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Abstract: We studied the neural correlates of rapid eye movement during sleep (REM) by timing REMs
from video recording and using rapid event-related functional MRI. Consistent with the hypothesis that
REMs share the brain systems and mechanisms with waking eye movements and are visually-targeted
saccades, we found REM-locked activation in the primary visual cortex, thalamic reticular nucleus (TRN),
‘visual claustrum’, retrosplenial cortex (RSC, only on the right hemisphere), fusiform gyrus, anterior cin-
gulate cortex, and the oculomotor circuit that controls awake saccadic eye movements (and subserves
awake visuospatial attention). Unexpectedly, robust activation also occurred in non-visual sensory corti-
ces, motor cortex, language areas, and the ascending reticular activating system, including basal fore-
brain, the major source of cholinergic input to the entire cortex. REM-associated activation of these areas,
especially non-visual primary sensory cortices, TRN and claustrum, parallels findings from waking stud-
ies on the interactions between multiple sensory data, and their ‘binding” into a unified percept, suggest-
ing that these mechanisms are also shared in waking and dreaming and that the sharing goes beyond the
expected visual scanning mechanisms. Surprisingly, REMs were associated with a decrease in signal in
specific periventricular subregions, matching the distribution of the serotonergic supraependymal plexus.
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REMs might serve as a useful task-free probe into major brain systems for functional brain imaging. Hum
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INTRODUCTION

The well-characterized neural systems controlling sacca-
dic eye movements during waking [for review, see Leigh
and Zee, 2006; Miiri, 2006] overlap with the visuospatial
attentional system [Beauchamp et al., 2001; Corbetta et al.,
1998; Gitelman et al., 2002; Perry and Zeki, 2000] (see
Table II for list). Visual imagery during waking [Brandt
and Stark, 1997; Finke, 1980; Kosslyn, 1994; Laeng and
Teodorescu, 2002; O’Craven and Kanwisher, 2000; Roland
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and Friberg, 1985] and dreaming [Farah, 1984] shares the
brain systems and mechanisms with visual perception of
real objects or scenes. A prior positron emission tomogra-
phy (PET) study [Hong et al., 1995] showed that cortical
areas that are involved in REMs are also involved in eye
movements in wakefulness, consistent with the revised
scanning hypothesis proposing that REMs are visually-
guided saccades that reflexively explore dream imagery.
This hypothesis is also consistent with the finding that the
number of REMs correlates with the amount of visual im-
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Figure I.

Event-related and REM-density-based analyses on the same scan
(3¢ in Table I). In this scan we obtained fMRI data as soon as
REMs were recognized by video-monitoring, but the first
5.1 min did not have noticeable REMs. This first 5.1 min without
REMs were excluded from the analyses and the remaining
6.2-min section with REMs entered analyses. Significance was
thresholded at uncorrected P < 0.001 (T = 3.1) and additionally
at a spatial extent of >5 contiguous voxels. All images were
spatially normalized. (A) Time-series of the maximally significant
voxel activated in association with REMs (dotted line) and the

model used in the event-related analysis (solid line). From the
timing of 43 REMs (blue, vertical bars), we predicted the time
course of fMRI signal (solid line), then saw which voxels match
this predicted time course using the general linear model. (B-D)
shows those matching voxels. (B) Areas of activation within
orthogonally oriented ‘glass brain’. (C) Median sagittal and axial
views (3c in Fig. 5 for the images thresholded higher at
corrected P > 0.05.). Green lines show location of the other
views. (D) Projected onto the surface rendering of a template
brain. (E) REM-density-based analysis on the same scan.
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agery in dreams [Hong et al., 1997]. In the present study,
we did not intend to test the revised scanning hypothesis
(see DISCUSSION), but instead used it as a heuristic
framework to organize REM-locked activation data. We
expected to find extensive overlap between REM-locked
activation and the system that controls waking eye move-
ments and also subserves visuospatial attention. We also
expected to find REM-locked activation in the structures
involved in visually-guided scanning during wakefulness.
These expectations were borne out. In addition to the pre-
dicted results, we report patterns of activation/deactiva-
tion time-locked to REMs not previously reported.

To study the neural correlates of REMs, we estimated
hemodynamic changes following REMs with respect to an
implicit baseline using rapid event-related Blood Oxygen-
ation Level Dependent (BOLD) functional MRI (fMRI)
[Burock et al., 1998] (see Fig. 1). In separate experiments,
we validated the timing of REMs from video recording by
comparing it with the timing from electrooculogram
(EOG) recording. We also confirmed that the method we
used can detect signal changes related to events as fre-
quent as REMs (up to 4 per second in this study) by per-
forming an event-related fMRI study of auditory-cued fin-
ger-tapping timed to the occurrence of REMs.

MATERIALS AND METHODS
Participants

Eleven healthy participants (5 females, mean age 24,
range 19-37, 9 right-handed) (Table I) gave written
informed consent and joined the study, which was
approved by the Johns Hopkins Medicine IRB. Each partic-
ipant slept two consecutive nights in the MRI scanner
from about 11pm until they woke in the morning. One
participant could not fall asleep, and withdrew. Two other
participants were not included in the analysis: One had
unusually large and frequent, jerky head movements dur-
ing the scan; we had difficulty timing REMs in the other.

Data Acquisition

Several aspects of MRI scanning hinder studies of sleep:
(a) MRI scanning creates a loud noise; (b) MRI disrupts
measuring eye movement with EOG; (c) Head restraints
suppress REM sleep. We addressed these technical prob-
lems by (a) habituating the participant by playing recorded
fMRI noise throughout the night; (b) detecting REMs using
a video-camera; (c) studying each participant on two con-
secutive nights, as REM sleep deprivation builds ‘REM
pressure’ over two nights and stimulates REM sleep. In six
studies, we were able to conduct successful scans only in
the second night.

Right before the subject lay on the MRI scanner bed, we
gave the following instruction to each subject: “Blink your
eyes a few times if you are awake for longer than one mi-

TABLE I. Participant and REM characteristics

Analyzed
sleep REM Inter-scan

Participant Age Sex  duration® count® interval®
1 25 M 20.0 230
2 19 F 27.3 389
3 a 28 F 14.6 174

b 12.1 108 5 months

C 6.2 43 17 months

d 13.6 189 19 months
4 a 37 M 22.1 105

b 10.8 103 209 h
5 a 20 M 33.3 192

b 29.1 156 21h

C 17.7 283 255 h

d 28.4 324 27.7 h

e 20.5 334 6 months
6 a 22 F 12.0 76

b 11.4 122 234 h

C 23.2 309 26.1 h
7 24 F 16.6 236
8 a 22 M 22.7 154

b 25.7 337 234 h

C 7.8 70 253 h
9 23 M 26.2 417
10 23 F 9.0 76
11 a 25 M 13.2 170

b 16.4 223 21h

Some participants had more than one scan (scans labeled chrono-
logically in alphabet in the same way as in Figures 5 and 8). 3
Tesla scans are shown in italic.

?Duration of sleep analyzed (in minutes).

P Number of rapid eye movements.

“Time elapsed after the start of the first scan.

nute. If you continue to be awake blink a few times every
one minute.” Video and sound monitoring was useful to
determine if subjects were asleep: video monitoring
showed slow drifting eye movements, which is a sign of
light sleep; breathing sound and snoring could also be
monitored. Video monitoring of the whole body showed
twitching of facial muscles, fingers and toes, which is a
characteristic sign of REM sleep.

We obtained fMRI data as soon as REMs were recog-
nized by video-monitoring, and for as long as they contin-
ued. MRI data were acquired at the F.M. Kirby Research
Center for Functional Brain Imaging at Kennedy Krieger
Institute. A 1.5 Tesla scanner was used for the earlier stud-
ies and a 3.0 Tesla scanner for the later studies. 1.5 Tesla
data were acquired using a Philips Gyroscan scanner,
using single-shot gradient-echo Echo-Planar Imaging (EPI).
The fMRI imaging parameters were TR/TE/flip angle =
2000/35/90, 20 slices (parallel to the AC-PC line), slice
thickness = 6 mm (no gap), matrix size = 64 X 64. The
field of view was 240 mm, resulting in a nominal in-plane
resolution of 3.75 X 3.75 mm. For all functional runs, the
signal was allowed to reach a steady state over four initial
volumes that were excluded from the analysis. 3.0 Tesla
data were collected on a Philips 3 T Gyroscan Intera scan-
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TABLE Il. Brain regions activated in association with REMs

Left Right
X y z t X y z? t
Ascending reticular activation system
Thalamus —14 -13 14 9.7 4 -6 6 10.5
Thalamic reticular nucleus —24 -16 -1 13.3 24 —18 -2 11.4
Mesopontine tegmentum 0 -32 =17 8.7
Substantia innominata —26 -2 -7 10.8 22 0 -8 13.5
Primary sensory cortices
Visual (BA 17) —4 —62 12 13.5 4 —87 4 15.7
Auditory —-36" -26 16 7.6 50° -21 12 7.6
Somatosensory —34 —26 60 8.8 51° -13 45 6.7
Olfactory -36" 11 -12 6.6 34 9 -11 7.3
Vestibular -32 -20 18 8.9 40 —22 21 8.1
Multisensory convergence zone”
Claustrum —36 =25 3 11.2 36 -8 2 6.9
Superior temporal lobe —61 -8 0 10.9 64 —10 -3 49
Insula —38 -1 -12 7.4 30 21 -1 5.0
Amygdala —26" -3 —-15 6.1 247 -3 -15 5.8
Motor cortex
Precentral gyrus —57 -10 41 8.8 50% -7 45 6.4
Language system
Wernicke’s area —59 —34 18 8.6
Broca’s area —46 10 1 8.1
Oculomotor circuit/visuospatial attentional system
Frontal eye field —50 -1 50 8.4 50 8 44 6.1
DLPFC —42 35 35 43 none
Orbital frontal cortex —34 18 -21 5.0 22 17 —14 10.2
Parietal eye field —28 —55 58 3.9 none
Superior parietal lobule -18" —41 70 4.0 2 —57 64 5.1
Inferior parietal lobule —61 —37 30 6.7 55 —35 35 5.1
Supplementary eye field -8 -1 61 8.0 8 9 59 5.0
Cingulate cortex, anterior -8 41 3 6.7 4 34 26 5.1
Midcingulate —6 -5 50 7.2 8 -8 39 4.9
Medial frontal cortex -8 12 51 7.2 2 26 47 4.8
Pulvinar —18 -29 5 9.8 14 —27 7 8.2
Caudate -16 21 -4 6.9 16 17 -8 8.9
Putamen =30 -15 10 10.2 22 12 1 7.7
Superior colliculus —6° =29 0 6.4 6° =29 0 5.8
Substantia nigra —12° -22 -6 72 14* -20 -7 6.9
Cerebellar hemisphere -26 —40 =27 8.4 20 —44 -25 9.1
Cerebellar vermis —4 —55 -11 8.9
Others
Bed nucleus of stria terminalis -6 8 1 11.2 8 6 3 7.0
Retrosplenial cortex none 4 —46 12 10.5
Globus pallidus —24° -12 -3 10.4 207 -12 -3 9.3
Fusiform gyrus —18 —55 -7 9.9 36 —51 —14 7.9
Lateral geniculate body —247 —25 -2 79 26" -22 —4 8.7
Parahippocampal gyrus -20 -39 -5 7.8 22 -32 -19 74
Nucleus accumbens -122 13 -7 4.5 10 7 -12 5.1

This table shows Talairach coordinates and t values of peak height voxels (more than 4 mm apart from each other, in a cluster with 5 or
more contiguous voxels). t = 6.4 corresponds to P = 0.05, corrected for multiple comparison by controlling family wise error rate; t =
3.5 uncorrected P = 0.001. These are the result of the ‘random effects’ analysis of all 24 studies. For midline, unpaired structures, only
one set of values is provided. “none” means no activation at uncorrected P < 0.001.

?Manually chosen, thus, may not be peak height voxels.

P Multisensory convergence zone also includes parietal eye field, precentral motor cortex, cingulate cortex, superior colliculus, and pulvi-

nar [Calvert and Thesen, 2004].

ner, using a multi-element receiver coil to allow partial
parallel imaging. SENSE EPI was used. Parameters were:
TR/TE/flip angle = 2000/30/90; 36 slices (no gap); nomi-
nal resolution = 3.75 X 3.75 X 3.75 mm; SENSE factor =
2.0. Anatomical images were obtained using a T1-Fast Spin

Echo sequence for one participant and Magnetization Pre-
pared Rapid Gradient Echo (MP-RAGE) for all others.
Using the video-recording, REMs were timed by visual
inspection by one of us (CC-HH). This was carried out
three times for verification. REM timings that were within
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Figure 2.
Interval between REMs. Data were pooled from all 24 scans
(4,820 REMs in total).

corrected P < 0.05 &
uncorrected P < 0.001 ~

0.5 s from other assignments were averaged and entered
the analysis; if none were within the 0.5 s range REM tim-
ing data were excluded from analysis.

The fMRI time series were synchronized with the video
recording as following: Beeps were introduced into the
video recording at the time of acquisition of the first of the
36 slices; the beeps repeat every 2 s as TR was 2 s (Supple-
mentary Movie). For earlier studies, the sound of the last
fMRI volume acquisition recorded on the video tape was
used for the synchronization.

Data Analysis

Data were analyzed using SPM2. Data were slice-time-
corrected, realigned (after masking out the eyes), spatially
normalized, and spatially smoothed using a 6 X 6 X6-mm

Figure 3.

Brain regions activated in association with REMs: Random effects
analysis (n = 24, one sample t-test). All images were spatially nor-
malized. (A; D to O) corrected P < 0.05, (corrected for multiple
comparisons by controlling familywise error rate, T = 6.4, A); (B
and C) thresholded at uncorrected P < 0.001 (T = 3.5, A); an addi-
tional spatial extent threshold of five contiguous voxels was applied.
(A) Areas of activation within orthogonally oriented ‘glass brain’.
(B) Projected onto surface rendering of a template brain. (C) Upper
row shows median sagittal views, lower row axial views. Green lines
show location of the other views. Ci: anterior cingulate gyrus, Cd:
head of caudate nucleus, GP: globus pallidus, Ins: insula, MB: mid-

brain, MT: middle temporal gyrus, OG: occipital gyrus, paCi: para-
cingulate gyrus, PFC: medial prefrontal cortex, Pu: putamen, SC:
superior colliculus, ST: superior temporal gyrus, Th: thalamus. (D
to O) Coronal views unless specified otherwise; green crosshairs
denote identified area: See Table Il for Talairach coordinates and t
values. (D) Visual cortex (right: whole brain peak). (E) Auditory
cortex. (F) Olfactory (piriform) cortex. (G) Somatosensory cortex
(postcentral gyrus). Axial view. (H) Vestibular cortex. (I) TRN. Axial
view. (J) Basal forebrain (substantia innominata). (K) Mesopontine
tegmentum. Sagittal view. (L) Fusiform gyrus. (M) Wernicke’s area.
(N) Broca’s area. (O) Bed nucleus of stria terminalis.
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full-width half-maximum Gaussian kernel. A high-pass
frequency filter (128 s) and a correction for temporal auto-
correlation were applied to the time series. Individual
events (REMs) were modeled by a standard (y-variate-

A AN 15

based) synthetic hemodynamic impulse response function,
added linearly over events (Fig. 1A). We used the general
linear model to generate parameter estimates of event-
related activity at each voxel for each scan. Then, we ran

e & -qom, 1w |-corected P <0.00005

Figure 4.
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‘random effects” analysis on the results of the twenty-four
individual scans obtained from eleven participants (Table I)
to generalize the results.

Three short scans (7.6, 9.2, and 9.3 min in duration) that
showed little activation in areas other than occipital cortex
and thalamus at corrected P < 0.05 (SPM99) were
excluded from the analyses. Two additional scans (14.1
and 7.9 min in duration) that showed grossly different re-
gional pattern of deactivation were also excluded. The first
3.5-8 min of five scans did not have noticeable REMs and
were excluded from the analyses. When a large head
movement occurred near the end (two scans) or the begin-
ning (one scan), the data segment containing the move-
ment was excluded from analysis. Data up to about 14 s
after the last REM were included in the analysis.

To evaluate laterality of activations, we used a voxel-
based comparison method [Stevens et al., 2005] to assess
hemispheric differences. This approach compares signals
in each left-right pair of all voxels in the whole brain, in
each of the 24 scans, and then uses a one-sample t-test to
assess overall laterality.

To compare with our event-related analysis, we per-
formed the REM-density-based analysis that was used by
the other fMRI study examining the neural correlates of
REMs [Wehrle et al.,, 2005]. We counted REMs in each
consecutive 3s (TR in their study) bin, created a boxcar
regressor and convolved the regressor with the hemody-
namic impulse response function. Then, we used the gen-
eral linear model to generate parameter estimates of REM-
density-related activity at each voxel for each scan.

Finger Tapping Timed After Occurrence of REMs

The finger tapping study was intended to test the ability of
the method we used, event-related fMRI analysis, to discern
neural correlates of behavior occurring as frequently as REMs.
We obtained fMRI data of 10 min duration while a participant

(number 8) conducted left-handed finger tapping auditorilly
cued and timed after occurrence of REMs (recorded previ-
ously on a healthy male). Images were acquired and analyzed
in the same manner as for the sleep studies.

RESULTS

Table I gives participant characteristics, duration of sleep
scan analyzed, and number of REMs for each scan. Table II
reports significant findings in the group data, presenting
Talairach coordinates and t values of the peak height vox-
els chosen by SPM2 (otherwise, marked as ‘manually cho-
sen’). As the significant activation is so widespread, Table II
concerns the local peaks.

Rapid Eye Movements During Sleep

Most rapid eye movements during sleep (REMs) appear
in bursts (Figs. 1A and 2). Sixty-four percent of intervals
between REMs were less than 2 s, 37% less than 1 s and
most commonly between 0.4 and 0.8 s (24%) (see Fig. 2).

REM-Locked Activation Consistent With the
Hypothesis That REMs are Visually Targeted
Saccades

Areas activated in association with REMs overlapped
extensively with the cortical and subcortical brain circuit
involved in eye movements and visuospatial attention in
wakefulness (Fig. 3C). We also found REM-locked activa-
tion in TRN (Fig. 4C,E), ‘visual claustrum’ (Fig. 4C,E), RSC
(only on the right hemisphere, Fig. 4G), fusiform gyrus
(Fig. 3L), anterior cingulate cortex (Fig. 3C), superior colli-
culi (Fig. 3C) and insula (Fig. 3C).

Figure 4.

Peak REM-locked activations (n = 24, one sample t-test).
Thresholded higher at corrected P < 0.00005 (T = 10.1, —==f=)
to show only peak activations. Peaks were clearly localized in
striate cortex (the primary visual cortex, VI), V2, TRN, claus-
trum (Cls, the posterior-ventral region, i.e., the putative visual
zone), substantia inominata, superior temporal gyrus (STG), cen-
tral medial thalamic nucleus (CeM, a part of intralaminar/midline
group), RSC, and bed nucleus of stria terminalis (BST). Green
lines on the axial and coronal views inside the boxes show loca-
tions of the serial coronal and axial views shown in C and E,
respectively. Green lines in B, F and G show locations of the
other views. All images were spatially normalized. (A) Areas of
activation within orthogonally oriented ‘glass brain’. (B) These
sagittal and coronal views clearly show the boundary of the
striate cortices, traced with yellow lines. (C) Coronal views
show the boundaries of thalamus and dorsal lateral geniculate
nucleus (LG). Arrows indicate TRN. The numbers in mm denote

distance from the AC. (D) Diagram of a magnified coronal sec-
tion showing TRN, Pg and LG. TRN is a thin, disc-shaped struc-
ture wrapping the thalamus and dorsal LG. The part wrapping
dorsal LG is called peri(or pre-)geniculate nucleus (Pg) and also
known as ‘visual TRN’. TRN and Pg could not be precisely iden-
tified on the MRI images. Their approximate location and shape
were determined from the boundaries of thalamus and LG that
were identifiable on the MRI images. (E) Axial views. White
arrows indicate the striate cortex; green arrows indicate TRN.
The peak activations overlap three separate visual system nuclei,
the ventral TRN, Pg, ‘visual claustrum’ and possibly dorsal-most
LG. The numbers in mm denote distance from the AC-PC plane.
(F) Substantia inominata, bilaterally. These clusters overlap the
cholinergic basal nucleus projecting to the posterior neocortices,
including visual cortex. See Table Il for Talairach coordinates and
t values. (G) RSC, on the right hemisphere.
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Figure 5.
Activation in association with REMs in all 24 scans. Labels same as  numbers shown in blue) were thresholded lower at uncorrected P
shown in Table |; Some participants had more than one scan > 0.05 to display that the regional pattern of the REM-locked acti-
(scans labeled chronologically in alphabet as in Table 1). 3.0 T scans  vation is similar in all scans. All scans were thresholded additionally
were thresholded at corrected P > 0.05 and .5 T scans (scan ata spatial extent of <5 contiguous voxels for all scans.
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Figure 6.

Hemispheric differences in REM-locked activation (n = 24, one
sample t-test). (A, B) Voxels with greater REM-locked activity
compared to its pair in the other hemisphere are shown. All
images are thresholded at uncorrected P < 0.001 (T = 3.5) and
additionally at a spatial extent of >5 contiguous voxels. Top
part of the brain was excluded from analysis, as we failed to
obtain fMRI data from there in some of the 24 scans. (A)
Orthogonally oriented ‘glass brain’ views. (B) Whole brain peak

Evidence for Extensive Sensory-Perceptual/Binding
Mechanism Engagement Associated With REMs

Interestingly, robust REM-locked activation occurred
throughout the ascending reticular activating system (Fig.
3I-K; Fig. 4F), as well as postcentral somatosensory (Fig.
3B,G), auditory (Fig. 3E), olfactory (piriform) (Fig. 3F), and
vestibular cortices (Fig. 3H). REM-locked activation also
occurred in claustrum (Fig. 4C,E), precentral motor cortex
(Fig. 3B), and language system (Fig. 3M,N).

Within-Subject Analysis on Individual Scans

Within-subject analysis on each of the 24 individual
scans (see Fig. 5), even the shortest (6.2 min with only 43
REMs, 3c in Table I) (see Fig. 1), clearly identified activa-
tion in almost all regions of interest listed in Table II. All
of the 24 scans show similar regional pattern of REM-
locked activation and remarkable consistency in the
location of local peaks (see Fig. 5). For some scans, the
threshold was lowered to reveal the similar regional acti-
vation pattern. For example, the image with a higher
threshold in 3c of Figure 5 shows the local peaks only, but
the image with a lower-threshold in Figure 1 B,C reveals
the similar regional pattern of activation.

Hemispheric Differences in REM-Locked
Activation

Four thousand nine hundred and seventy five left/right
voxel pairs showed a hemispheric difference (P < 0.001):
4,190 had greater signal in the left hemisphere and 785
greater in the right (see Fig. 6). The largest cluster, with

(supplementary eye field in the left hemisphere). Green lines
show location of the other views. (C) RSC. Threshold was
reduced to uncorrected P < 0.5 (t = 0) to show the pocket of
no activity that corresponds with the RSC on the left hemi-
sphere, which dramatically contrasts with the adjacent robust
activation on the right hemisphere (t = 10.5, indicated by the
crosshair). Upper panel shows coronal view, lower axial view.
Lines indicate the midsagittal plane.

2,011 voxels, was in the left medial frontal cortex and para-
central lobule (peak heights in left supplementary eye field
(SEF) at Talairach coordinate [—6, —3, 61], t = 7.9, and in
the posterior part of motor cortex at [-8, —16, 58], t =
7.4). The whole brain peak [—6, —3, 61] was located in the
upper part of the paracentral sulcus, the sulcal landmark
of the human SEF [Miiri, 2006]. The second largest cluster,
with 828 voxels, was around the left subiculum (peak
height at [-26, —20, —16], t = 7.6). The robust REM-
locked activation in the RSC on the right hemisphere (t =
10.5) contrasted dramatically with the adjacent pocket of
no activity corresponding to the RSC on the left hemi-
sphere (Fig. 6C).

REM-Locked Periventricular Signal Decreases

Surprisingly, BOLD signal decreases, time-locked to
REMs, occurred around the lateral (f = 11.1 at the peak on the
left, 9.4 on the right), the third (f = 2.7 at the peak), and the
fourth ventricles (t = 5.7 at the peak) (in 24, 7, and 17 of 24
studies at corrected P < 0.05, respectively) (Figs. 7 and 8).

Comparison of the Event-Related Analysis
With the REM-Density-Based Analysis

The results of our event-related analysis (Fig. 1B) was
almost identical with the results of the REM-density-based
analysis (Fig. 1E). REM-locked signal decreases assessed
by this different analysis were also almost identical.
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Figure 7.

fMRI signal decreases in association with REMs (n = 24). (A)
Orthogonally oriented ‘glass brain’ views. (B, C) Green lines
show location of the other views. All images were spatially nor-
malized. In A and B, significance was thresholded at uncorrected
P < 0.00l (T = 3.5) and additionally at a spatial extent of >5
contiguous voxels; C, Thresholded higher at P < 0.05 (T = 6.4)
to show that the deactivation centers around walls of the lateral

Video Recording Versus EOG

Separate out-of-magnet studies confirmed that each of
five subjects was in REM sleep defined by EEG, EMG, and
EOG, whenever REMs were identified by video monitor-
ing. In one of those studies, we compared REM timings
derived from EOG and video recording, which were in
excellent agreement (see Fig. 9).

Finger Tapping Timed After Occurrence of REMs

Contralateral precentral motor cortex and ipsilateral sup-
plementary motor area were clearly localized (see Fig. 10).

ventricle. Because of the partial volume effect and the applied
smoothing there is spillover into ventricular CSF and white mat-
ter: the extent of the spillover approximates the size of the
voxel (3.75 mm) and the 6 mm smoothing kernel. (D) The aver-
aged time course of the signal change in relation to the occur-
rence of REMs at the location shown on the left. Participant 3,
the 4th scan. It clearly shows the delay to the trough.

DISCUSSION

We employed a new method to detect and time REMs
and report novel findings about the neural correlates of
REMs. Although many of the areas of activation that we
found were generally consistent with previous PET, mag-
netoencephalography (MEG), or fMRI studies of the neural
correlates of REMs [Hong et al, 1995; loannides et al.,
2004; Peigneux et al., 2001; Wehrle et al., 2005], new areas
of activation were discovered including TRN, claustrum,
non-visual sensory cortices, motor cortex, language system,
basal forebrain, superior temporal gyrus, RSC, and fusi-
form gyrus. The present and previous studies found REM-
associated activations in visual cortex [Hong et al., 1995;
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Figure 8.
Periventricular signal decreases in association with REMs in all  Thresholded at uncorrected P > 0.05 and additionally at a spatial
24 scans. Labels same as shown in Table |; Some participants extent of >5 contiguous voxels.
had more than one scan (a, b, ¢, d, e labeled chronologically).
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Figure 9.

Timing of REMs using video-recording versus EOG. Eye move-
ments were timed from video-recording and EOG that were
obtained simultaneously in an out-of-magnet study (shown in
red), then convolved with hemodynamic function (shown in
blue). The hemodynamic impulse response had a six-second la-
tency. There are five data points in one second. Regardless of
the method of timing eye movements (video-recording, EOG, or

Ioannides et al., 2004; Peigneux et al., 2001; Wehrle et al,,
2005], frontal eye field [Hong et al., 1995; Ioannides et al.,
2004], SEF [loannides et al., 2004; Peigneux et al., 2001],
dorsolateral prefrontal cortex (DLPFC) [Hong et al., 1995],
superior parietal lobule [Hong et al., 1995], anterior cingu-
late cortex [Hong et al., 1995; Peigneux et al., 2001], orbito-
frontal cortex [Hong et al., 1995; loannides et al., 2004],
thalamus [Peigneux et al., 2001; Wehrle et al., 2005], puta-
men [Wehrle et al., 2005], amygdala [loannides et al.,
2004], midbrain [Peigneux et al., 2001; Wehrle et al., 2005],
pons, [loannides et al., 2004] and lateral geniculate nucleus
[Peigneux et al.,, 2001]. Compared to the previous fMRI
REM study [Wehrle et al., 2005] we found more robust
and distributed REM-locked activations, probably because
of the following differences in methodology. They used
EOG followed by filtering out MRI scanner artefacts to
detect REMs, whereas, we used video monitoring; REM
counts differed, 2.9/min in their study versus 11.0/min in
this study (we detected approximately four times as many
REMSs). Their fMRI data acquisition sampling period was 3

other), the step right before correlation with fMRI data is to
convolve with hemodynamic function. Therefore, these common
end products (the curve derived from video-recording and the
curve from EOG-recording, both shown in blue) were used in
comparing video and EOG methods. Correlation between those
two curves was highly significant (r, = 0.84; P < 0.00005).

s (vs. 2 s here). They also applied intermittent sound stim-
uli that were found to suppress REMs [Wehrle et al,
2005], which could confound any conclusions about the
neural correlates of REMs.

As the REM-locked activation is so widespread, our
discussion focuses on the local peaks (Table II, Figs. 3
and 4). Distributed activation is a significant and specific
characteristic of the REM-locked fMRI signals: (a) The
same methodology highly selectively and accurately iden-
tified the neural structures involved in finger tapping (see
Fig. 10). (b) The overall pattern of REM-locked activation
and the locations of peaks were consistent across all
scans. (c) A PET study also revealed REM-associated dif-
fuse activation [Hong et al., 1995]. Widespread activation
has also been observed using multivariate exploratory
analyses during rest (‘default mode’) [Greicius et al.,
2003; Raichle et al., 2001] and during movie watching
[Bartels and Zeki, 2004], but it is unique that our study
found such widespread activations using univariate infer-
ential analysis.
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Figure 10.

fMRI of left-handed finger tapping auditorilly cued and timed after
occurrence of REMs (up to 5/s). Significance was thresholded at
P < 0.05 (corrected for multiple comparisons by controlling family-
wise error rate) and additionally at a spatial extent of >5 contigu-
ous voxels. (A) Areas of activation within orthogonally oriented

REMs May Be Visually Targeted Saccades

REM-locked activation in the oculomotor/attentional cir-
cuit, TRN, “visual claustrum’, RSC, fusiform gyrus, anterior
cingulate, and superior colliculus is consistent with the
hypothesis that REMs may be visually targeted saccades.
TRN may control the “attentional search light” during vis-
ual scanning [Crick, 1984; McAlonan et al., 2006]. Visual
TRN neurons are topographically organized, with fast (25
ms latency) and brief (66 ms duration) responses [McA-
lonan et al., 2006], suitable for attentional and other proc-
essing that is associated with scanning eye movements
that occur as frequently as 4 per second. Robust REM-
locked activation occurred in the postero-ventral region of
the claustrum, known to be connected to visual cortex [for
review, see Crick and Koch, 2005]. RSC is responsive to
scene layout [Epstein and Higgins, 2007] and involved in
spatial navigation [for review, see Maguire, 2001; Harker
and Whishaw, 2004]. fMRI study showed activation in
fusiform gyrus during viewing of faces and objects [Haxby
et al., 2001]. REM-locked activation in the RSC and fusi-
form gyrus suggests that they are involved in viewing
scenes, faces, and objects in dreaming as well as in waking
imagery [O’Craven and Kanwisher, 2000] and perception.
REM-locked activation occurred in both ‘affective’ and
‘cognitive’ divisions of the anterior cingulate cortex [Bush
et al., 2000], involved in selecting information for action on
the basis of a pre-existing plan [Pardo et al., 1990; Posner
et al., 1988]. The anterior cingulate may play a similar role
in dreaming, selecting visual targets for scanning under

‘glass brain’. (B) Projected onto the surface rendering of a template
brain. (C) Contralateral precentral motor cortex (Talairach co-
ordinate 38, —12, 61, t = 9.0). Axial view. (D) Ipsilateral supple-
mentary motor area (Talairach coordinate —4, —1, 66, t = 7.2).
Sagittal view. All images were spatially normalized.

affective and cognitive influence. REM-associated activa-
tion of the superior colliculi suggests that REMs are visu-
ally targeted [Leigh and Zee, 2006]. The insula was acti-
vated during non-targeted [Petit et al., 1996] and targeted
[Perry and Zeki, 2000] waking saccades.

These findings are consistent with the revised scanning
hypothesis which implies that REMs are visually targeted
saccades and proposes that REMs scan what we ‘see” when
dreaming [Hong et al., 1995]. The original scanning hypoth-
esis concerns a correspondence between the direction of
REM and gaze linked to movements of objects or the
dreamer in dreaming, e.g., upward REMs corresponding to
glancing up at every step while walking up the steps in
dreaming [Herman et al., 1984; Roffwarg et al., 1962]. The
revised scanning hypothesis [Hong et al., 1995] adds scan-
ning of stationary objects and proposes that as in waking
[Yarbus, 1967], the scanning is a fast (34 eye movements
per second) process that is typically performed automati-
cally and not associated with awareness of gaze direction.
This typical unawareness of gaze direction would cause dif-
ficulty with determining gaze direction from dream reports,
thus difficulty with confirming the directional correspon-
dence between REMs and dream contents that was pro-
posed by the original scanning hypothesis [Hong et al.,
1997]. The revised scanning hypothesis would be impossi-
ble to confirm using dream reports, as such verbal reports
cannot provide pictorial dream images of sufficient detail
and accuracy to be compared with REM scanpaths. There is
inherent difficulty with testing the directional or the scan-
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path correspondence between REMs and dream content.
Thus, we did not intend to test the scanning hypothesis.

We also note that correspondence between REMs and
dream content does not necessarily indicate that REMs are
scans of the dream scene. Waking imagery studies [Brandt
and Stark, 1997; Laeng and Teodorescu, 2002] showed that
the scanpaths (repetitive sequences of fixations and sac-
cades) during visual perception are highly correlated to
those during visual imagery of the same visual object; they
presented evidence that oculomotor information is stored
together with the visual representation and is used as a
spatial index for the proper arrangement of parts of an
image during image generation. Likewise, in dreaming
REMs may reenact the scanpath eye movements in waking
visual perception of the same object or scene and retrieve
the visual representation encoded together with the scan-
path. Review of numerous reports of patients with loss of
dreaming after brain damage showed a consistent trend in
lesion site and implicated the posterior left hemisphere as
critical for the image generation component of dream im-
agery [Farah, 1984]. REM-locked activation was greater in
the posterior left hemisphere in our study (see Fig. 6). This
finding is consistent with the hypothesis that REMs may
play a role in dream image generation.

Hemispheric Differences

The greatest hemispheric difference in REM-associated
activation occurred in the SEF (left greater than right).
Dominance of the left hemisphere in the SEF activation
was observed during sequential saccades in wakefulness
whether they are self-paced [Grosbras et al., 1999], visually-
guided [Grosbras et al, 2001], or memory-guided
[Gaymard et al., 1993], but not in single memory-guided
saccades [Gaymard et al., 1993]. These findings indicate
that the left SEF plays a greater role in sequencing saccade
programming during visual scanning in wakefulness. Dra-
matic hemispheric difference in REM-locked activation
occurred in the RSC: robust activation on the right con-
trasting with adjacent pocket of no activation on the left.
This finding attests to the superb capacity of our method
to localize REM-locked activation. Most lesion studies
showed that the RSC on the right hemisphere is involved
in topographic orientation or spatial navigation, but most
brain imaging studies showed bilateral activation [for
review, see Maguire, 2001], which may be seen as failure
to detect the lateralization. RSC is relatively small and the
right and the left RSCs border each other.

Shared Sensori-Perceptual/Binding Mechanisms

Parallels between our findings and those from waking
studies suggest that waking and dreaming sensory-percep-
tual mechanisms are extensively shared. REM-locked acti-
vation occurred in multisensory convergence zones identi-
fied in waking studies [Calvert and Thesen, 2004]. REM-
locked fMRI signal increase overlaps spatially and tempo-

rally with the 40 Hz or gamma oscillations observed using
other methods: gamma activity is higher during REM sleep
with eye movements than REM sleep without eye
movements [Gross and Gotman, 1999; Jouny et al., 2000].
REM-locked activation overlaps with the brain systems dis-
playing or potentiating gamma oscillations, i.e., the thala-
mocortical sensory system [Llinas and Ribary, 1993], meso-
pontine tegmentum [Steriade et al., 1991] and basal fore-
brain [Mesulam, 2004; Perry and Perry, 2004; Szymusiak,
1995]. Combined fMRI and intra-cranial electrophysiologi-
cal recordings in animals [Logothetis et al., 2001; Niessing
et al.,, 2005] and humans [Lachaux et al.,, 2007] revealed
spatio-temporally tight coupling between synchronized
gamma oscillations and BOLD signals. Gamma oscillations
are reported to be induced or reset by all forms of external
sensory stimuli during wakefulness [Engel and Singer,
2001; Gross and Gotman, 1999; Llinas and Ribary, 1993;
Tallon-Baudry and Bertrand, 1999]; while in REM sleep
they are induced by only internal stimuli [Llinas and
Ribary, 1993]. Spatially distributed, synchronous gamma
oscillations have been proposed to mediate ‘binding’ of
multiple sensory data into a unified object representation
both in wakefulness [Engel and Singer, 2001] and dreaming
[Llinas and Ribary, 1993]. Anatomy and organization of
TRN and claustrum led Crick and Koch to choose those as
candidate neural structures critical to binding information
distributed within and across different sensory and motor
modalities [Crick, 1984; Crick and Koch, 2005]. The robust
REM-locked activation overlapping both TRN and claus-
trum lends further credence to our proposal that REMs are
associated with recruitment of the binding mechanism.

Activation in non-visual primary sensory cortices time-
locked to REMs, presumed visual events, also parallels
waking study findings that indicate “priming’ of the pri-
mary visual cortex by non-visual sensory stimuli [Calvert
and Thesen, 2004]. ‘Priming’ of the non-visual cortices by
visual stimuli is also plausible. We speculate that the
REM-locked activation in non-visual primary sensory corti-
ces reflect priming preceding perception, as the early
‘evoked’ gamma response following a sensory stimulus in
wakefulness [Tallon-Baudry and Bertrand, 1999]. Like this
early gamma response, REM-locked BOLD signal increases
in the olfactory or somatosensory cortex does not corre-
spond to concurrent perceptual experience; people rarely
smell [Zadra et al., 1998] or feel touch [McCarley and
Hobson, 1979] in dreaming.

REM-locked activation was the most (and extraordinar-
ily) robust at the primary visual cortex and TRN. We
speculate that TRN plays a key role in the ‘priming’ (prep-
aration in anticipation) of non-visual sensory and motor
cortices induced by internal or external visual stimuli,
linked to REMs in dreaming or to scanning eye move-
ments in waking, perhaps for faster detection and
response. All axons passing between thalamus and cortex
traverse TRN where many give off collaterals; TRN has
distinct sectors (visual, auditory, somatosensory, motor);
TRN consists largely of neurons whose dendrites spread
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extensively within the plane of the nucleus, in contrast with
most thalamic nuclei [Crick, 1984; Guillery et al., 1998].
Activation of the non-visual sensory sectors in TRN
responding to visual stimuli is a testable hypothesis. To our
knowledge, activation in non-visual sensory cortex and
TRN associated with eye movements or visual stimuli has
never been observed in waking brain activation studies
(except auditory cortex activation associated with waking
eye movements observed in a MEG study [loannides et al.,
2004]), probably because the thalamocortical sensory system
is frequently interrupted by external sensory stimuli [Engel
and Singer, 2001; Gross and Gotman, 1999; Llinas and
Ribary, 1993; Tallon-Baudry and Bertrand, 1999] irrelevant
to the aim of the study. REM sleep may be an ideal state to
study internal sensory mechanisms because much of the
external sensory input to the brain is blocked in REM sleep.

An H,'"°O PET study [Braun et al., 1998] reported REM-
associated deactivation in the striate cortex, but a MEG
[loannides et al., 2004] study reported activation in the
striate cortex time-locked to REMs. fMRI [Wehrle et al.,
2005] and '®Fluorodeoxyglucose PET [Hong et al., 1995]
studies also reported REM-associated activation in the
occipital cortex that appeared to include the striate cortex.
Our group analysis showed clear localization of extremely
robust activation in the striate cortex time-locked to REMs.
Furthermore, whereas the O15-PET study result was based
on one correlational analysis across subjects, our within-
subject analyses on 24 independent scans showed robust
activation of the striate cortex in each of the 24. Our find-
ings resolve the controversy and confirm the REM-locked
activation in the striate cortices.

Robust REM-locked activation occurred in the substantia
innominata, a heterogeneous area of the basal forebrain
containing the cholinergic basal nucleus, profoundly
affected in some dementia syndromes [Mesulam, 2004;
Perry and Perry, 2004; Szymusiak, 1995]. The basal fore-
brain cholinergic system can induce 40-Hz synchronization
and regional enhancement of cortical sensory processing
[Mesulam, 2004; Perry and Perry, 2004; Szymusiak, 1995];
its neurons increase firing in REM sleep, especially during
REM bursts [Szymusiak, 1995].

Finally, REM-associated activation in the language areas
is consistent with the proposal from waking studies
[Tallon-Baudry and Bertrand, 1999] that oscillatory gamma
activity that underlies the bottom-up sensory integration is
also used to construct object representations driven by in-
ternal, top-down processes.

REM-locked activation in the pons, lateral geniculate nu-
cleus, and occipital cortex is consistent with a process sim-
ilar to the ponto-geniculo-occipital (PGO) wave [Callaway
et al., 1987] reported in animal models.

Periventricular Signal Decreases

REM-associated  periventricular ~ signal  decreases
occurred only in specific subregions matching the distribu-
tion of the serotonergic supraependymal plexus [Paspalas

et al., 1994; Richards et al., 1981] on the ventricular wall;
during REM sleep, firing of serotonergic neurons [Hobson
et al.,, 1983] and serotonin release into CSF are reduced
[Zeitzer et al., 2002]. The REM-locked periventricular sig-
nal decrease merits further study, as it may provide a
fMRI window into the serotonergic system.

While motion artefacts are sometimes seen around ven-
tricles in fMRI studies, these REM-associated decreases in
fMRI signals are likely real: (a) Latency of decreases was
approximately equal to latency of occipital cortical activa-
tion (r, = 0.78, P < 0.02, n = 12); no delays are associated
with motion artefacts. (b) Decreases occurred only around
ventricular walls, and in the lateral ventricle only on the
dorsal part (see Fig. 7); motion artefacts would occur both
on the cortical surface and on the ventral part of the lateral
ventricle as well. (c) Around the dorsal wall of the lateral
ventricle, no REM-associated signal increases were found
(Fig. 6C); motion artefacts cause both increases and
decreases. (d) Periventricular decreases were found in all
participants and all scans (see Fig. 8); motion artefacts
would not show such consistency. (e) No head movements
associated with REMs were revealed by video-monitoring
(see Supplementary movie).

Tight coupling between the fMRI BOLD signal decreases
and neuronal activity decreases has been reported [Shmuel
et al., 2006]. We propose that REM-locked fMRI signal
decreases are coupled with serotonergic deactivation.
However, there are alternative hypotheses: (a) Ventricular
compression might cause periventricular signal decreases,
as CSF signals were higher than those from brain tissue.
(b) Increased intraventricular pressure associated with
REMs [Pierre-Kahn et al., 1978] may decrease periventricu-
lar perfusion and blood volume, thus decrease signal. (c)
Increased CSF flow associated with REMs [Kadowaki
et al., 1995] may decrease signal inside ventricles and cere-
bral aqueducts. (d) pCO, correlates closely with cerebral
blood flow [Klingelhofer et al., 1995]. Periventricular fMRI
signal decrease may be explained by hemodynamic
changes linked to pCO,, but it is unlikely that such
changes are time-locked to REMs and localized to periven-
tricular areas. (e) Firing rates of serotonergic neurons
plunge in REM sleep (0-1 per second in raphe) [Hobson
et al., 1983], allowing little room for phasic decreases asso-
ciated with REMs. However, some serotonergic cells, e.g.,
in mesopontine reticular formation [Hobson et al., 1983],
maintain firing rates in REM sleep; The number of firing
cells may also affect fMRI signal and be reduced in associ-
ation with REMs.

Methodological Issues

The capacity of our method to localize the REM-locked
activation was obviously superb as shown in Fig. 4B. The
peak of the REM-locked activation was clearly localized to
the striate cortex. The sensitivity and specificity of our
method at the individual scan level is demonstrated by
our shortest scan that identified within-subject activation
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in all regions reported as activated in the group data.
Among previous studies, only the MEG study [loannides
et al., 2004] reported within-subject findings.

We timed REMs from visual inspection of video record-
ing. The object of measurement, eye movement, is funda-
mentally the same for video-monitoring and EOG, the most
commonly used method for monitoring eye movements;
Whereas, video-monitoring enables direct measurement of
eye movements, EOG measures current induced when the
positively-charged anterior pole of the eye moves toward
or away from the EOG electrode. As rapidly changing mag-
netic fields during MRI jumble the EOG signal, MRI data
collection must be halted intermittently for EOG data col-
lection. Otherwise, EOG requires a filter to remove MRI
scanner artefacts [Wehrle et al., 2005], reducing the number
of eye movements detected; small amplitude eye move-
ments are especially affected. Video monitoring reveals
even small eye movements (under the closed eye lids),
important as small and large eye movements may have
almost the same effect on fMRI signal [Kimmig et al., 2001].
Video-recording is a less expensive, more convenient, and
less intrusive tool for use in fMRI studies.

Polysomnograph (electroencephalograph, electromyo-
graph and EOG), the standard procedure to define REM
sleep episode, is unnecessary for our study, as we intend
to study the neural correlates of REMs, not of REM sleep
episode. Identification of REMs alone, either by EOG or
video monitoring, establishes REM sleep at the time of the
occurrence of REMs.

Most REMs occur in bursts and have very short interval
between them. If events occur at shorter, fixed intervals in
event-related fMRI, hemodynamic response overlap across
events can diminish the ability to detect signal changes. It
was demonstrated, however, that randomization of inter-
vals between events can largely overcome this limitation
and allows extremely rapid presentation rates for event-
related fMRI experiments [Burock et al., 1998]. In our
study, intervals between events (REMs) are not fixed, but
randomized naturally (not artificially). Indeed, finger tap-
ping timed after occurrence of REMs clearly identified the
controlling neural systems. Furthermore, it should be
noted that REM-density-based analysis produced results
almost identical to those of our randomized, rapid event-
related analysis (Fig. 1B,E).

Future Studies

REMs may serve as a natural, task-free probe to enable
simultaneous assessment of major brain systems, even in
persons with movement disorders (as muscle tone is
greatly reduced in REM sleep, reducing head motion
which can create fMRI artefacts) and in persons who can-
not participate in conventional waking brain imaging stud-
ies, including cognitively impaired persons and infants.
Our approach allows within-subject analysis, i.e., study of
the neural correlates of REMs and its correlation with
other variables measured within an individual. Thus, our

approach may make possible detection of image-based bio-
markers of a brain disease and longitudinal studies. Longi-
tudinal studies on children from right after their birth may
provide valuable neurodevelopmental data. To fulfil these
expectations, standardization of the current approach is
required.

CONCLUSION

We used BOLD fMRI and video monitoring of the eyes
to reveal neural correlates of REMs including the oculomo-
tor circuit, thalamocortical sensory system, language sys-
tem, cholinergic, and possibly serotonergic system. For
fMRI studies, timing of REMs by direct visual inspection is
superior to timing by EOG. To our knowledge, these are
the first reports of REM-associated activation in TRN, non-
visual sensory cortices, motor cortex, language system,
basal forebrain, claustrum, superior temporal gyrus, RSC,
and fusiform gyrus and of REM-associated signal
decreases in periventricular areas matching the distribu-
tion of the serotonergic supraependymal plexus. Our find-
ings resolve the controversy and confirm the REM-locked
activation in the striate cortices. Our findings suggest that
the sharing in waking and dreaming goes beyond the
expected visual scanning mechanism; it extends to the dis-
tributed sensory-perceptual processing of the visual infor-
mation obtained by the scanning. Studies on the neural
correlates of REM may provide insight on waking sensori-
perceptual mechanisms.
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