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Abstract Despite decades of research, the question of
whether the rapid eye movements (REMs) of paradoxical sleep (PS) are equivalent to waking saccades and
whether their direction is congruent with visual spatial
events in the dream scene is still very controversial. We
gained an insight into these questions through the
study of a right brain damaged patient suVering attentional neglect for the left side of space and drop of the
optokinetic nystagmus (OKN) with alternating rightward slow/leftward fast phases evoked by rightward
optic Xow. During PS the patient had frequent
Nystagmoid REMs with alternating leftward slow/
rightward fast phases and reported dreams with visual
events evoking corresponding OKN such as a train
running leftward. By contrast, just as in waking OKN,
Nystagmoid REMs with alternating rightward slow/
leftward fast phases were virtually absent. REMs followed by staring eye position or by consecutive REMs
were also observed: these showed no asymmetry comparable to that of Nystagmoid ones. The selective disappearance of Nystagmoid REMs in one horizontal
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direction proves, for the Wrst time, that in humans
diVerent types of REMs exists and that these are
driven by diVerent premotor mechanisms. Concomitant drop of OKN and Nystagmoid REMs toward the
same horizontal direction demonstrates that phylogenetically ancient oculomotor mechanisms, such as the
OKN, are shared by waking and PS. On this evidence
and converging Wndings from animal, neuropsychological and brain imaging studies, a new evolutionary
account of dream bizarreness is proposed. ClassiWcation and labelling of the diVerent types of REMs are
also provided.
Keywords Spatial neglect · Dreaming · REM sleep ·
Saccade · Nystagmus · Optokinetic

Introduction
During phases of paradoxical sleep (PS) characterised
by isolation of the central nervous system from aVerent
sensory input, skeletal muscle atonia with blockade of
motor output, desynchronised cortical activity and
dreaming, the brain produces rapid eye movements
(REMs; Pace-Schott and Hobson 2002). It is much
debated whether REMs are similar to waking rapid eye
movements and whether there is a relationship
between their direction and the spatial events in the
dream scene (Dement and Kleitman 1957; Hobson and
McCarley 1977; Herman et al. 1984). For instance, it is
often assumed that REMs are triggered by PS-dependent cholinergic mechanisms in the mesopontine junction (Pace-Schott and Hobson 2002; Vertes 1984) and
that, as such, they have no counterpart in waking rapid
eye movements as saccades or quick phases of nystag-
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mus, either in physiological or psychophysical terms
(i.e. velocity and amplitude/velocity relationship; Aserinsky et al. 1985; Vanni-Mercier et al. 1994). This position, however, is not unanimous since evidence from
animal and human research suggests neurophysiological and psychophysical similarities between REMs and
saccades performed in darkness (Jeannerod and
Mouret 1962; Herman et al. 1983) or associated with
the startle orienting response (Bowker and Morrison
1976). Furthermore, as with waking saccades, complex
interplay in the generation of REMs between oculomotor structures in the brainstem, midbrain and the
cortex is suggested by the loss of REMs directed leftward in patients with left unilateral attentional neglect
due to right brain damage well outside the brainstem
(Doricchi et al. 1993, 1996).
A second important issue related to the study of
REMs is their relationship with the visual content of
the dream. In their original “scanning hypothesis”,
Dement and Kleitman (1957) proposed inherent correspondence between the direction of REMs and gazing
of the dreamer at the dream scene. A number of studies conWrmed this hypothesis (Herman et al. 1984;
Dement 1964; Hong et al. 1997) while others suggested
that only isolated REMs, as opposed to those appearing in bursts, have a directional relationship with the
spatial organisation of the dream scene, thus refuting
the idea that all REMs are dream related (Jacobs et al.
1972; Soh et al. 1992).
We shed new light on both questions in a study of a
68-year-old right-handed man, BQ, who had suVered
moderate left unilateral neglect (i.e. defective attention
and orienting toward the left side of space; Doricchi
and Tomaiuolo 2003; Thiebaut de Schotten et al. 2005)
subsequent to right hemisphere stroke in the territory
of the middle cerebral artery (Fig. 1).

Materials and methods
Case study
Five weeks after the stroke, BQ had severe contralesional hemiplegia. Dynamic ophthalmologic visual Weld
testing revealed a restriction in the left lower quadrant
of the right eye sparing the central 10° of the visual
Weld. Moderate left attentional neglect was found when
the patient was asked to cancel out targets positioned
on the left and right side of an horizontally oriented A4
paper sheet: (a) letter cancellation: 6 targets cancelled
over 53 on the left side, right side 40/51; (b) line cancellation: left side 10/11, right side 10/10. No marked
neglect was present in the bisection of horizontal lines
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(Wve trials, line length = 200 mm, rightward deviation =
3.7 mm). The patient showed no neglect for the left
side of his own body (i.e. personal neglect) and no anosognosia of his motor impairments. Importantly he had
no topographical neglect when describing three famous
squares from his hometown, Rome, from memory
(Bisiach and Luzzatti 1978). The only other relevant
deWcit was mild constructional apraxia in copy drawing. BQ had good performance on short term verbal
memory (digit span, i.e. repetition of series of random
numbers: raw score = 6/9, score normalised for age and
educational level = 4, range 0–4) and medium performance on short term spatial memory (Corsi span, i.e.
reproduction of series of spatial positions presented in
the attended right hemispace: raw score = 4/9, normalised score = 2, range 0–4).
Study of waking eye movements
Horizontal and vertical eye movements were recorded
with DC bipolar electroculographic derivations (EOG)
with Ag–AgCl electrodes placed at the outer canthi
and above and below the right eye. EOG calibration
was performed by asking the patient to Wxate dimly
lighted LEDs positioned 20° and 10° to the right, to the
left and above or below a central LED aligned to the
eyes and to the head–body midsagittal plane. EOG signals were ampliWed, Wltered, digitalized (sampling rate
200 Hz) and stored on a PC for oV-line processing with
specially designed Matlab software (Doricchi et al.
2002).
Clinical examination with EOG recording showed
that the patient was able to perform leftward and rightward saccades and had no sign of spontaneous nystagmus. We measured the frequency, amplitude and
velocity of the leftward and rightward slow and fast
phases of: (a) the vestibular ocular response (VOR)
evoked by turns around the vertical head–body axis in
complete darkness; (b) the vestibular–optokinetic
response (VOR–OKN) evoked by turns inside a lighted
optokinetic drum; (c) the optokinetic response (OKN)
evoked by horizontal rotations of the optokinetic drum.
VOR, VOR–OKN and OKN were evoked through a
computer driven rotating chair and optokinetic drum
(model “Rotomac”, Megaris s.a.s.). The optokinetic
drum had vertical black and white stripes each subtending 6° of the visual angle. Each stimulation (VOR,
VOR–OKN, OKN) was given at two diVerent velocities
of rotation (peak velocities: 30 and 60°/s, frequency
0.05 Hz; corresponding average velocities: 15 and 30°/s).
For each type of stimulation and velocity, ocular
responses were recorded during two trials. Each trial
consisted of two cycles of rotation which, following a
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Fig. 1 a NMRI scans of the patient. Posteriorly, the lesion involves BA 19 and BA 37 (i.e. middle and superior occipital gyrus
and the caudal part of the middle and superior temporal gyrus:
these areas are indicated by black arrows). In the parietal lobe
there was complete involvement of the supramarginal gyrus and
partial sparing of the angular gyrus. The damage completely
spared medial striate occipital cortex, medial temporal areas, the
hippocampus (h) and the parahippocampus (ph). Anteriorly, the

damage partially spared the frontal eye Welds (BA 8). b Schematic
diagram summarising the extrastriate circuit mediating OKN
with rightward slow phases and the parietal–frontal circuit subserving representation of the left side of space in the right hemisphere. Crossed boxes indicate damaged areas, disturbances
resulting from damage are reported near crossed boxes

sinusoidal velocity proWle, alternated accelerations and
decelerations in the two lateral directions. One of these
trials started in the leftward direction and the other one
in the rightward direction (see Fig. 2).

Exploratory saccades were recorded during a visual
search task performed either in complete darkness or in
a lit environment. Using Hornak’s methodology (1992),
the patient was asked to look for the appearance of a

Fig. 2 Velocity proWles of VOR, VOR–OKN and OKN rotatory stimulations. a Trial starting in the rightward direction. b Trial starting
in the leftward direction. On the Y-axis: positive velocity values = rightward turn, negative velocity values = leftward turn
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red spot (diameter 5 mm, projected by a laser pointer)
on a large screen (2 m £ 1.5 m; distance from the
patient = 1 m). For each experimental condition (darkness, light), two Wller and two experimental trials were
run. On Wller trials, the spot was presented 10 s after
the disappearance of the initial central Wxation point
(aligned to the head–body midsagittal plane), once in
the left and once in the right hemiWeld at random positions. On each experimental trial, exploratory saccades
were recorded for 20 s without presenting the red spot.
Only saccades performed during experimental trials
were considered in the analysis of data.
Oculomotor tasks were run with the patient seated
in the rotating chair with the head blocked by an
appropriate rest. A security belt, arms and legs straps
further stabilized the patient’s body during head body
rotations.
Sleep study
The sleep of BQ was examined during three undisturbed nights: 7, 9 and 23 weeks after the stroke. EEG
and EMG sleep recording was performed using standard procedures (RechtschaVen and Kales 1968). Horizontal eye movements were monitored with AC
unipolar derivations on nights 1, 2 and 3 (time constants: 0.1, 0.3 and 5 s). On nights 2 and 3, horizontal
and vertical eye movements were also recorded with
DC bipolar derivations (A/D sampling rate, 200 Hz).
The study was approved by the institutional ethics
committee and was carried out according to the principles laid down in the Helsinki Declaration.

Results
Waking eye movements
In line with a previous group study (Doricchi et al.
2002), the patient showed asymmetrical horizontal
VOR with fewer alternating leftward slow/rightward
fast phases (as compared with the frequency of alternating rightward slow/leftward fast phases) and
reversed asymmetrical horizontal VOR–OKN with
fewer alternating rightward slow/leftward fast phases
(as compared with the frequency of alternating leftward slow/rightward fast phases; chi-square test,
P < 0.01 for frequencies collapsed across velocities of
stimulation and slow velocity; chi-square test, P = 0.1
for high velocity of stimulation; Table 1). Notably, BQ
showed dramatic asymmetry of the horizontal OKN,
with a drop in the frequency of alternating rightward
slow/leftward fast phases (chi-square comparisons with
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VOR and VOR–OKN, P < 0.0001 at all velocities of
stimulation; Table 1).
During exploratory tasks, the patient performed an
equivalent number of leftward and rightward saccades
(see Table 2) both in darkness (leftward 20, rightward
21) and in light (leftward 37, rightward 41; side x condition, chi-square not signiWcant). In both conditions,
ocular Wxations were biased toward the right ipsilesional space (Table 2; unilateral brain damaged
patients without neglect do not show this kind of spatial shift; Hornak 1992). The average rightward ipsilesional shift of saccadic Wxations tended to be more
accentuated in light (13.4°) as compared with darkness
[8.5°; F (1, 120) = 3, P = 0.08]. Saccadic amplitudes
(Table 2) were entered in an experimental condition
(darkness, light) £ saccade direction (leftward, rightward) ANOVA. This showed no signiWcant eVect or
interaction, although rightward saccades performed in
light tended to be ampler (16.7°) than leftward saccades performed in light (11.6°) and rightward (11.3°)
or leftward (11°) saccades performed in darkness
(P = 0.06 in each comparison of the means). The same
type of ANOVA run on saccadic velocities (Table 2),
showed a signiWcant condition eVect [F (1,118) = 6,
P = 0.01] and a close to signiWcance condition £
saccade direction interaction [F (1, 118) = 2.2, P =
0.10]. Saccades performed in light were faster (162°/s)
than those performed in darkness [125.8°/s; F (1, 118)
= 6.4, P = 0.01]. Comparisons of the means showed that
rightward saccades performed in light were faster
(185°/s) than all of the other saccades (leftward light =
140°/s, rightward darkness = 126°/s, leftward darkness
= 125°/s; P < 0.05 in each comparison).
To summarize, right brain damage produced two
main alterations in the waking oculomotor behaviour of
BQ. The Wrst was a shift in the average position of saccadic Wxations toward the right egocentric space, with no
lateral imbalance in the frequency of saccades directed
to the relative left or relative right of Wxations (absence
of lateral imbalance was probably linked to partial sparing of frontal eye Welds, BA 8, in the damaged hemisphere, see Fig. 1a). The second was a severe
impairment of the slow phases of the OKN in the rightward direction and of corresponding alternating fast
phases in the leftward direction. The counterintuitive
contrast between pathological rightward bias in saccadic
inspection and impaired rightward slow oculomotor
tracking is entirely explained by the fact that damage to
parietal–frontal areas in the right hemisphere causes
defective saccadic inspection of the contralesional left
hemispace (Hornak 1992) whereas damage to lateral
extrastriate areas (BA 19 and 37) of the same hemisphere disrupts smooth oculomotor tracking and the
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Table 1 Leftward and rightward frequencies, amplitude and velocity of the slow and fast phases of the VOR (head–body rotations in
darkness), the combined VOR–OKN (due to rotations within the lighted optokinetic drum) and of the OKN (due to rotations of the
optokinetic drum)

n

Slow
phase

Amplitude Velocity
(°)

(° x s)

direction

Leftward
head-body
turn

Slow phase rightward

Complete
darkness

Fast phase rightward

Slow phase leftward

Nystagmus

Amplitude Velocity
(°)

(° x s)

direction

VOR

Fast phase leftward

Nystagmus

Fast
phase

peak vel 60°/s

48
48

R

4
6.3

29.3
41.2

L

4.2
4.5

53.6
64.7

Rightward peak vel 30°/s
head-body peak vel 60°/s
turn

15
36

L

4.2
5.5

26.8
37.5

R

3.1
5.3

53.2
62.8

peak vel 30°/s

Complete
darkness

VOR-OKN
Fast phase leftward
Leftward
turn

Slow phase rightward

No
drum rotation

Leftward
head-body peak vel 30°/s
turn
peak vel 60°/s

41
88

R

5
8.4

28.1
38.6

L

4.8
11.3

61.4
126.1

Rightward peak vel 30°/s
head-body
peak vel 60°/s
turn

62
96

L

7.5
9.8

35.9
44.3

R

7.2
10.4

86.4
119.1

Nystagmus

Fast phase rightward
Leftward
turn

Slow phase leftward

No
drum rotation

Nystagmus

OKN
Fast phase leftward
Leftward
turn

Slow phase rightward
Nystagmus

Rightward
drum rotation

Fast phase rightward
Leftward
turn

Slow phase leftward
Nystagmus

Leftward
drum rotation

peak vel 30°/s

5
6

R

3.1
2.8

15.3
19

L

3.5
3

62.8
46.2

peak vel 30°/s

46
52

L

5.3
5.7

23.3
25.4

R

5.3
6.2

101.2
80.2

No
head-body peak vel 60°/s
turn

No
head-body peak vel 60°/s
turn

slow phase of the OKN in the ipsilesional direction
(Baloh et al. 1980; Barton et al. 1996; Incoccia et al.
1995). As a result, extended right brain damage involving both the parietal–frontal and the extrastriate areas,
such as BQ’s, causes directionally opposed impairments
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of saccadic inspection and slow OKN eye movements.
Damage to these two diVerent circuits is summarised in
the schematic diagram reported in Fig. 1b. Here, it is
also important to remind that although Wnal brainstem
oculomotor commands are the same both for the

Exp Brain Res (2007) 178:450–461

455

Table 2 a Average Wxation position (in °) during visual search performed in darkness or light; b frequency, amplitude and velocity of
leftward and rightward saccades performed in darkness or light
Darkness
+8.5°

a
Fixation position (°)

-20°

Light

+13.4°

0°

+20°

L

R

-20°

0°

+20°

L

R

b

n

Amplitude (°)

Velocity (°)

n

Leftward saccades

20

11

125

37

11.6

140

Rightward saccades

21

11.3

126

41

16.7

185

saccades and for the fast phases of the OKN, there are
important diVerences in the premotor events that trigger
these two types of eye movement (Ilg 1997). Saccades
are strongly dependent on foveal vision and the phylogenetically recent expansion of the geniculo-striate pathways. On the contrary, OKN can be triggered by global
environmental motion, independent of foveal vision. In
adult foveate vertebrates such as cats, monkeys and
humans, the processing of global motion that feeds the
OKN importantly depends on the extrastriate cortex
(middle temporal and middle superior temporal cortex;
Ilg 1997), which receives relevant input from the phylogenetically older tectofugal retinal-collicular pathway
(Rafal et al. 1991; Aboitz et al. 2003).
Sleep study
On average, on each of the three nights BQ spent
382 min in NREM sleep (SD 56 min) and 109 min in
PS sleep (SD 28 min).
REMs
Analysis of eye movement dynamics preceding and following REMs during PS, revealed the presence of morphologically distinct and previously unnoticed or not
systematically described types of REMs. The Wrst type
(Fig. 3a), labelled “Single step-REMs”, was made up of
single REMs followed by a staring ocular position.
These have been incidentally noted in a number of studies in humans (Reding and Fernandez 1968; Jacobs et al.
1972; Salzarulo et al. 1973; Schneider 1978) and cats
(Vanni-Mercier et al. 1994). The second type (Fig. 3b),
labelled “Staircase-REMs”, were REMs immediately
followed by other REMs in the same direction with
barely detectable periods (i.e. below 150 ms) of stable
Wxation between them. These were occasionally noted
in humans (Jacobs et al. 1972; Salzarulo et al. 1973;

Amplitude (°) Velocity (°)

Schneider 1978), monkeys (Fuchs and Ron 1968) and in
cats (Vanni-Mercier et al. 1994). The third type
(Fig. 3b), labelled “Loop-REMs”, were REMs followed
with no pause by REMs in the opposite direction: this
type of REMs has been described in humans (Salzarulo
et al. 1973; Schneider 1978), monkeys (Fuchs and Ron
1968) and cats (Vanni-Mercier et al. 1994; several
authors also suggested that this types of REMs never
occurs in waking). The fourth type (Fig. 3c), labelled “
Nystagmoid-REMs”, were REMs regularly alternating
with slow eye movements in the opposite horizontal
direction. Nystagmoid REMs have been described in
normal humans (Dement 1964; Reding and Fernandez
1968; Kawahara et al. 1980; Eisensehr et al. 2001), in
patients with central and peripheral neural pathologies
(Appenzeller and Fischer 1968; Tauber et al. 1973;
Kawahara et al. 1980; Gordon and Oksenberg 1993;
Eisensehr et al. 2001), in cats with partial unilateral
lesions of the vestibular nuclei (Perenin et al. 1972) and
in the intact cat (Vanni-Mercier et al. 1994). Although
not emphasised by the authors, nystagmoid REMs are
also visible in the EOG tracings reported in a study in
intact monkeys (Zhou and King 1997).
Crucially, as with waking OKN, Nystagmoid-REMs
with alternating rightward slow and leftward fast
phases were virtually absent. The other types of REMs
did not show comparable directional asymmetry
(Table 3). Frequency asymmetry of NystagmoidREMs was signiWcantly stronger as compared with
each of the other types of REMs (chi-square test, P <
0.0001 in each comparison). There was no signiWcant
diVerence in the frequency of the diVerent types of
REMs between night 2 and 3 (chi-square test, ns).
Amplitude and velocities of leftward and rightward
REMs were entered in a REMs Type (Single step,
Staircase, Loop, Nystagmoid-Fast phases) £ Direction
(leftward, rightward) ANOVA. Independently of
Type, rightward REMs were ampler [F (1, 2426) = 4.6,
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Fig. 3 Examples of the diVerent types of REMs (night 2 and 3,
DC-EOG recording; upward deXections of the tracing = rightward, downward deXections = leftward). a “Single step REMs”. b
“Staircase REMs” and “Loop REMs”. c “Nystagmoid REMs”:

the only three “Nystagmoid REMs” with rightward slow/leftward
fast phases found in the EOG recordings, are indicated by arrows
in the second tracing

P = 0.03] and faster [F (1, 2426) = 18, P < 0.001] than
leftward ones. No velocity diVerence was found among
the diVerent types of REMs (F = 1).
The velocity of the fast phases of Nystagmoid-REMs
was compared to that of the fast phases of the VOR,
VOR–OKN and OKN through a Type of eye movement £ Direction (leftward, rightward) ANOVA. This
showed that both Nystagmoid REMs and the fast
phases of the VOR were slower than the fast phases of
the VOR–OKN and the OKN (Type of fast phases:
main eVect F (3, 1098) = 26, P < 0.001; planned comparisons, P · 0.01). The velocity of Nystagmoid REMs
was equivalent to that of the fast phases of the VOR
elicited in darkness (planned comparison, P ns). It is
worth noting, however, that although their velocity was
the same, Nystagmoid REMs and VOR had directionally opposed horizontal frequency asymmetries, with
REMs asymmetry equivalent to that of the OKN. This

shows that similarity of velocity does not necessarily
reXect similarity of underlying neural control and this
in turn, calls for caution in basing conclusions exclusively on comparison of velocity or amplitude/velocity
relationship of REMs and saccades.
Independently of horizontal direction, explorative
saccades were generally faster than all types of REMs,
(main eVect of Eye movement type (Saccades, REMs
type) £ Direction (leftward, rightward) ANOVA,
P < 0.05 in all separate comparisons between Saccades
and each type of REMs). This agrees with Wndings
from previous studies (Jeannerod and Mouret 1962;
Herman et al. 1983).
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Dreams
Patient’s dream reports showed a remarkable congruency between the directional asymmetry of Nystagmoid

Exp Brain Res (2007) 178:450–461

457

Table 3 Total leftward and rightward frequencies (night 2 and 3, DC-EOG recording) of the diVerent types of REMs with corresponding mean amplitude and velocity

Frequencies from night 2 and 3 are reported in brackets below total frequencies. Examples of the diVerent types of REMs with leftward
and rightward fast phases are reported, respectively, to the left and to the right of corresponding frequency, amplitude and velocity values. Note that in the case of Nystagmoid REMs, fast phases in one direction (L or R) correspond to slow phases in the opposite direction.
On night 1 (AC-EOG recording), 581 rightward and 171 leftward REMs were recorded

REMs and the visual events in the dream scene. On
night 2, BQ spontaneously woke up at the end of a PS
phase with bursts of Nystagmoid-REMs with leftward
slow and rightward fast phases and reported a dream in
which he was in a railway station waiting for somebody
and facing a train travelling along the track in the leftward direction. At the end of night 3, in response to
general inquiry on the quality of his night of sleep, BQ
reported another dream in which he was driving his car
and looking through the window on his left side at the
landscape Xowing leftward. In the same dream he
showed a Xuctuating level of awareness of motor
impairments he perfectly acknowledged in waking. At
the beginning of the dream, he described himself getting out of the door on the left side of the car, meeting
a friend and saying to him that he had fully recovered
from hemiplegia. At the end of the same dream he
described himself saying to another friend that he
could run “but not as well as before yet”.

Discussion
As reported in the Results section, diVerent authors
have anecdotally noted morphologically diVerent
REMs. In this study we speciWcally identify the

existence of these types of REMs and suggest, for the
Wrst time, a labelling and classiWcation system for them.
The existence of diVerent types of REMs opens up
interesting, new perspectives on dream and sleep
research. For example, imaging and psychophysiological studies could further clarify the neural correlates of
the diVerent types of REMs and specify their possible
correspondence with speciWc visual-spatial features in
the dream scene. One might also ask whether diVerentiating the types of REMs can improve the sensitivity
of important parameters of sleep eYciency used in
sleep medicine such as “REM density” (i.e. the number
of REMs per minute of PS).
Importantly for our Wndings, diVerent authors have
identiWed and described nystagmoid activity during PS
in normal human subjects (Dement 1964; Kawahara
et al. 1980; Eisensehr et al. 2001) and in the intact cat
(Vanni-Mercier et al. 1994). It is also worth mentioning
that in normal humans, optokinetic stimulation prior to
sleep seems to inXuence the production of REMs during subsequent PS phases (De Gennaro and Ferrara
2000). The presence of stimuli evoking OKN, like travelling in or looking at running vehicles or moving
objects, is also frequent in dream settings (Porte and
Hobson 1996). The Wrst dream reported by our patient,
in which he was waiting for someone on the side of the
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railway track and facing a train running leftward, has
striking formal and perceptual analogies with a famous
series of dream reports described by Hobson (1988; the
dream diary of the “Engine man”: see in particular the
dream of the railway station from July 28 to 29
reported in the bottom part of Fig. 11.2, page 24, and
the drawings of running trains on Fig. 11.1, page 237).
The second dream reported by our patient, in which he
was driving his car and looking at the landscape
through the window on his left side, has also signiWcant
analogies with pioneering observations by RoVwarg
and Muzio, which Wrst established a relationship
between the spatial organisation of the dream scene
and OKN-like activity in PS (reported by Dement
1964). These authors described a normal subject who,
when awakened from a PS phase with bursts of ocular
nystagmus with rightward slow/leftward fast phases,
reported a dream in which he was sitting on the right
side of a running subway wagon and looking through
the window on his right side at the landscape Xowing in
the rightward direction. In line with this observation,
one would predict that a brain lesion suppressing OKN
in one horizontal direction might also aVect Nystagmoid-REMs in the same direction, producing speciWc
eVects on the spatial organisation of the dream setting
and the way the attention of the dreamer is deployed in
the dream scene (Schwartz and Maquet 2002). This is
precisely what we found in our patient. Our case study
also shows that a unilateral brain damage can completely suppress Nystagmoid-REMs in one horizontal
direction leaving other types of REMs relatively
unaVected. This suggests, for the Wrst time, that in
humans morphologically diVerent types of REMs exist
and shows that, of these types, Nystagmoid-REMs are
driven by distinct premotor mechanisms. The concomitant drop in the frequency of nystagmoid-REMs and
waking OKN in the same horizontal direction challenges the idea that REMs depend exclusively on
brainstem mechanisms selectively activated during PS
(Hobson and McCarley 1977).
Posteriorly, BQ’s brain damage involved Brodmann’s areas (BA) 19 and 37 in the lateral extrastriate
cortex and the posterior limb of the internal capsula.
Unilateral lesions of these structures disrupt motion
perception, smooth pursuit and the slow phase of the
OKN in the ipsilesional direction (Baloh et al. 1980;
Barton et al. 1996; Incoccia et al. 1995). In the case of
BQ, the lesion also suppressed Nystagmoid-REMs
with the slow phase in the ipsilesional direction: as a
consequence, the striking prevalence of leftward slow
Nystagmoid-REMs shifted the gaze and attention of
the dreamer towards the contralesional side of the
dream scene. This eVect is remarkably similar to the
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improvement of attention for the contralesional left
side of space, which is induced in patients with left unilateral neglect by optokinetic stimulation directed leftward (Pizzamiglio et al. 1990). It is also worth noting
that extrastriate areas involved in the control of the
slow phases of the OKN (BA 19 and BA 37) are speciWcally activated by PS (Braun et al. 1998) and that
their activation is correlated both with the frequency of
REMs (Braun et al. 1998) and the activation of the hippocampus (Maquet et al. 1996; Braun et al. 1998). Correspondence between direction of the slow phases of
Nystagmoid REMs and direction of attention in the
dream scene, might therefore suggest that extrastriate
activity related to REMs reXects changes in the attentional salience of the spatial and topographical features
in the dream scene. These features are likely to be processed in medial temporal-hippocampal networks, as
demonstrated by sparing of these structures with preserved topographical memory and dreaming in our
patient BQ and by complete loss of dreaming in
patients with medial occipital-temporal lesions and
topographical disorientation (i.e. Charcot-Wilbrand
syndrome; Doricchi and Violani 1992; Solms 1997;
Bischof and Bassetti 2004).
Toward an evolutionary account of dream bizarreness
Our previous studies of neglect patients documented
dissociation between complete suppression of leftward
REMs during PS (Doricchi et al. 1993, 1996) and equivalent frequency of rightward and leftward waking saccades during visual search which, as in the present case
study, was pathologically shifted toward the ipsilesional
space. This demonstrated that scanning at the dream
scene in PS is not equivalent to voluntary self-paced
saccadic visual search. By contrast, this study shows
drop of OKN and Nystagmoid-REMs with rightward
slow/leftward fast phases both in waking and PS thus
suggesting that reXexive and phylogenetically ancient
oculomotor mechanisms such as the OKN, which is the
smooth pursuit-orienting response of afoveate animals
(Robinson and Zee 1981; Ilg 1997), are shared by waking and PS. Several lines of evidence support this suggestion. Sharing of phylogenetically ancient orienting
mechanisms by waking and PS was Wrst suggested by
Bowker and Morrison (1976) who demonstrated that,
on waking, only reXexive eye movements linked to the
startle-orienting response are coupled with phasic
ponto-geniculate-occipital waves (PGO) typically
accompanying REMs during PS (Datta 1997). Further
evidence that phylogenetically recent oculomotor
mechanisms are incompletely activated during PS
comes from studies of binocular coordination of eye
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movements. Binocular coordination favours stereopsis
and reaches its full evolution in animals with frontally
placed eyes. It is poorly developed or undeveloped in
animals with lateral eyes (King and Zhou 2000). Zhou
and King (1997) found that in animals with frontal
vision like monkeys, binocular coordination is disrupted
during PS, as if in primates PS resets oculomotor commands on the operating mode of animals with lateral
vision. Disjunctive REMs were also documented in normal humans (Gabersek and Scherrer 1969).
In humans, the preferential activation of less
recently evolved neural structures during PS is not limited to oculomotor commands. Neuroimaging studies
show that the lateral extrastriate cortex, which is the
main recipient of the phylogenetically older tectofugal
retinal-collicular pathway (Rafal et al. 1991; Aboitz
et al. 2003), is tonically activated during PS (Maquet
et al. 1996; Nofzinger et al. 1997; Braun et al. 1998).
Similarly, a network of structures derived from archi
and paleocortex comprising the hippocampus, the
amygdala, the ventral anterior cingulate and the mesolimbic orbitofrontal cortex is also tonically activated
during PS (Maquet et al. 1996; Nofzinger et al. 1997;
Braun et al. 1998). At the same time, the striate visual
cortex, which is the main recipient of the phylogenetically recent retinal-geniculate pathway (Rafal et al.
1991; Aboitz et al. 2003), is tonically deactivated, showing only phasic responses putatively linked to PGO
waves (Peigneux et al. 2001). Most importantly,
recently evolved areas such as the parietal polymodal
and the dorsolateral prefrontal cortex are tonically
deactivated in PS. Deactivation of the lateral prefrontal cortex, has been speciWcally linked to executive
impairments in dreaming, such as spatial-temporal disorientations, illogic, impaired working memory with
amnesia for dreams, misidentiWcation of characters and
locations and, as in the very case of BQ’s dreams, anosognosia (Doricchi and Violani 1992; Schwartz and
Maquet 2002; Pace-Schott and Hobson 2002).
In summary, much of the evidence suggests that PS
preferentially activates evolutionary ancient brain
structures. We now propose a new evolutionary
account of dream bizarreness that might also provide a
likely explanation for patterns of brain activation
found during PS in humans.
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and Wilson 2001). This ordered replay seems in sharp
contrast with the pervasive and bizarre spatial and temporal incongruities characterising dreaming during PS
in humans. Here, we hypothesise that in humans PS
fails to faithfully replay complete and integrated waking
episodes (Schwartz 2003), because it is originally
attuned to orderly reactivation of phylogenetically
ancient sensory, motor and memory networks whereas
it is not suYcient for orderly reactivation of more complex and phylogenetically recent networks underpinning episodic memories in humans (Burgess et al. 2002).
We believe that this inadequacy might have its evolutionary roots in the sensory and motor isolation from
the environment, resulting from active blockade of
aVerent sensory input and eVerent motor output, which
characterises the functioning of the nervous system during PS (Vertes 1984). We argue that due to evolutionary
acquisition of sensory-motor isolation (whatever the
primary biological advantages provided by isolation
might be; Siegel 2005) brain networks endogenously reactivated by PS could not undergo any further signiWcant biological evolution. By contrast, sensory, motor
and memory networks activated during waking underwent further evolution because of the very interaction
of the organism with the environment. Thus, in the
human brain, the endogenous and ordered re-activation
of phylogenetically ancient brain networks during PS
might result in incomplete or haphazard re-activation of
more phylogenetically recent networks ensuring adaptive and Xexible orientation in space and time during
waking. We propose that dream bizarreness in PS might
importantly derive from this mismatch.
Some implications of our hypothesis could be empirically tested. For instance the similarity of oneiric
motor and exploratory activity in PS with corresponding activity from the period of waking preceding sleep,
could be investigated in diVerent animal species by
eliminating muscle atonia in PS. Another area of
future investigation is the question of whether the similarity of brain activations in waking and PS (whether
general or limited to speciWc neural systems), is stronger in organisms which, in the same class, have poor
development of phylogenetically recent brain traits
compared with organisms that have high development
of the same traits (for example, mammals with poor or
high development of the geniculate-striate pathway).

An evolutionary hypothesis
In mammals such as the rat, which have relatively less
expanded neopallial structures compared to humans,
PS induces ordered sensory-motor replay of episodes of
waking environmental exploration in the place cells of
the hippocampus (Pavlides and Winson 1989; Louie

Conclusions
It has been suggested that deactivation of primary sensory and heteromodal association areas “at either end
of the visual hierarchy mediating interaction with the
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world” might favour isolation of the organism from the
environment during PS (Braun et al. 1997). Our evolutionary hypothesis sees these deactivations as evolutionary eVects that might cooperate with more
peripheral inhibitory mechanisms providing sensory
and motor blockade during PS (Vertes 1984). The
same evolutionary interpretation also explains the
seeming discrepancy between ordered reactivation of
hippocampal place cells during PS in mammals with
relative low expansion of the neopallium and the spatial-temporal bizarreness of dreams during PS in
humans. This might oVer a new, more comprehensive
and physiologically plausible account than theories
attributing dream bizarreness to “moral censorship”
(Freud 1990), to intrinsically random brainstem bombardment of the cortex (Hobson and McCarley 1977)
or to “unconstrained parietal-lobe mechanisms operating in reverse” (Solms and Turnbull 2002). We conclude that PS should no longer be merely considered a
separate “third” behavioural state as compared to waking and quiet sleep: rather, the evidence from this and
previous studies suggests that PS could be better
understood as originating from a vestigial state of
active waking which has been phylogenetically
deprived of its overt interaction with the world.
Acknowledgments Fabrizio Doricchi wishes to dedicate the
manuscript to the loving memory of Patrizia Sirianni Doricchi,
Renato Grasso, Greta Schmidt Scola, Caterina Laicardi and Renato Fabietti. Support by Andrea Doricchi and Domenica Bueti
was precious. We thank many colleagues and the referees for suggestions and Hugo Bowles for text revision. U. Cellini, P. Fermani
and D. Moretti provided skilful technical assistance. This study
was supported by grants from the “Fondazione Santa Lucia” and
from the “Ministero della Universita’ e della Ricerca ScientiWca”.

References
Aboitz F, Morales D, Montiel J (2003) The evolutionary origin of
the mammalian isocortex: towards an integrated developmental approach. Behav Brain Sci 26:535–586
Appenzeller O, Fischer AP (1968) Disturbances of rapid eye
movements during sleep in patients with lesions of the nervous system. Electroenceph Clin Neurophysiol 25:29–35
Aserinsky E, Lynch JA, Mack ME, TzankoV SP, Hurn E (1985)
Comparison of eye motion in wakefulness and REM sleep.
Psychophysiology 22:1–10
Baloh RW, Yee RD, Honrubia V (1980) Optokinetic nystagmus
and parietal lobe lesions. Ann Neurol 7:269–276
Barton JJS, Sharpe JA, Raymond JE (1996) Directional defects
in pursuit and motion perception in humans with unilateral
cerebral lesions. Brain 119:1535–1550
Bischof M, Bassetti CL (2004) Total dream loss: a distinct neuropsychological dysfunction after bilateral PCA stroke. Ann
Neurol 56:583–586
Bisiach E, Luzzatti C (1978) Unilateral neglect of representational space. Cortex 14:129–133

123

Exp Brain Res (2007) 178:450–461
Bowker RM, Morrison AR (1976) The startle reXex and PGO
spikes. Brain Res 102:185–190
Braun AR, Balkin TJ, Wesensten NJ, Carson RE, Varga M,
Baldwin P, Selbie G, Belenky G, Herscovitch P (1997) Regional blood Xow throughout the sleep-wake cycle. An H15
2 O
PET study. Brain 120:1173–1197
Braun AR, Balkin TJ, Wesensten NJ, Gwadry F, Carson RE,
Varga M, Baldwin P, Belenky E, Herscovitch P (1998) Dissociated pattern of activity in visual cortices and their projections during human rapid eye movement sleep. Science
279:91–95
Burgess N, Maguire EA, O’Keefe J (2002) The human hippocampus and spatial and episodic memory. Neuron 35:625–641
Datta S (1997) Cellular basis of pontine ponto-geniculo-occipital
wave generation and modulation. Cell Mol Neurobiol
17:341–365
De Gennaro L, Ferrara M (2000) EVect of a presleep optokinetic
stimulation on rapid eye movements during REM sleep.
Physiol Behav 69:471–475
Dement WC (1964) Eye movements during sleep. In: Bender MB
(ed) The oculomotor system. Hoeber, New York, pp 366–416
Dement WC, Kleitman N (1957) The relationship of eye movements during sleep to dream activity. An objective method
for the study of dreaming. J Exp Psychol 53:339–346
Doricchi F, Tomaiuolo F (2003) The anatomy of neglect without
hemianopia: a key role for parietal–frontal disconnection?
NeuroReport 14:2239–2243
Doricchi F, Violani C (1992) Dream recall in brain damaged patients: an introduction to the neuropsychology of dreaming
through a review of the literature. In: Antrobus J, Bertini M
(eds) The neuropsychology of sleep and dreaming. Lawrence
Erlbaum Associates, Hillsdale, pp 99–140
Doricchi F, Guariglia C, Paolucci S, Pizzamiglio L (1993) Disturbances of the rapid eye movements (REMs) of the REM
sleep in patients with unilateral attentional neglect: clue for
the understanding of the functional meaning of REMs. Electroenceph Clin Neurophysiol 87:105–116
Doricchi F, Guariglia C, Paolucci S, Pizzamiglio L (1996) REMs
asymmetry in chronic unilateral neglect does not change with
behavioral improvement induced by rehabilitation treatment. Electroenceph Clin Neurophysiol 98:51–58
Doricchi F, Siegler I, Iaria G, Berthoz A (2002) Vestibulo-ocular
and optokinetic impairments in left unilateral neglect. Neuropsychologia 40:2084–2099
Eisensehr I, Noachtar S, Strupp M, v Lindeiner H, Brandt T,
Buttner U (2001) Absence of nystagmus during REM sleep
in patients with vestibular neuritis. J Neurol Neurosurg Psychiatr 71:386–389
Freud S (1990) The interpretation of dreams. Basic Books, New
York
Fuchs A, Ron S (1968) An analysis of rapid eye movements of
sleep in the monkey. Electroenceph Clin Neurophysiol
25:244–251
Gabersek V, Scherrer J (1969) L’analyse des mouvements oculaires pendant la phase paradoxale du sommeil. J Physiologie
61:294
Gordon CR, Oksenberg A (1993) Spontaneous nystagmus across
the sleep-wake cycle in vegetative state patients. Electroencephal Clin Neurophysiol 86:132–137
Herman JH, Barker DR, RoVwarg H (1983) Similarity of eye
movements characteristics in REM sleep and the awake
state. Psychophysiology 20:537–543
Herman JH, Herman M, Boys R, Perser L, Taylor M, RoVwarg H
(1984) Evidence for a directional correspondence between
eye movements and dream imagery in REM sleep. Sleep
7:52–63

Exp Brain Res (2007) 178:450–461
Hobson JA (1988) The dreaming brain. Basic Books, New York
Hobson JA, McCarley RW (1977) The brain as a dream state
generator: an activation-synthesis hypothesis of the dream
process. Am J Psychiatr 134:1335–1348
Hong CCH, Potkin SG, Antrobus JS, Dow BM, Callaghan GM,
Gillin JC (1997) Rem sleep eye movements counts correlate
with visual imagery in dreaming: a pilot study. Psychophysiology 34:377–381
Hornak J (1992) Ocular exploration in the dark by patients with
visual neglect. Neuropsychologia 30:547–552
Ilg UJ (1997) Slow eye movements. Prog Neurobiol 53:293–329
Incoccia C, Doricchi F, Galati G, Pizzamiglio L (1995) Amplitude
and speed change of the optokinetic response in patients
with and without neglect. Neuroreport 6:2137–2140
Jacobs L, Feldman M, Bender MB (1972) Are the eye movements
of dreaming sleep related to the visual images of the dreams?
Psychophysiology 9:393–401
Jeannerod M, Mouret J (1962) Etude des mouvements oculaires
observè chez l’Homme au cours de la veille et du sommeil.
C R Seances Soc Biol Fil (Paris) 156:1407–1410
Kawahara R, Hazama H, Fukuhara T (1980) Nystagmus and
REM density during sleep in patients with brainstem lesions.
Waking Sleeping 4:205–210
King WM, Zhou W (2000) New ideas about binocular coordination of eye movements: is there a chamaleon in the primate
family tree? Anatom Rec 261:153–161
Louie K, Wilson MA (2001) Temporally structured replay of
awake hippocampal ensemble activity during rapid eye
movement sleep. Neuron 29:145–156
Maquet P, Peters JM, Aerts J, DelWore G, Degueldre C, Luxen A,
Franck G (1996) Functional neuroanatomy of human rapid
eye movement sleep and dreaming. Nature 383:163–166
Nofzinger EA, Mintun MA, Wiseman M, Kupfer DJ, Moore RY
(1997) Forebrain activation in REM sleep: an FDG PET
study. Brain Res 770:192–201
Pace-Schott EF, Hobson J (2002) The neurobiology of sleep:
genetics, cellular physiology and subcortical networks. Nat
Rev Neurosci 3:591–605
Pavlides C, Winson J (1989) InXuences of hippocampal place cell
Wring in the awake state on the activity of these cells during
subsequent sleep episodes. J Neurosci 9:2907–2918
Peigneux P, Laureys S, Fuchs S, Delbeuck X, Degueldre C, Aerts
J, DelWore G, Luxen A, Maquet P (2001) Generation of
rapid eye movements during paradoxical sleep in humans.
Neuroimage 14:701–708
Perenin MT, Maeda T, Jeannerod M (1972) Are vestibular nuclei
responsible for rapid eye movements of paradoxical sleep.
Brain Res 43:617–621

461
Pizzamiglio L, Frasca R, Guariglia C, Incoccia C, Antonucci G
(1990). EVect of optokinetic stimulation in patients with
visuospatial neglect. Cortex 26:535–540
Porte HS, Hobson A (1996) Physical motion in dreams: one measure of three theories. J Abnorm Psychol 105:329–335
Rafal R, Henik A, Smith J (1991). Extrageniculate contributions
to reXex visual orienting in normal humans: a temporal hemiWeld advantage. J Cogn Neurosci 3:323–328
RechtschaVen A, Kales AE (1968) A manual of standardized terminology, techniques and scoring system for sleep stages of
human subjects. Government Printing OYce, Washington DC
Reding GR, Fernandez C (1968) EVects of vestibular stimulation
during sleep. Electroenceph Clin Neurophysiol 24:75–79
Robinson DA, Zee DS (1981) Theoretical considerations on the
function and circuitry of various rapid eye movements. In:
Fuchs AF, Becker W (eds) Progress in oculomotor research.
Elsevier/North-Holland, New York, pp 3–9
Salzarulo P, Pecheux MG, Lairy GC (1973) A vecto-oculographic
approach to fast sleep eye movements in man. Electroenceph Clin Neurophysiol 34:539–542
Schneider D (1978) Spatio-temporal properties of rapid eye
movements in human rem sleep. Waking Sleeping 2:63–67
Schwartz S (2003) Are life episodes replayed during dreaming?
Trends Cogn Sci 7:325–327
Schwartz S, Maquet P (2002) Sleep imaging and the neuropsychological assessment of dreams. Trends Cogn Sci 6:23–30
Siegel JM (2005) Clues to the functions of mammalian sleep.
Nature 437:1264–1271
Soh K, Morita Y, Sei H (1992) Relationship between eye movements and oneiric behavior in cats. Physiol Behav 52:553–558
Solms M (1997) The neuropsychology of dreams. Erlbaum, New
Jersey
Solms M, Turnbull O (2002) The brain and the inner world. Other
Press, New York
Tauber ES, Weitzman ED, Herman J (1973) Absence of nystagmus during REM sleep in a patient with waking nystagmus
and oscillopsia. J Neurol Neurosurg Psychiatr 36:833–888
Thiebaut de Schotten M, Urbanski M, DuVau H, Volle E, Lévy R,
Dubois B, Bartolomeo P (2005) Direct evidence for a parietal–frontal pathway subserving spatial awareness in humans.
Science 309:2226–2228
Vanni-Mercier G, Pelisson D, GoVart L, Sakay K, Jouvet M
(1994) Eye saccades dynamics during paradoxical sleep in
the cat. Eur J Neurosci 6:1298–1306
Vertes RP (1984) Brainstem control of the events of REM sleep.
Prog Neurobiol 22:241–288
Zhou W, King WM (1997) Binocular eye movements not coordinated during REM sleep. Exp Brain Res 117:153–160

123

