLF) and the medial vestibular nucleus are associated with ipsiversive tilt of the SVV,
whereas contraversive tilts are associated with lesions affecting the rostral interstitial nucleus of the MLF, the superior cerebellar
peduncle, the oculomotor nucleus, and the interstitial nucleus of Cajal. Thus, these structures constitute the anatomical pathway in the
brainstem for verticality perception. Present data indicate that graviceptive otolith signals present a predominant role in the multisen-
sory system of verticality perception.

Introduction
Ocular tilt reaction (OTR) consists of the triad skew deviation,
head tilt, and ocular torsion. It is a clinical sign of a vestibular tone
imbalance in the roll plane (Halmagyi et al., 1979). The roll-tilt of
the subjective visual vertical (SVV) is considered to be the per-
ceptual correlate of the OTR. Previous data showed that the per-
ception of tilt of SVV depends not only on otolith information
but also on somatosensory and visual signals (MacNeilage et al.,
2007; Vingerhoets et al., 2009; Tarnutzer et al., 2010). It is well
known that lesions of the eighth nerve as well as lesions of the
vestibular nucleus cause an ipsiversive OTR (Halmagyi et al.,
1979; Dieterich and Brandt, 1993), whereas lesions of the vestib-
ular pathways in the pontomesencephalic brainstem such as the
medial longitudinal fasciculus (MLF), its rostral interstitial nu-
cleus (riMLF), and the interstitial nucleus of Cajal (INC) cause
contraversive roll-tilts (Dieterich and Brandt, 1993; Brandt and
Dieterich, 1994). Unilateral internuclear ophthalmoplegia was
found to be associated with contraversive roll-tilts of SVV. This
indicated that otolith pathways append the MLF (Zwergal et al.,
2008a). Data testing 14 patients with pontomesencephalic stroke

found an association between an ipsiversive roll-tilt of SVV and
an affection of the medial lemniscus [ML; ipsilateral vestibulo-
thalamic tract (IVTT)]. This suggests the presence of an ipsilat-
eral graviceptive pathway within the ML that connects the
vestibular nuclei with the thalamus (Zwergal et al., 2008b).

Since previous data were not based on statistics (Dieterich
and Brandt, 1993; Brandt and Dieterich, 1994; Zwergal et al.,
2008b), we applied statistical voxelwise lesion– behavior map-
ping (VLBM) analysis to a sample of 79 patients with unilat-
eral brainstem infarctions. This approach allows, for the first
time, precise lesion localization and the determination of a
statistical association between the degree of SVV roll-tilt and
the voxels affected (Rorden et al., 2009). Moreover, the pres-
ent approach has the potential advantage of being able to re-
late lesions directly to behavioral performance.

Materials and Methods
Subjects. Seventy-nine patients with magnetic resonance imaging (MRI)-
documented unilateral acute brainstem infarctions participated in the
study [mean age, 67 years; standard deviation (SD), 13 years; 55 male
patients (70%)]. Forty-six patients (58%) had left-side lesions and 33
patients (42%) right-side lesions. The mean time between stroke and
testing was 6 d (SD, 3.0 d) (Table 1). Patients in whom MRI scans re-
vealed no obvious lesion were not included. The subjects gave their in-
formed consent to participate in the study, which was approved by the
local ethics committee.

Measurements of the SVV. Roll-tilts of the SVV in this setup—sitting
upright in front of a spherical dome—are primarily a function of spatial
perception due to an acute vestibular otolith dysfunction (Dieterich and
Brandt, 1993). They are not simply the measure or sensory consequence
of the ocular torsion (OT), which has to be performed by a red glass
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Schröer for data assessment.
The authors report no financial conflicts of interest.
Correspondence should be addressed to Dr. Bernhard Baier, Department of Neurology, University of Mainz,

Langenbeckstrasse 1, 55131 Mainz, Germany. E-mail: baierb@uni-mainz.de.
DOI:10.1523/JNEUROSCI.0770-12.2012

Copyright © 2012 the authors 0270-6474/12/3214854-05$15.00/0

14854 • The Journal of Neuroscience, October 24, 2012 • 32(43):14854 –14858



directly in front of each eye (Bixenman and von Noorden, 1982). Here,
patients sat in an upright position looking into a hemispheric dome at a
distance of �1 m with the chin fixed at a chin rest. The patient was
continuously urged by the orthoptic assistant to sit in an upright position
to minimize the influence of head movements. The surface of the dome
was covered with a random pattern of dots containing no clues as to
visual gravitational orientation. The patients had to adjust the target disk
(rod) at the center of the dome to the vertical by means of a joystick. Static
SVV was determined by means of seven adjustments from a random
offset position with the hemispheric dome stationary under binocular
viewing conditions. Under these conditions, the normal range (�2 SD)
of the SVV is �2.5° (Dichgans et al., 1972). A mean of �2.5° of the seven
measurements of the static SVV determined binocularly was considered
a criterion of a pathological roll-tilt of static SVV (Dieterich and Brandt,
1993). In case of diplopia, patients wore an eye patch and the adjustments
were performed monocularly.

Fundus photographs. Fundus photographs for measurements of tonic
OT as a sign of vestibular dysfunction were made using a scanning laser
ophthalmoscope. OT, in degrees, was defined as the mean of four to six
fundus photographs for each eye. The position of the eye in the roll plane
was determined as the angle between a straight line through papilla and
macula and the horizontal line. With this method, “normal” range of OT
was defined as a range of �1–11° for the right eye and 0 –11.5° for the left
eye (Dieterich and Brandt, 1993).

Skew deviation. Measurements of vertical divergence (hypertropia/hy-
potropia) of the eyes were determined as described previously with the
head upright, first by red glass testing and second by using vertical ori-
entated prisms (Dieterich and Brandt, 1993).

Imaging and lesion analysis. All patients had circumscribed brainstem
lesions due to ischemic stroke demonstrated by MRI (1.5T scanner Vi-
sion; Siemens). Thin-slice MRI (3 mm; voxel size 0.5 � 0.5 � 3 mm 3)
T2-weighted fluid-attenuated inversion-recovery sequences were used to
verify the brain lesions by diffusion-weighted images. The mean time
between stroke onset and MRI imaging used for the present analyses was
4 d (SD, 2.5 d).

The MRI dataset was first prepared using the isolation algorithm of the
SUIT toolbox (Diedrichsen, 2006; Diedrichsen et al., 2009). Afterward,
the normalization algorithm provided by SPM5 and the SUIT toolbox
implemented in SPM5 were applied (Diedrichsen, 2006; Diedrichsen et
al., 2009). For the normalization procedure, the isolation map was used
as a mask based on the SPM interface. The lesions were delineated di-
rectly on the individual normalized MRI scans with MRIcron software
(Rorden et al., 2009; http://www.mccauslandcenter.sc.edu/mricro/mricron/
install.html). Finally, the extent of the lesion shapes was compared with the
original MRI dataset by a second neurologist.

To evaluate the relationship between lesion location and SVV roll-tilt, a
VLBM analysis was performed by using the t test statistic implemented in the
MRIcron (Rorden et al., 2009). This algorithm uses SVV deviation as a con-
tinuous, dependent variable (and not a dichotomous variable) and separates,
on the voxel level, those subjects that have a lesion of that voxel versus
subjects who do not show a lesion of that specific voxel. Whereas patients
with right- and with left-side lesions were examined together, i.e., left-side

lesions were flipped to the right side, patients with contraversive and ipsiver-
sive roll-tilt of the SVV were examined separately (Brandt and Dieterich,
1994). This approach is based on our a priori hypothesis that different re-
gions are involved in contraversive and ipsiversive roll-tilt of SVV (Halmagyi
et al., 1979; Dieterich and Brandt, 1993; Brandt and Dieterich, 1994). A
subgroup analysis applying a qualitative subtraction method (n � 14 pa-
tients) tested whether patients with anterior paramedian pontomesen-
cephalic infarctions and ipsiversive tilt of the SVV showed an association
between tilt of the SVV and a possible IVTT (Zwergal et al., 2008b). To
analyze whether patients with pathological OT differ with respect to their
lesion location from patients with OT in the normal range, an additional
subgroup analysis was conducted by applying a subtraction analysis. Sub-
traction analysis reflects the relative frequency of damage. Multiple compar-
isons were checked by using a false discovery rate (FDR) correction. All
results presented below survived a 5% FDR cutoff threshold. To identify the
various structures affected, the lesions were compared with those in the
brainstem atlas of Duvernoy (1995) and the stereotactic atlas of Schalten-
brand and Wahren (1977). Since the INC and the riMLF cannot be identified
in MRI, neighboring reference structures were used, such as the oculomotor
and trochlear nucleus or red nucleus (Helmchen et al., 2002). In addition,
due to the lack of probabilistic maps in the brainstem, the identification of
the INC and riMLF occurred with the help of the data reported by Büttner-
Ennever et al. (1982) and Horn et al. (2000). Slices correspond to coordinates
in MNI space.

Results
Behavioral data
Thirty-nine of all the patients presented with a contraversive roll-
tilt of the SVV (49%) [mean, 4.2° (absolute tilt of SVV); SD, 4.4°];
40 of the patients (51%) showed an ipsiversive roll-tilt of the SVV
[mean, 4.5° (absolute tilt of SVV); SD, 5.1°]. No difference was
found between the two patient groups as to the extent of SVV
deviation (unpaired t � 0.328; p � 0.744). The mean SD within
subjects was 0.96° for the patients with contralesional roll-tilt of
SVV and 0.87° for the patients with ipsilesional tilt.

If the criterion of a pathological roll-tilt of SVV of �2.5° was
applied to our data (Dieterich and Brandt, 1993; Brandt and
Dieterich, 1994), 42 of the 79 patients (53%) showed pathological
tilts. Nineteen of the 39 patients with contraversive roll-tilt of the
SVV (49%) were found to have pathological tilts, while 23 of the
40 patients with ipsiversive roll-tilt of the SVV (58%) showed
pathological tilts.

OT was measured in 61 of the 79 patients (77%). Seven of the
29 patients with contraversive roll-tilt of SVV tested for OT pre-
sented with a pathological binocular OT (24%) [mean tilt angle
of the right eye of all patients with contraversive SVV tested for
OT, 7° (SD 6°); and of the left eye, 9° (SD 6°)], and four with
ipsiversive roll-tilts presented with pathological OT (13%) [mean
tilt angle of the right eye, 6° (SD 5°); and of the left eye, 8° (SD
5°)]. A complete OTR, i.e., head tilt, OT, and skew deviation was
seen in seven of the 61 patients tested for OT (11%). With regard
to the somatosensory system (touch), no difference was seen in
the extent of roll-tilt of SVV between patients with and without
somatosensory deficits (unpaired t test, p � 0.403). No difference
of the extent of roll-tilt of SVV was obtained between patients
with hemiataxia, hemiparesis, head tilt, and diplopia and patients
without these deficits (unpaired t test, p � 0.05).

Anatomical data
Figure 1A illustrates lesion overlay plots of all patients. Figure 1B
shows the VLBM analysis for the contraversive roll-tilt of the SVV
in patients. The superior cerebellar peduncle (SCP; brachium
conjunctivum; x � 2, y � �23, z � �9), the area of the oculo-
motor nucleus (x � 1, y � �25, z � �6), the riMLF (x � 3, y �
�29, z � �6), and the adjacent INC (x � 3, y � �31, z � �6)

Table 1. Demographic and clinical data of all patients with contraversive and
ipsiversive tilt of SVV

Contraversive tilt of SVV Ipsiversive tilt of SVV

Number 39 40
Sex (12 f, 27 m) (12 f, 28 m)
Aetiology 39 ischemic infarcts 40 ischemic infarcts
Somatosensory deficit (touch) (% present) 11% 24%
Hemiparesis (% present) 17% 15%
Hemiataxia (% present) 25% 27%
Diplopia (% present) 17% 14%
Head tilt (% present) 9% 8%
Binocular tilt of SVV (in degrees) �mean (SD)� 4.2° (4.4) 4.5° (5.1)
Age (years) �mean (SD)� 68° (13) 65° (11.9)
TSL-clinical examination (days) �mean (SD)� 6.4° (3.3) 6.3° (2.8)

m, male; f, female; TSL, time since lesion.
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were significantly associated with contra-
versive roll-tilt of the SVV. Figure 1C
presents the VLBM data for the ipsiversive
tilt. The MLF (x � 4, y � �41, z � �57)
and the medial vestibular nucleus (x � 5,
y � �41, z � �45) were found to be sig-
nificantly associated with an ipsiversive
deviation of the SVV. With regard to the
subgroup analysis, no significant voxel
was found between the anterior parame-
dian pontomesencephalic lesions of the 14
patients and ipsiversive roll-tilt of the
SVV. Therefore, an additional subtraction
analysis of the patients with pathological
ipsiversive roll-tilt of the SVV (n � 8; tilt
of SVV �2.5°) versus no roll-tilt of the
SVV (n � 6; tilt of SVV 	2.5°) was con-
ducted. This analysis indicated that small
parts of the ML were affected in three pa-
tients with ipsiversive roll-tilt of the SVV
(x � 7, y � �31, z � �28; Fig. 1D). The
subgroup analysis of the seven patients
with contraversive tilt of SVV and patho-
logical OT versus those without OT re-
vealed that voxels affecting regions such as
the oculomotor nucleus (x � 4, y � �27,
z � �7) and adjacent regions such as the
riMLF (x � 2, y � �30, z � �4), INC (x �
1, y � �29, z � �4), MLF (x � 3, y � �32,
z � �6), and the SCP (x � 4, y � �19, z �
�5) were damaged 29% more fre-
quently in patients with than without
pathological OT (Fig. 2 A). The subtrac-
tion analysis of the four patients with
ipsiversive tilt and pathological OT ver-
sus normal OT showed that the voxels af-
fecting regions such as the vestibular
nucleus (x � 7, y � �43, z � �48) and
adjacent inferior cerebellar peduncle (x � 9,
y � �42, z � �48) were damaged 50%
more frequently in patients with pathologi-
cal OT than without (Fig. 2B).

To determine whether there exist a re-
lationship between the variance within
subjects and specific anatomical regions,
we conducted an additional VLBM analy-
sis. As seen in Figure 2, C and D, no sig-
nificant voxels could be obtained. This
indicates that the variance within subjects
is not explained by the affection of certain
anatomical structures.

Discussion
The present study verified that roll-tilt of the SVV is a sensitive
brainstem sign (Dieterich and Brandt, 1993). Pathological SVV
tilts occurred in 53% of the patients, whereas OT was found in
18% and complete OTR in 11%. It was statistically confirmed for
the first time that at the pontomedullary level, lesions of the MLF
or the medial vestibular nucleus are associated with ipsiversive
roll-tilt of the SVV. Contraversive roll-tilts are associated with
lesions that affect the pontomesencephalic structures such as the
SCP, the area of the oculomotor nucleus, or the riMLF and the
INC. Thus, these structures seem to be directly involved in verti-

cality perception within a multisensory system in which gravicep-
tive pathways play a dominant role. In other words, since
previous data showed strong evidence that graviceptive otolith
signals subserve vestibular function (Halmagyi et al., 1979; Diet-
erich and Brandt, 1993; Tarnutzer et al., 2010), these structures
are part of a vestibular graviceptive otolith brainstem pathway.

While otolith information is important for determining head
orientation, somatosensory and visual information processing is
also relevant (Yardley, 1990; MacNeilage et al., 2007; Tarnutzer et
al., 2009; Vingerhoets et al., 2009). Previous data investigating the
influence of the peripheral visual frame and lateral body tilt on

Figure 1. A, Simple overlay of all patients (n � 79); images of left-side lesions were flipped to the right side. The number of
overlapping lesions is illustrated by different colors that code increasing frequencies from violet (n �1) to red (n �79). B, C, VLBM
analysis comparing the patients with contraversive tilt of SVV (n � 39) (B) and the patients with ipsiversive tilt (n � 40) with
respect to absolute SVV tilt (t test statistics) (C). All voxels that survived a correction for multiple comparisons using a 5% FDR cutoff
threshold are shown. D, Subtraction analysis of patients with lesions that affect the anteromedial pontomesencephalic region with
tilt (tilt, �2.5°) versus patients without tilt of the SVV. The percentage of overlapping lesions in the patients with tilt after
subtraction of the controls is illustrated by different colors coding increasing frequencies, from violet (0%) to dark red (100%). This
reflects the relative frequency of damage, i.e., the corresponding percentage of patients with tilt who are more frequently affected
than in the control group.
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the perception of the SVV concluded that visual vertical percep-
tion does not exclusively depend on vestibular signal processing
but also on visual and egocentric signals (Vingerhoets et al.,
2009). Another study (Tarnutzer et al., 2010) tested the contri-
butions of vestibular and extravestibular signals to gravity per-
ception, indicating that verticality perception depends mainly on
vestibular signal processing. This is in line with our data showing
no difference with regard to the extent of tilt of SVV observed
between patients with somatosensory deficits and those without
such deficits. However, previous data (MacNeilage et al., 2007;
Angelaki and Cullen, 2008; Tarnutzer et al., 2009; Vingerhoets et
al., 2009) undoubtedly suggest that vertical perception is based
on multisensory integration of signal input, such as visual and
somatosensory signals within regions such as the temporal and
insular cortex, oculomotor nuclei, spinal cord, rostral fastigial
nuclei, and thalamus (Angelaki and Yakusheva, 2009; Baier et al.,
2012). With regard to oculomotor function in otolith pathways,
one might assume that they compensate deficits in otolith signal
processing. Therefore, it seems that tilt of SVV is predominantly

provided by a multisensory reference frame
(Tarnutzer et al., 2010) in which vestibular
signal processing modulates visually and so-
matosensory biases in the perception of tilt
of SVV. Taking into account that verticality
perception is multimodal, even in the ab-
sence of a systematic somatosensory effect
in the present study, somatosensory deficits
might affect the fine-tuning of verticality
perception (Bronstein et al., 1996).

In contrast to an earlier study (Diet-
erich and Brandt, 1993), the frequency of
the pathological roll-tilt of the SVV was
53% compared with 94% in a sample of
111 patients with brainstem infarctions.
This discrepancy, however, could be due
to different lesion sizes, as our MRI tech-
niques document much smaller lesions
than those of earlier studies, or different
time intervals between stroke onset and
testing (Dieterich and Brandt, 1993).

Zwergal et al. (2008b) reported that an
isolated ipsilateral graviceptive pathway
between the vestibular nuclei and the pos-
terolateral thalamus involved the medial
part of the ML, the so-called IVTT. Le-
sions of this pathway might lead to an ip-
siversive roll-tilt of the SVV. Our data did
not identify any statistical involvement of
the ML with ipsiversive roll-tilt of the
SVV, which would be only a qualitative
involvement. One reason might be that
previous data were solely qualitative and
their mapping was neither statistically
based nor did they include a control group
to perform a subtraction analysis showing
the contrast of the lesions between pa-
tients with roll-tilt of SVV versus patients
without tilt (Zwergal et al., 2008b). Alter-
natively, it might also be the case that in
patients with lesions at the pontomesen-
cephalic level that affect both structures,
i.e., the ML causing an ipsilateral roll-tilt
as well as the MLF leading to contraversive

tilt, the two structures might compensate for each other. Thus, no
significant anatomical association for contraversive roll-tilt of the
SVV was obtained. Therefore, additional studies might find sta-
tistical support for the findings of an IVTT (Zwergal et al.,
2008b).

The present study also disclosed for the first time that the SCP was
involved in otolith dysfunction. This seems to represent a main
structural connection to the cerebellar vestibular nuclei dealing with
otolith signals. Support is thus given for the interaction with cerebel-
lar vestibular otolith signal processing, which was recently investi-
gated in more detail for the signs of an OTR in patients with acute
unilateral cerebellar infarctions (Baier et al., 2008). SVV roll-tilts
occurred in up to 84%, more frequently to the contralateral (58%)
than the ipsilateral (26%) side (Baier and Dieterich, 2009). The de-
viations in the acute phase were less in these cerebellar lesions (5.8°)
and highest in patients with medullary brainstem infarctions (9.8°)
(Cnyrim et al., 2007). The pathway from the brainstem to the cere-
bellar vermis seems to travel via the cerebellar peduncles—as also
shown here—and the dentate nucleus to the pyramid of vermis,

Figure 2. A, Subtraction analysis of patients with contraversive roll-tilts of SVV and pathological OT versus no OT. B, Subtraction
analysis of patients with ipsiversive roll-tilts of SVV and pathological OT versus no OT. C, D, Uncorrected data including the standard
deviation within subjects as continuous variable for the patients with contralesional (C) and ipsilesional (D) tilt of SVV.
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nodulus, and uvula, as well as the flocculus and tonsil (Baier et al.,
2008). The involvement of cerebellar structures in vestibular signal
processing in general and gravitational responses in particular is also
shown by multiple lesion/stimulation experiments (for review, see
Angelaki and Yakusheva, 2009). In detail, it was shown in former
times that Purkinje cells of the uvula project to the vestibular nuclei
(Shojaku et al., 1987).

Current data on the involvement of the oculomotor nucleus and
its surrounding structures such as the INC and the riMLF are in line
with the pathways and structures that mediate information of the
vestibular end organ to the corresponding eye muscles via the
vestibulo-ocular reflex (VOR). During eye, head, and body move-
ments in the roll plane, torsional movements have to be elicited.
They require, for example, the activation of oblique eye muscles
mediated by the oculomotor and trochlear nuclei. Accordingly, uni-
lateral lesions along the VOR pathways result not only in roll-tilts of
the SVV but also in ocular torsion, caused by the deficit of activation
(Dieterich and Brandt, 1993; Brandt and Dieterich, 1994). The INC
and the riMLF are considered to be the neural integrator for tor-
sional and vertical eye position and head posture as well as the
vertical-torsional saccade generator (Crawford, 1994; Farshadma-
nesh et al., 2007; Kremmyda et al., 2011). Our data support the
notion of their involvement in the pathological roll-tilt of the SVV
due to otolithic signal inputs to the INC and the riMLF from the
contralateral vestibular nucleus. Furthermore, contraversive roll-
tilts of the SVV caused by midbrain lesions are in line with the as-
sumption of crossed otolith pathways between the vestibular
nucleus and the INC/riMLF (Dieterich and Brandt, 1993). Thus,
both structures—the INC and the riMLF—might be nodes that in-
tegrate gaze coordinate signals (Klier and Crawford, 2003) as well as
otolith signals in one vestibulo-spatial coordinate frame.

With regard to OT, our data confirm that for OT as well as for
tilt of SVV, similar regions such as the vestibular nucleus, the
MLF, the inferior and superior peduncles, and the oculomotor
nucleus were affected.

Since no difference in the extent of roll-tilt of SVV was obtained
between patients showing clinical deficits such as hemiparesis, so-
matosensory deficits, head tilt, or hemiataxia and patients without
such deficits, we argue that these deficits do not present possible
confounding variables leading to false abnormal roll-tilt of SVV.

In summary, this is the first study using new statistical lesion-
based methods on the brainstem level to compare anatomical
landmarks with behavioral data on the SVV. Our data support
the notion of otolith graviceptive pathways modulating vertical
perception within a multisensory reference frame, indicating that
lesions at the pontomesencephalic level lead to contraversive roll-
tilt, whereas lesions at the pontomedullary regions are associated
with ipsiversive roll-tilt of the SVV.

The present study had certain limitations. Structural MRI scans
might not necessarily show the full functional extent of a lesion.
Areas that appear structurally intact in anatomical scans may not
necessarily be functioning normally due to an abnormal perfusion.
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