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Vertical nystagmus: clinical facts and hypotheses
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Summary

The pathophysiology of spontaneous upbeat (UBN) and
downbeat (DBN) nystagmus is reviewed in the light of
several instructive clinical findings and experimental data.
UBN due to pontine lesions could result from damage
to the ventral tegmental tract (VIT), originating in the
superior vestibular nucleus (SVN), coursing through
the ventral pons and transmitting excitatory upward ves-
tibular signals to the third nerve nucleus. A VTT lesion
probably leads to relative hypoactivity of the drive to the
motoneurons of the elevator muscles with, consequently,
an imbalance between the downward and upward sys-
tems, resulting in a downward slow phase. The results
observed in internuclear ophthalmoplegia suggest that
the medial longitudinal fasciculus (MLF) is involved in
the transmission of both upward and downward vestibu-
lar signals. Since no clinical cases of DBN due to focal
brainstem damage have been reported, it may be assumed
that the transmission of downward vestibular signals
depends only upon the MLF, whereas that of upward
vestibular signals involves both the MLF and the VTT.
The main focal lesions resulting in DBN affect the cere-
bellar flocculus and/or paraflocculus. Apparently, this
structure tonically inhibits the SVN and its excitatory
efferent tract (i.e. the VI'T) but not the downward vesti-
bular system. Therefore, a floccular lesion could result in
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a disinhibition of the SVN-VTT pathway with, con-
sequently, relative hyperactivity of the drive to the
motoneurons of the elevator muscles, resulting in an
upward slow phase. UBN also results from lesions affect-
ing the caudal medulla. An area in this region could
form part of a feedback loop involved in upward gaze-
holding, originating in a collateral branch of the VTT
and comprising the caudal medulla, the flocculus and
the SVN, successively. Therefore, it is suggested that
the main types of spontaneous vertical nystagmus due
to focal central lesions result from a primary dysfunction
of the SVN-VTT pathway, which becomes hypoactive
after pontine or caudal medullary lesions, thereby elicit-
ing UBN, and hyperactive after floccular lesions, thereby
eliciting DBN. Lastly, since gravity influences UBN
and DBN and may facilitate the downward vestibular
system and restrain the upward vestibular system, it is
hypothesized that the excitatory SVN-VTT pathway,
along with its specific floccular inhibition, has developed
to counteract the gravity pull. This anatomical
hyperdevelopment is apparently associated with a physio-
logical upward velocity bias, since the gain of all upward
slow eye movements is greater than that of downward
slow eye movements in normal human subjects and in
monkeys.
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Vertical nystagmus may be either upbeating or downbeating.
When present in the straight-ahead position of gaze (i.e. the
primary position) it is referred to as ‘upbeat nystagmus’

(UBN) or ‘downbeat nystagmus’ (DBN) (Leigh and Zee,
1999). DBN is usually greater on looking laterally or in down-
gaze, whereas UBN often increases on upgaze. Both forms
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of nystagmus may be affected by head position and by
convergence. These types of spontaneous vertical nystagmus
should be distinguished from the more common vertical gaze-
evoked nystagmus observed only in upgaze or only in down-
gaze. In spite of many reports of DBN and UBN and multiple
hypotheses about possible mechanisms, the pathophysiology
is still not understood (Leigh er al., 2002; Halmagyi and
Leigh, 2004; Marti et al., 2005b). A general concept is that
asymmetries in the cerebello-brainstem network that norm-
ally stabilizes vertical gaze could lead to an imbalance in
structures such as (i) the vertical cerebello-vestibular ‘neural
integrator’, making it possible to hold the eyes steady in
upgaze or downgaze against the mechanical pull on the eyes,
and/or (ii) the central connections of the vertical vestibulo-
ocular reflexes (VOR), including both the semicircular canal
and the otolithic responses, or even (iii) the vertical smooth
pursuit system. The discussion here will be based on six
major clinical facts concerning UBN or DBN, which will
be interpreted in the light of experimental data and some
other clinical findings. We will successively (i) review UBN
due to pontine lesions, (ii) examine the changes in the vertical
VOR observed in internuclear ophthalmoplegia (INO),
(iii) note the absence of DBN due to clinical focal brainstem
lesions, (iv) interpret the mechanism of DBN due to focal
cerebellar floccular lesions, (v) consider the mechanism of
UBN due to focal caudal medullary lesions, (vi) discuss the
influence of head position with respect to gravity on DBN and
UBN, and (vii) propose that these two types of nystagmus
result from a primary dysfunction of the same upward
vestibular pathway.

UBN due to pontine lesions

UBN may be due to focal brainstem lesions. Two main
groups of patients predominate, the first with pontine lesions
and the second with medullary lesions (see below, UBN due
to caudal medullary lesions). In cases of UBN due to pontine
damage, the lesions are located in the ventral tegmentum and/
or the posterior basis pontis, at the upper pons level, and are
usually large and bilateral (Troost et al., 1980; Fisher et al.,
1983; Hirose et al., 1991), though a patient with a small lesion
has also been reported (C. Pierrot-Deseilligny, D. Milea,
J. Sirmai, C. Papeix and S. Rivaud-Péchoux, submitted for
publication). These lesions could damage an ascending ves-
tibular tract (Ranalli and Sharpe, 1988a), called the ‘ventral
tegmental tract’ (VTT), described in the cat (Carpenter
and Cowie, 1985; Sato and Kawasaki, 1987; Uchino et al.,
1994) and probably also existing in the monkey (Sato and
Kawasaki, 1991). The VTT appears to connect the superior
vestibular nucleus (SVN), receiving the excitatory anterior
canal inputs generating the upward slow phases, to the super-
ior rectus and inferior oblique motoneurons in the third nerve
(IIrd) nucleus (Sato and Kawasaki, 1991). The course of the
VTT in the brainstem (Uchino et al., 1994) initially appears
to be slightly ventral and lateral to the brachium conjunct-
ivum (BC) in the lower pons, i.e. in the lateral tegmentum,

arching medially and joining the ventral tegmentum in the
midpons. The tract decussates slightly above the level of the
midpons, close to the upper pole of the nucleus reticularis
tegmenti pontis (NRTP), this decussation being located in
humans perhaps in the posterior part of the basis pontis
(C. Pierrot-Deseilligny, D. Milea, J. Sirmai, C. Papeix and
S. Rivaud-Péchoux, submitted for publication). The tract then
runs rostrally on the opposite side in the ventral tegmentum of
the upper pons, near the medial part of the medial lemnicus,
and, in the midbrain, arches medially, near the caudal pole
of the red nucleus, before reaching the IIIrd nucleus on
both sides. This course could explain how a relatively
small unilateral paramedian lesion at the upper (NRTP)
level, probably involving the VTT decussation system
(i.e. both VITs), may result in marked UBN (C. Pierrot-
Deseilligny, D. Milea, J. Sirmai, C. Papeix and S. Rivaud-
Péchoux, submitted for publication). The upward VOR gain
is often decreased in cases of UBN (Baloh and Yee, 1989;
C. Pierrot-Deseilligny, D. Milea, J. Sirmai, C. Papeix and
S. Rivaud-Péchoux, submitted for publication). Therefore,
it may be assumed that after a VTT lesion there is relative
hypoactivity in the final part of this upward vestibular
pathway, eliciting imbalance with the downward vestibular
system, which is not directly affected (Fig. 1A). The con-
sequence is a downward slow phase, regularly interrupted by
upward quick phases generated by the saccadic system. UBN
due to pontine lesions is usually reported to have a large
amplitude (between 10° and 15°) (Hirose et al., 1991;
C. Pierrot-Deseilligny, D. Milea, J. Sirmai, C. Papeix and
S. Rivaud-Péchoux, submitted for publication), and may
disappear after 2 or 3 months (Fisher et al, 1983;
C. Pierrot-Deseilligny, D. Milea, J. Sirmai, C. Papeix and
S. Rivaud-Péchoux, submitted for publication). The eventual
disappearance of UBN suggests that an adaptive mechanism
can ultimately nullify this type of spontaneous vertical
nystagmus. Accordingly, since after such pontine lesions
there is a decrease in the upward VOR gain, it may be con-
cluded that the excitatory SVN-VTT pathway is important
for mediating both upward eye velocity vestibular signals and
upward eye position signals.

A few patients with UBN attributed to unilateral BC
lesions have also been reported (Nakada and Remler, 1981;
Benjamin et al., 1986; Kattah and Dagli, 1990). Such cases
are rare and were not fully documented (i.e. without eye
movement recordings and/or without modern imaging).
Furthermore, they comprised large median tumoral or haem-
orrhagic lesions, always with associated damage to the cere-
bellar vermis, which in itself may result in UBN (Baloh and
Yee, 1989; Leigh and Zee, 1999). Therefore, these clinical
cases are not thoroughly convincing for localization to the
BC, especially since this tract and the VTT are near each
other in the lower pons. Nevertheless, the role of the BC
should be considered since this structure is generally sup-
posed to transmit vertical slow eye movement signals to
the Illrd nucleus, so that theoretically it is possible for
UBN to appear after BC damage. However, it seems probable
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Fig. 1 Hypothetical pathophysiology of vertical nystagmus. Only the cerebello-brainstem pathway (on one side), assumed to be mainly
involved in primary position upbeat nystagmus (UBN) or downbeat nystagmus (DBN), is shown. (A) UBN due to pontine lesions: the ventral
tegmental tract (VTT), originating in the superior vestibular nucleus (SVN), is probably impaired (bilaterally; see text), with consequently
relative hypoactivity of the elevator muscle motoneurons, with respect to the unchanged downward system, eliciting a downward slow eye
deviation. (B) DBN due to floccular lesions. Since the flocculus normally inhibits the SVN, the lesion results in disinhibition of the
downstream pathway, with consequently relative hyperexcitation of the elevator muscle motoneurons, compared with the unchanged
downward system, eliciting an upward slow eye deviation. (C) UBN due to caudal medullary lesions. The caudal medulla (nucleus of Roller
and/or a cell group of the paramedian tracts), which could receive a collateral branch from the SVN and project to the flocculus via a probably
inhibitory pathway, is impaired. The result is disinhibition of the inhibitory flocculovestibular neurons, which are then overactivated,
eliciting overinhibition of the downstream pathway (VTT), i.e. low activity with respect to the downward system, with consequently (as in A)
a slow downward deviation of the eye. (D) Normal circuit, derived from the clinical results observed in A, B and C and anatomical
experimental data known for the cat and the monkey. This circuit could specifically be involved in the upward vestibular system, and does not
appear to have an equivalent in the downward system; the result could be a slight upward velocity bias in the normal state.
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that the transmission of upward vestibular signals is in fact
mainly performed by the VTT rather than the BC (Ito, 1982;
Sato and Kawasaki, 1991; Uchino et al., 1994). By contrast,
the BC could mediate vertical smooth pursuit signals, both
upwards and downwards, even though the upward signals
could predominate (Chubb and Fuchs, 1982). These signals
originate in the cerebellar dentate nucleus and in the y-group
region (Zhang et al., 1995a), the latter lying close to the SVN
in the brainstem. There are also clinical data supporting the
notion that vertical smooth pursuit signals are transmitted
mainly through the BC and not through the medial longitud-
inal fasciculus (MLF): upward and downward smooth pursuit
was largely preserved after bilateral MLF lesions (Ranalli and
Sharpe, 1988b) and after large bilateral pontine tegmental
lesions involving both MLFs and the reticular formations,
but sparing the BC (Larmande et al., 1982; Pierrot-
Deseilligny et al., 1989) in spite of severe impairment of
the vertical VOR in these two types of syndromes. Therefore,
the BC appears to be more involved in the transmission of
vertical smooth pursuit signals than in that of the vertical
(upward) VOR, but this point has no yet been settled.

Results from internuclear ophthalmoplegia

INO is a key syndrome to consider, since the MLF contains
vestibular tracts involved in both vertical directions in the cat
and the monkey (Carpenter and Cowie, 1985; Graf and Ezure,
1986; McCrea et al., 1987; Highstein and McCrea, 1988;
Iwamoto et al., 1990; Sato and Kawasaki, 1990; Biittner-
Ennever, 1992). There are excitatory upward and downward
vestibular tracts, originating in the medial vestibular nucleus
(MVN) and passing through the contralateral MLF, and
inhibitory upward and downward vestibular tracts, originat-
ing in the SVN and passing through the ipsilateral MLF.
Among these tracts, the excitatory upward MVN-MLF
tract is of particular interest, since it theoretically plays a
role analogous to that of the SVN-VTT tract described
above, thus with two different tracts transmitting excitatory
upward vestibular signals to the elevator muscle motoneur-
ons. After MLF lesions, the upward and downward VOR
gains are severely impaired, reduced to a third of their normal
values, and with markedly less impairment of vertical smooth
pursuit (Ranalli and Sharpe, 1988b). Analogous results—with
a severely impaired vertical VOR (both upwards and
downwards)—were observed after experimental lesions in
the monkey (Evinger et al., 1977). However, in a more recent
report of a single patient with unilateral INO, using head
rotations with high acceleration, the upward VOR gain
was also impaired but less severely than the downward
VOR gain, which is consistent with transmission of the
upward vestibular signals through both the MLF and an
extra-MLF tract (Cremer et al., 1999). Thus, the MLF trans-
mits vertical eye velocity vestibular signals in both vertical
directions but perhaps slightly more so for the downward
system. Furthermore, INO is usually associated with a ver-
tical gaze-evoked nystagmus—in downgaze and/or (more

frequently) in upgaze—but nystagmus in the straight ahead
position of gaze has not been reported after pure bilateral
MLF lesions (Evinger et al., 1977; Kirkham and Katsarkas,
1977; Pierrot-Deseilligny and Chain, 1979; Miiri and
Meienberg, 1985; Ranalli and Sharpe, 1988b; Leigh and
Zee, 1999). This confirms that the MLF also transmits both
downward and upward eye position signals. Accordingly,
after an MLF lesion, no major imbalance exists between
the two vertical vestibular systems, at least in the straight-
ahead position of gaze, probably because eye velocity and eye
position signals are impaired for both vertical directions.

Absence of DBN after focal clinical
brainstem lesions

Thus far, our analysis suggests that excitatory upward vesti-
bular signals are transmitted in the brainstem through both the
VTT and the MLF, whereas excitatory downward vestibular
signals appear to depend only upon the MLF. With such
findings, one must ask whether there is in the brainstem an
equivalent of the VTT for the downward system. If so, this
tract should be anatomically different both from the VTT,
involved only in the upward system, and from the MLF,
involved in both vertical systems. However, in contrast to
reports of about 30 cases of UBN due to focal brainstem
(pontine or caudal medullary) lesions, a careful review of
the reported cases of DBN leads to the conclusion that
there are no cases of DBN due to a focal brainstem lesion,
at least located between the vestibular and IIlrd nuclei
(Biittner et al., 1995). Since modern imaging methods
have existed for many years, it can reasonably be concluded
that such cases do not exist. There is, however, a single
reported patient with DBN resulting from focal brainstem
damage, with small bilateral cavities of syringomyelia loc-
ated in each lateral part of the medulla (Bertholon er al.,
1993). The interpretation, based only on magnetic resonance
imaging findings, was that the MVN and/or its efferent tracts,
controlling the downward vestibular system, could be directly
affected on both sides by these lesions, whereas the SVNs
were probably preserved. Thus, the absence of any other focal
brainstem lesion resulting in DBN is actually fundamental
since it implies that there is no equivalent of the VTT for the
downward vestibular system and, therefore, that there is either
something missing in the downward vestibular system in terms
of central connections or, more likely, that there is something
additional (i.e. the VTT) in the upward vestibular system.

Mechanism of DBN

To try to understand how the downward vestibular signals
are transmitted to the IIlrd and trochlear nuclei, we must
now examine the different causes of DBN. This nystagmus
is observed in diverse intoxications and diffuse diseases
(encephalitis, etc.), like UBN, but its main causes—
cerebellar atrophy and craniocervical anomalies—are relat-
ively focal and involve regions located outside the brainstem
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(Leigh and Zee, 1999). At the cerebellar level, the flocculus
and paraflocculus are involved in slow eye movements and, in
the vertical plane, mainly control downward eye movements
(for 90% of Purkinje cells) (Leigh and Zee, 1999). It should
also be noted that an inhibitory flocculovestibular tract
projects to the SVN, exerting permanent tonic inhibition of
this nucleus, without known equivalent flocculovestibular
inhibition of the parts of the MVN controlling the downward
system or the excitatory upward MVN-MLF pathway (Ito
etal., 1977; Ito, 1982; Sato and Kawasaki, 1990; Zhang et al.,
1995a, b; Leigh et al., 2002). Furthermore, experimental
floccular and/or parafloccular lesions in the monkey result
in large DBN (Zee et al., 1981). An analogous mechanism
could exist in humans, in whom the flocculus and parafloc-
culus are obviously impaired in the two main, relatively focal
causes of DBN. A floccular (or parafloccular) lesion could
result in disinhibition of the SVN, with relative hyperexcita-
tion throughout the downstream pathway, including to the
superior rectus motoneurons (Marti et al., 2005b) (Fig. 1B).
Primary dysfacilitation of the pathways to the depressor mus-
cles is also theoretically possible, but is improbable since the
flocculovestibular projections are inhibitory and do not seem
to be involved in the downward system. Thus, with floccular
lesions, the disinhibited superior rectus motoneurons would
be relatively more active than the inferior rectus motoneur-
ons, which remain unchanged. The consequence of this
imbalance would be upward slow phases and corrective
downward quick phases. In support of a primary hyperactiv-
ity in the upward vestibular system in patients with DBN, the
upward VOR gain is often increased in these patients
(Halmagyi et al., 1983; Gresty et al., 1986; Leigh and
Zee, 1999). In patients with DBN, the existence of asymmetry
of the VOR in response to rapid pitch rotations (i.e. with
downward pitch impulses eliciting a greater response than
upward pitch impulses) is a further argument supporting dis-
inhibition of the anterior canal inputs (Walker and Zee, 2005).
It should be noted that, in most cases, the upward VOR gain is
merely greater than the downward VOR gain (Baloh and Yee,
1989), suggesting that, if the basic disturbance is hyperex-
citation of the upward system, the impairment load has prob-
ably already been redistributed between both vertical systems
by adaptive mechanisms. Of course, in patients who have had
DBN for a long time, different types of adaptive mechanisms
might change the characteristics of the slow phase of the
nystagmus. Therefore, one must be cautious in interpreting
the mechanism of DBN at these late stages, in particular in
patients with apparently idiopathic DBN. For example, while
Glasauer and colleagues suggested, based upon 3D analysis
of the slow-phase characteristics in patients with chronic
DBN, that there is no evidence of a central vestibular damage
but rather an impairment of the cerebello-brainstem integ-
rator (Glasauer et al., 2003), it may be argued that adaptive
mechanisms have had time to change the basic pattern of
nystagmus. Indeed, any interpretation of a centrally induced
nystagmus, especially if the cerebellum or cerebellar path-
ways are involved, must be tempered with the caveat that
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adaptive mechanisms, too, may be shaping the response,
either as a normal adaptive response or as a maladaptive
response associated with the lesions themselves.

The amplitude (eye position) of DBN is variable, ranging
between a few degrees and 10-15°. In the case of a small
DBN (with an amplitude of a few degrees), it seems surpris-
ing that the adaptive mechanisms fail to improve or suppress
the abnormal movement. However, where there is progress-
ive (degenerative or malformative) or even diffuse damage,
these mechanisms may have already been exhausted, result-
ing in long-lasting DBN, often increasing with time. Lastly,
there is currently no obvious explanation for the increase in
DBN amplitude (and UBN amplitude as well) frequently
observed in lateral gaze and/or convergence. However, mal-
functioning of the translational VOR, which uses otolith cues
and normally modulates slow-phase velocity according to the
angle of vergence and the positions of the eye in the orbit,
could be expected in such damage (Leigh and Zee, 1999), but
further specific studies will be needed to resolve this question.

Two particular types of experimental brainstem lesions,
without equivalent syndromes in humans, also elicit DBN.
First, in the cat, a (primary position) DBN was observed after
a muscimol injection made in a subgroup of cells of the
paramedian tracts (PMT) (Nakamagoe et al., 2000). The
PMT cells are located between the MLFs, both rostrally
and caudally to the abducens nuclei (Biittner-Ennever et al.,
1989). They receive afferent signals from all premotor struc-
tures involved in horizontal and vertical eye movements (i.e.
the brainstem reticular formations generating saccades as
well as the vestibular nuclei controlling slow eye movements)
and they project to the flocculus. The rostral PMT subgroup,
where damage resulted in DBN (Nakamagoe et al., 2000),
was located just above the level of the abducens nuclei.
Electrophysiological recording, performed before the lesion,
showed that this area was involved in both upward saccades
and VOR. Furthermore, the DBN slow phase induced by the
lesion had an exponentially decaying profile, suggesting
impaired neural integration (see next section). The interpreta-
tion of this DBN was (i) hypoactivity in the (putative excit-
atory) PMT floccular neurons, which normally receive signals
from the SVN, with, therefore, (ii) hypoactivity in the inhib-
itory flocculo-SVN neurons, and then (iii) disinhibition of the
upward vestibular pathway, as after floccular lesions, namely
relative hyperexcitation in the drive to the motoneurons of the
elevator muscles, and (iv) an upward slow phase. Thus, this
rostral subgroup of PMT cells could be involved in the down-
ward gaze-holding system. The absence of an analogous syn-
drome in humans may be explained by the very particular
location of this subgroup of PMT cells, namely between the
MLFs, with therefore the impossibility of observing a specific
clinical lesion of the PMT cells without associated damage to
the MLFs. Since the MLFs are involved in both the upward
and the downward vestibular systems, a lesion affecting both
these fascicles and the PMT cells probably results in relat-
ively balanced deficits between the two vertical systems, thus
eliciting only vertical gaze-evoked nystagmus, not nystagmus
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in the straight-ahead position of gaze. Secondly, in the
monkey, midsagittal pontomedullary sectioning of the pos-
terior tegmentum resulted in bilateral INO and DBN (De Jong
et al., 1980). INO was explained by the interruption of abdu-
cens nucleus interneurons decussating before ascending in the
MLFs. The same lesion could also involve the excitatory
upward and downward vestibular neurons passing through
the MLFs and decussating at the same caudal brainstem
level. The interpretation of the DBN in this experiment is
difficult, since it could have resulted (i) from damage to the
same PMT cells mentioned above in the cat, and/or (ii) from
the interruption of the mainly inhibitory vestibular commis-
sural system (Ito, 1982; Fukushima and Kaneko, 1995), con-
necting the two SVNs and thus resulting in disinhibition of
these nuclei and hyperexcitation of the downstream pathway.
However, whatever the mechanism of the DBN in these mid-
sagittal lesions and the actual role of the rostral subgroup of
PMT cells, both these experiments probably resulted in
hyperactivity of the SVNS, as after floccular lesions, without
therefore any further argument for the existence in the down-
ward system of an ascending vestibular tract equivalent to
the VTT.

Accordingly, in DBN, both eye velocity and eye position
signals appear to be impaired in most cases, suggesting
imbalance both in the central vestibular connections and in
the vertical gaze-holding system. It may be assumed that the
specific inhibitory flocculo-SVN tract involved in the down-
ward VOR normally inhibits the specific excitatory SVN—
VTT pathway involved in the upward VOR, as shown by
experimental data (Hirai and Uchino, 1984; Sato and
Kawasaki, 1990; Uchino et al., 1994). However, such an
organization with a specific inhibitory flocculovestibular
pathway involved in downward eye movements does not
really solve the problem of the apparently missing excitatory
downward vestibular tract, compared with the upward vesti-
bular system, in particular for the movements performed
between the straight-ahead position of gaze and downgaze,
where a simple inhibitory mechanism is usually not sufficient
to overcome the orbital viscoelastic forces. Another mechan-
ism, not involving a further downward excitatory vestibular
tract, might, however, be involved (see below, Role of gravity
in vertical nystagmus and VOR).

Before leaving the mechanisms of DBN, it should be noted
that a specific impairment of smooth pursuit has at times been
suggested to account for this nystagmus (Leigh and Zee,
1999). In support of the smooth pursuit hypothesis, it has
recently been shown that DBN may be transitorily reproduced
in healthy subjects after prolonged training using asymmet-
rical smooth pursuit stimulation (Marti et al., 2005a). How-
ever, such a result does not constitute evidence that the
cerebellar pathological DBN is also due to specific smooth
pursuit impairment. Moreover, the vertical VOR and optokin-
etic nystagmus (optokinetic nystagmus) were not tested in this
study. The results could simply confirm that, at the cerebello-
brainstem level, smooth pursuit and all other slow eye move-
ments share similar structures and mechanisms, with an

analogous imbalance in favour of the upward system (see
Conclusions). Therefore, even though the smooth pursuit sys-
tem is obviously involved in the vertical slow eye-movement
disturbances in DBN (and also in UBN), there is no definite
evidence that the smooth pursuit impairment could be the
primary cause of spontaneous vertical nystagmus.

UBN due to caudal medullary lesions

We have already noted two different focal clinical causes of
vertical nystagmus, the first related to VIT damage in the
pons, resulting in UBN, and the second to the impairment of
the flocculus, resulting in DBN. However, there is another
region involved in the mechanisms of UBN since caudal
medullary lesions, usually affecting the paramedian part
of the posterior tegmentum bilaterally, result in UBN in
humans (Gilman et al., 1977; Keane and Itabashi, 1981;
Fisher et al., 1983; Kato et al., 1985; Baloh and Yee, 1989;
Munro et al., 1993; Tyler et al., 1994; Janssen et al.,
1998; Hirose et al., 1998; Ohkoshi et al., 1998; Minagar
et al., 2001; Tilikete et al., 2002). The pathophysiology of
this UBN is not yet known. Since most lesions were located
inferiorly to the nucleus prepositus hypoglossi (NPH) in the
posterior paramedian part of the medulla, it has at times been
suggested that the nucleus intercalatus (NI), lying just caud-
ally to the NPH, could be involved. However, if the afferent
and efferent tracts of the different lower medullary nuclei
(Biittner-Ennever and Biittner, 1988) are carefully examined,
no obvious link with UBN can be found if the NPH or NI
circuitry is considered. By contrast, the nucleus of Roller
(NR), as suggested by Keane and Itabashi (1981), appears
to be a better candidate to play a role in upward vestibular eye
movements. This small nucleus is located at the same caudal
medullary level as the NI, lying slightly anteriorly and medi-
ally to the superior part of this nucleus. Therefore, the NR (or
one of its adjacent afferent or efferent tracts) was probably
also damaged in most, if not all, of the caudal medullary
lesions resulting in UBN. This nucleus (i) is particularly
well developed in higher primates (chimpanzees and humans)
(Biittner-Ennever and Biittner, 1988), (ii) receives a strong
projection from the SVN (McCrea et al., 1987), probably via
a collateral branch of the vestibulo-oculomotor neurons (the
axons of which could pass through the VTT), and (iii) pro-
jects strongly to the flocculus (Langer et al., 1985b), via a
tract which could be inhibitory (Biittner-Ennever and Biittner,
1988). Such a pathway might explain the mechanism of UBN
due to a caudal medullary lesion (Fig. 1C): after a lesion
affecting the NR itself or an adjacent region in the rostro-
caudal axis (i.e. its immediate afferent tract, originating in the
upper medulla, or its efferent tract, running more caudally in
the medulla), the activity of the medullofloccular tract would
be interrupted, resulting in disinhibition of the inhibitory
flocculovestibular neurons and, therefore, in ‘hyperinhibi-
tion” of the whole downstream pathway, namely the
vestibulo-oculomotor neurons passing through the VTT.
The end result would be similar to that observed after a
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VTT lesion, in other words relative hypoactivity in the drive
to the superior rectus motoneurons with, consequently, down-
ward slow phases and upward quick phases. Another possib-
ility is that the medullary lesions resulting in UBN affect a
caudal subgroup of the PMT cells (Biittner et al., 1995). Such
PMT cells do exist in the vicinity of the NR and NI, and the
general principle of the connectivity of the PMT cells is to
receive afferent signals from the premotor (including vestibu-
lar) structures and to project to the flocculus (Biittner-Ennever
etal., 1989). It has yet to be demonstrated, however, that these
putative caudal PMT cells are actually involved in upward
gaze-holding. If this is indeed the case, these caudal PMT
cells could be the counterpart for the upward ocular motor
system of the rostral PMT cells involved in downward
gaze-holding in the cat (see above, Mechanism of DBN).

The UBN amplitude (eye position) in patients with caudal
medullary lesions was variable, ranging between 1° or 2° and
10°. In those studies where the outcome was reported, the
improvement or disappearance of UBN was also variable,
ranging between a few weeks (Janssen et al., 1998) and a
few months (Tilikete et al., 2002), but with persistence for at
least 2 years in one patient (Baloh and Yee, 1989). Therefore,
adaptive mechanisms appear to be possible here, too, as with
UBN due to pontine lesions. It should be noted that the ver-
tical VOR was never tested in any of these cases of UBN
due to medullary lesions. Lastly, no torsional component
was described in these patients, which suggests that the
lesions were effectively bilateral since a unilateral lesion
of the vertical VOR pathways might be expected to cause
a mixed vertical torsional nystagmus (Leigh and Zee, 1999),
as in one pontine case with UBN (C. Pierrot-Deseilligny,
D. Milea, J. Sirmai, C. Papeix and S. Rivaud-Péchoux,
submitted for publication).

Since an area in the caudal medulla probably belongs to the
vertical gaze-holding network, specific abnormalities in the
profile of the UBN slow phase could be expected after a
lesion of this area. However, the exponential characteristic
of the slow phase, theoretically allowing one to distinguish
between damage to the gaze-holding neural integrator and
an imbalance in other ocular motor pathways, is probably
not a reliable sign: (i) it may be difficult to appreciate even
using eye movement recordings, especially if there are
frequent quick phases; (ii) the waveform of the slow phase
was variable in previously reported patients with caudal
medullary lesions; (iii) the exponential waveform of the
slow phase was intermittent in a patient with a VTT lesion
(C. Pierrot-Deseilligny, D. Milea, J. Sirmai, C. Papeix and
S. Rivaud-Péchoux, submitted for publication) and was vari-
able in individual patients with UBN (or DBN) (Leigh and
Zee, 1999); and (iv) all the brainstem vestibular pathways are
more or less part of the gaze-holding network (Fukushima
and Kaneko, 1995). Lastly, the amplitude of UBN (and
also of DBN) often depends upon the vertical position of
the eyes in the orbits, since, for example, in UBN due to
caudal medullary lesions, the nystagmus amplitude increased
in upgaze and decreased in downgaze (Alexander’s law) in
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most cases, the reverse being observed, however, in two cases
(Ohkoshi et al., 1998; Minagar et al., 2001). Finally,
the characteristics of slow phases in UBN due to caudal
medullary lesions do not appear to be fundamentally different
from those observed in UBN due to pontine lesions.

Accordingly, after this review of the three main clinical
focal causes of spontaneous vertical nystagmus—two in the
brainstem, causing UBN, one in the flocculus, causing
DBN—we suggest that the same pathway is probably
involved in these three cases (Fig. 1D). This pathway includes
the SVN and the VTT as the excitatory efferent tract. It could
also comprise a feedback loop controlled by an area of the
caudal medulla, receiving afferent signals from the SVN and
projecting to the flocculus through a putative inhibitory tract,
and finally, via the well-known inhibitory flocculovestibular
tract (Langer ef al., 1985a), to the SVN. Organized in this
way, this additional pathway could be either excitatory for the
upward system when stimulated at the SVN or the caudal
medullary levels, or inhibitory for the same upward system
when stimulated at the floccular level.

Role of gravity in vertical nystagmus
and VOR

There is now accumulating evidence that gravity also
plays an important role in vertical vestibular eye movement
physiology—maybe largely via the otolithic system
(Halmagyi and Leigh, 2004)—since (i) DBN (with upward
slow phase) is often increased when the patient’s head is
upside-down (Baloh and Spooner, 1981; Baloh and Yee,
1989; Leigh and Zee, 1999), i.e. when gravity is reversed
for the head and acts in the same direction as the nystagmus
slow phase, and DBN may also be increased in an intermediary
(prone or supine) position in respect to gravity (Halmagyi et al.,
1983; Baloh and Yee, 1989; Marti et al., 2002) even though the
results obtained in the supine position sometimes appear to be
contradictory; (ii) DBN may occur in healthy subjects with an
upside-down position of the head (Leigh et al., 2002) or even
when the head is simply no longer in an erect position (Goltz
et al., 1997), with similar results in the cat (Rude and Baker,
1996); whereas (iii) UBN (with downward slow phase)
appears to be at times improved with a decrease in the gravity
effect, namely when the patient’s head is upside-down (i.e.
with gravity acting in the opposite direction to the slow phase
nystagmus), or even when the patient is in the supine or prone
position (Fisheretal., 1983; Baloh and Yee, 1989; Hirose et al.,
1991; Janssen et al., 1998); (iv) UBN occurs in normal subjects
when the gravity load is artificially increased in a centrifuge,
i.e. when the downward system is reinforced (Marcus et al.,
1989); and (v) the vertical VOR is markedly decreased in
microgravity (Vieville et al., 1986). This probable contribu-
tion of gravity to the downward system could correspond to a
part of the apparently missing excitatory downward vestibular
signals that we referred to above, and may explain why the
central connections of the downward vestibular system appear
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to be much simpler than those of the upward system (see
Conclusions).

Conclusions

One may first conclude that UBN is due to pontine or
medullary lesions directly or indirectly resulting in a primary
hypoactivity of the excitatory upward SVN-VTT pathway,
whereas DBN probably results from a primary hyperactivity
of the same pathway, due to floccular damage, without,
apparently, any major primary involvement of the excitatory
downward vestibular pathway in either case. Thus, in all
these cases of spontaneous vertical nystagmus, a primary
vestibular dysfunction appears to affect the SVN-VTT path-
way, which could normally supplement the action of the
ancillary excitatory upward MVN-MLF pathway. Secondly,
as stated above, gravity may influence vertical spontaneous
nystagmus and the vertical VOR. Since gravity facilitates
the downward vestibular system and restrains the upward
vestibular system, it may be hypothesized that the additional
excitatory upward SVN-VTT pathway mainly developed in
order to counteract gravitational pull. This pathway would
provide a supplement of upward eye velocity vestibular sig-
nals (via the SVN-VTT) and of upward eye position signals
(via the caudal medulla flocculus SVN) to the motoneurons of
the elevator muscles. However, the upward VOR, optokinetic
nystagmus and smooth pursuit gains are superior to the cor-
responding downward gains in normal subjects, monkeys
and cats (Baloh et al., 1983; Matsuo and Cohen, 1984,
Ranalli and Sharpe, 1988b; Baloh and Demer, 1991; Tweed
et al., 1994; Maruyama et al., 2004). This upward velocity
bias suggests that the upward vestibular system is not only
anatomically hyperdeveloped, compared to the downward
vestibular system, but also physiologically stronger. This
organization might also explain the well-known (but poorly
understood) upward eye deviation observed at eyelid closing.
However, it has also been proposed, to explain the vertical
VOR asymmetry in healthy subjects, that the orientation of
the six semicircular canals results in an asymmetry of the
spontaneous input from the vestibular periphery and therefore
in a constant upward drift (Bohmer and Straumann, 1998).

Accordingly, the hyperactive upward vestibular system
could require permanent inhibition, even when the head is
erect. The inhibition could be specifically induced by the oto-
liths and vision, which, via the flocculus, may modulate the
circuit gain to adapt it to the various positions of the head.
However, since both the additional excitatory upward SVN—
VTT pathway and its specific floccular inhibition apparently
need to be permanently active to maintain the eyes in the
primary position, a lesion affecting the excitatory branches
(VTT or caudal medulla) or the inhibitory part (flocculus) is
likely to result in UBN or DBN. Compensation is poor in DBN
due to progressive floccular lesions because, with the usual
degenerative causes and untreated cranio-cervical anomalies,
the possibilities of adaptation have probably already been
exhausted when the nystagmus occurs: at this stage, the

hyperdeveloped upward vestibular system might no longer
be inhibited. By contrast, UBN due to acute focal (pontine
or medullary) lesions, affecting the additional upward SVN—
VTT pathway, may improve after a few weeks or months,
probably because adaptive mechanisms could involve the
undamaged ancillary upward MVN-MLF pathway.
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