
Introduction

Among the first and the most frequent symptoms 
of depression are subjective sleep complaints. These
are reflected for the majority of patients with 
major depression by polysomnographically verifiable
sleep disturbance. One of the most robust, though
not specific features of sleep in depressed patients 
is a reduced REM latency.1 Several of the neuro-
biological hypotheses of depression are at least
partially based on the observation of a shortened
REM latency: the REM pressure hypothesis,2 the
phase advance hypothesis,3 the deficiency of the pro-
cess S in the two process model of sleep,4 as well as
the cholinergic–aminergic imbalance hypothesis.5 The
shortened REM sleep latency in depressive patients
is normalized by treatment with antidepressive drugs6

and electroconvulsive therapy. A prolongation of
REM latency after the first dose of a tricyclic anti-
depressant6 or electroconvulsive therapy7 is predic-
tive of a favourable treatment response.

There is growing evidence from clinical studies that
the above mentioned strategies for the treatment of

depression will be expanded by repetitive transcranial
magnetic stimulation (rTMS). Transcranial magnetic
stimulation facilitates non-invasive and painless
stimulation of the cerebral cortex by a transient mag-
netic field of about 1.5–2.5 T, which is produced by 
a powerful and rapidly changing current passing a
small coil of wire placed on the scalp. Currently used
stimulators and coils are thought to activate cortical
neurons at a depth of 1.5–2 cm directly underneath
the coil8 and trans-synaptically at some distance from
the stimulation site.9 Stimulators capable of discharg-
ing series of repetitive pulses at high frequencies of 
up to 60 Hz were applied successfully to humans
without significant side-effects, provided that safety
margins for stimulus parameters were obeyed.10

In addition to multifaceted scientific and diagnostic
purposes, rTMS was shown to have therapeutic
potential in Parkinson’s disease11 and in obsessive-
compulsive disorder.12 The most remarkable work,
however, was done in patients with depression. 
Slow-frequency rTMS studies13–16 and studies emp-
loying high-frequency rTMS to the left prefrontal
cortex17–20 indicated that rTMS has antidepressive
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REPETITIVE transcranial magnetic stimulation (rTMS)
is a promising new treatment for patients with major
depression. However, the mechanisms underlying the
antidepressive action of rTMS are widely unclear. Rapid
eye movement (REM) sleep has been shown to play an
important role in the pathophysiology of depression. In
the present study we demonstrate that rTMS delays 
the first REM sleep epoch on average by 17 min (102.6
± 22.5 min vs 85.7 ± 18.8 min; p < 0.02) and prolongs the
nonREM–REM cycle length (109.1 ± 11.4 min vs 101.8 ±
13.2 min, p < 0.012). These rTMS-induced changes in
REM sleep variables correspond to findings observed
after pharmacological and electroconvulsive treatment
of depression. Therefore, it is likely that the capability
of rTMS to affect circadian and ultradian biological
rhythms contributes to its antidepressive action. 
NeuroReport 9: 3439–3443 © 1998 Lippincott Williams &
Wilkins.
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effects. The high-frequency rTMS studies considered
two issues that probably are conceptually relevant for
the treatment of depression. First, slow-frequency
rTMS at 1 Hz induced a post-stimulation inhibition
of the underlying cortex21 while high-frequency
rTMS at 10–20 Hz increased cortex excitability.22

Second, neuroimaging studies suggested that the
pathophysiology of depression is linked to reduced
blood flow and cerebral metabolic rate, particularly
in the left prefrontal cortex.23,24

Despite the promising therapeutic results from
these rTMS trials, the mechanisms of the antidepres-
sive action of rTMS are unclear. On the basis that
REM sleep is abnormal in depression, we hypothe-
sized that rTMS induces its antidepressive effect
through changes in human REM sleep. In order to
find experimental support for this view, we investi-
gated, as a first step, the effects of high-frequency
rTMS on REM sleep in healthy human volunteers. 

Subjects and Methods

Subjects: Thirteen healthy, drug-free males (mean
age 26.9 ± 2.3 years) were carefully screened for
physical or mental disease before inclusion into the
study. The study was approved by the local ethics
committee. Each subject gave written informed
consent and was paid an honorarium equivalent of
US$400. 

Methods: For transcranial magnetic stimulation a
Dantec high-frequency magnetic stimulator (Dantec
Medical A/S, Magpro, Skovlunde, Denmark) and 
a focal 8-shaped coil (outer diameter of each wing 
5 cm, maximum magnetic field intensity 1.1 T) were
used. Each subject participated in six rTMS sessions,
each 5–7 days apart. Sessions started around 18.00 h.
In each session, rTMS was applied in 160 trains of
five stimuli (20 Hz, intertrain interval 8 s) at an inten-
sity of 120% of the motor threshold of the resting
abductor digiti (ADM) muscle. In a single session,
one of the following scalp positions was stimulated:
(1) Left prefrontal, 5 cm anterior from the optimal
site over the left motor cortex to elicit motor evoked
potentials in the right ADM; (2) right prefrontal, 
5 cm anterior from the optimal site over the right
motor cortex to elicit motor evoked potentials in the
left ADM; (3) left inferior parietal (P3); (4) right
inferior parietal (P4); (5) mid-occipital (Oz); and (6)
sham stimulation over the vertex (Cz) with the coil
angled at 90° and only the edge of the coil resting
on the scalp. All positions except the prefrontal 
ones were determined according to the 10/20 inter-
national electroencephalographic system. The order
of stimulation sites was randomized across subjects.

The stimulus parameters used in the present study
conform to the currently accepted safety guidelines.10

All subjects underwent polysomnographic record-
ings for one night following each rTMS session. 
The polysomnography included electroencephalog-
raphy (C3/A2), electrooculogram, submental electro-
myogram, electrocardiogram, and electromyogram of
the anterior tibial muscles. Subjects were allowed to
go to bed at their usual bedtime and to get up at
their convenience. Sleep was recorded at a paper
speed of 10 mm/s on a 21 channel polysomnograph
(Nihon Kohden, Japan) and scored according to 
the standard criteria of Rechtschaffen and Kales25 in
30 s epochs. REM latency was defined as the time
between sleep onset (first three epochs of sleep stage
1 or one epoch of any other sleep stage) and the time
between lights out and the first REM epoch. The
average nonREM–REM cycle length was determined
from the first three cycles, the maximum number of
cycles exhibited by all subjects during all nights. It
included the time between the beginning of nonREM
sleep and the end of a REM period. If a REM period
was interrupted for less than 15 min by another sleep
stage the following REM sleep was considered to
belong to the same REM period. Time spent in REM
sleep was calculated as percentage of total sleep time.

The study was performed in a double-blinded
manner. The two investigators who performed and
analysed the sleep recordings were blind for the type
of stimulation (active or sham, site of stimulation).
The investigator who performed rTMS was blind 
for polysomnographic recordings and sleep stage
analyses. All subjects were naive to the purposes and
the hypothesis of this study. 

As in previous studies,26 the volunteers rated 
their mood immediately after the end of each rTMS
session, using five 100 mm visual analog scales labeled
sadness, anxiety, happiness, tiredness, and pain/
discomfort.

Statistics: For descriptive statistics of sleep variables,
means and s.d. were calculated. To test for normal
distribution, the Kolmogorov–Smirnov test was
applied. To determine the overall effect of rTMS on
REM sleep variables in comparison to sham stimu-
lation, the mean of all active conditions was calcu-
lated and compared with the sham stimulation by 
a two-tailed paired t-test. For comparison of sleep
variables between the five stimulation sites and the
sham condition, the Friedman repeated measures
analysis of variance (ANOVA) on ranks was chosen
if the Kolmogorov–Smirnov test showed non-
normally distributed data, otherwise a repeated
measures ANOVA was applied to all six conditions.
For all calculations, the level of significance was set
at p < 0.05.
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Results

Active rTMS induced a significant prolongation of
REM latency by on average 16.8 ± 21.6 min for 
the lights out definition (102.6 ± 22.5 min vs 85.7 ±
18.2 min, t = 2.8, df = 12, p < 0.02; paired t-test), and
13.9 ± 19.9 min for the sleep onset definition (91.6 ±
22.1 min vs 77.7 ± 17.4 min, t = 2.5, df = 12, p < 0.03;
paired t-test) compared with sham stimulation 
(Fig. 1). The Friedman repeated measures ANOVA
on ranks showed no significant difference for both
definitions between any of the stimulation sites or
the sham condition. Nevertheless, the strongest 
effect was seen after left prefrontal stimulation (114.5
± 41.2 min for the lights out definition with a differ-
ence of 28.8 ± 37.0 min from the sham condition and
102.3 ± 43.3 min for the sleep onset definition with a
difference of 24.6 ± 37.7 min from the sham condi-
tion; Table 1). Effects tended to be more pronounced
after left hemispheric stimulation than after right
hemispheric stimulation (Table 1).

Active rTMS showed a significant prolongation of
the nonREM–REM cycle length compared with sham
stimulation (109.1 ± 11.8 min vs 101.8 ± 13.8 min,
difference 7.3 ± 8.8 min; t = 3.0, df = 12, p < 0.012,
paired t-test; Fig. 1). Friedman repeated measures
ANOVA on ranks for the effect of stimulation site
just missed significance (p = 0.057). 

Total sleep time (ANOVA and paired t-test) as
well as REM sleep percentage (ANOVA and paired
t-test) of total sleep time were unaffected by rTMS.
REM percentage remained stable at 24% of total sleep
time independent of stimulation condition (Table 1).

None of the mood self-ratings on the visual analog
scales that were filled out by 12 subjects after stim-
ulation of active sites showed a significant difference
to sham stimulation analysed by Friedman repeated
measures ANOVA on ranks or after pooling the data
and comparing the average of the verum conditions
of each subject with the sham condition with the
paired t-test (Table 2).

One subject experienced a transient mild tension
headache after right prefrontal stimulation that
stopped after the end of the rTMS session. No other
adverse side effects were observed.

Discussion

The major finding of this study is that high-
frequency rTMS delayed REM latency and prolonged
nonREM–REM cycle length in humans. These results
indicate for the first time a marked change in the
rather robust system of circadian REM sleep and
ultradian nonREM–REM sleep organization by mag-
netic stimuli applied to the human brain. Due to stim-
ulation of five different brain areas and therefore lack
of statistical power, it was not possible to identify a
significant effect of one specific rTMS stimulation site
on REM sleep parameters. Nevertheless, it is impor-
tant to point out that the strongest effects on REM
latency and nonREM–REM cycle length were seen
after stimulation of the left prefrontal cortex. High-
frequency rTMS at this site was found to be uniquely
effective for the treatment of nonpsychotic and psy-
chotic, monopolar and bipolar as well as medication-
resistant patients with major depression.17–20

High-frequency rTMS delays REM sleep
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FIG. 1. Comparison of individual REM latency and nonREM–REM cycle length after active rTMS and sham stimulation. Active: pooled data
across left prefrontal, right prefrontal, left inferior parietal (P3), right inferior parietal (P4), and midoccipital (Oz) rTMS. Sham: data after rTMS
at the vertex (Cz) with the stimulating coil angulated away from the scalp. All data are from 13 healthy subjects. *p < 0.05



The fact that rTMS in the present study induced
REM-sleep changes in healthy subjects indicates that
these effects per se are independent of pre-existing
psychiatric disease. rTMS changed the REM-sleep
architecture in the same direction as reported for anti-
depressant drugs in healthy subjects27 and in patients
with major depression.28 Therefore, it is probable that
rTMS like antidepressive drugs affect the human
REM-sleep system in the above mentioned way in
healthy subjects as well as in patients with major
depression. 

Most antidepressants increase aminergic neuro-
transmission, and some decrease cholinergic
neurotransmission. These drugs therefore affect REM 
sleep according to the reciprocal interaction model
of nonREM–REM sleep regulation.29 Since REM
latency is either prolonged by enhancing aminergic
neurotransmission or by diminishing cholinergic
activity the delay in REM sleep in our sample of
normal volunteers may have well been due to an
rTMS-induced increase of monoaminergic transmis-
sion. Concordant with this hypothesis, recent work
showed that whole brain rTMS in rats markedly
increased the turnover rate of monoamines in the
frontal cortex and increased serotonin and its metabo-
lite 5-hydroxyindolacetic acid in the hippocampus.30

Changes in monoaminergic activity play a key role
in the widely proven cholinergic–aminergic hypoth-
esis of affective psychosis,5 which postulates a neuro-
chemical imbalance in patients with depression in
favour of the cholinergic over the aminergic system.
Therefore, it is attractive to speculate that rTMS

induces changes in the balance of the monoaminergic-
cholinergic system that are important for both the
changes in REM sleep found in this study and the
antidepressive effects of rTMS. 

Further evidence indicates that the prolongation 
of REM latency by rTMS is likely of crucial impor-
tance for its antidepressant effect. It has been 
stated that the treatment effect of some antidepres-
sant medication is accompanied by a resynchroniza-
tion of internal circadian rhythms. This is reflected
by a normalization of sleep parameters, especially
REM latency.6 It was also shown that the response
to antidepressant drugs6 and electroconvulsive
therapy7 in depression is linked to a prolongation of
REM latency. In addition, the present study demon-
strated a significant prolongation of the average
nonREM–REM cycle after rTMS. Therefore, rTMS
affected not only circadian but also ultradian
rhythms. We suggest that rTMS mediates its antide-
pressive effect at least partially by a prolongation of
the ultradian period length. This is supported by
severely depressed patients in whom not only the
REM latency but also the nonREM–REM cycle
length was found to be shortened.31

We are aware of recent findings that high-
frequency rTMS in healthy subjects decreased
happiness and increased sadness after left prefrontal
stimulation, and decreased sadness after right pre-
frontal stimulation.26,32 In the present study, rTMS
did not affect mood ratings, indicating that the
observed effects of rTMS on REM sleep were not
due to acute changes in mood. The reason for the
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Table 1. REM sleep parameters (mean ± s.d.) after active rTMS to different brain regions and sham stimulation.

Sham LEPF RIPF P3 P4 Oz

REM latency (SO) (min) 77.7 ± 17.0 102.3 ± 43.3 87.1 ± 23.5 99.0 ± 52.5 90.2 ± 41.5 79.2 ± 14.8
REM latency (LO) (min) 85.7 ± 18.8 114.5 ± 41.2 100.4 ± 27.1 106.8 ± 55.8 100.9 ± 43.9 90.3 ± 18.3
NonREM–REM cycle 

length (min) 101.8 ± 13.2 115.6 ± 17.0 111.0 ± 9.9 107.4 ± 23.0 109.0 ± 17.5 102.3 ± 10.5
REM (%TST) 24.0 ± 5.8 24.4 ± 4.7 25.0 ± 4.2 24.0 ± 4.0 24.2 ± 4.4 24.3 ± 5.5
TST 434.8 ± 42.8 444.5 ± 51.8 442.6 ± 41.4 438.3 ± 42.5 454.9 ± 46.1 431.4 ± 37.5

REM latency defined as the occurrence of REM sleep after sleep onset (SO) or after ‘lights out’ (LO) in minutes, NonREM-
REM cycle length in minutes, and percentage REM sleep of total sleep time (TST). All data are averages from 13 healthy
subjects after sham stimulation and stimulation of left prefrontal (LEPF), right prefrontal (RIPF), left inferior parietal (P3),
right inferior parietal (P4), and midoccipital (Oz) region.

Table 2. Mood self ratings (mean ± s.d.) on 100 mm visual analog scales after active rTMS to different brain regions and
sham stimulation.

Sham LEPF RIPF P3 P4 Oz

Sadness 49 ± 5 45 ± 13 52 ± 8.4 48 ± 3.6 50 ± 5.7 48 ± 6.7
Anxiety 49 ± 2.8 46 ± 5.8 50 ± 4.4 47 ± 3.1 49 ± 3.9 48 ± 2.2 
Happiness 49 ± 5.2 49 ± 7.0 47 ± 8.4 49 ± 4.7 48 ± 8.0 48 ± 7.6
Tiredness 57 ± 16 53 ± 9.7 54 ± 9.6 58 ± 13 55 ± 10 57 ± 8.7
Pain/Discomfort 48 ± 6.7 49 ± 3.5 53 ± 10 50 ± 9.2 49 ± 4.6 52 ± 3.8 

Data are from 12 healthy subjects after sham stimulation and stimulation of left prefrontal (LEPF), right prefrontal (RIPF),
left inferior parietal (P3), right inferior parietal (P4), and midoccipital (Oz) region.



discrepancy between our study and the previous two
reports is currently unclear, but may be related to
differences in the rTMS equipment and the stimulus
parameters used, and different experimental settings.

Conclusion

The observed changes in REM sleep provide sugges-
tive evidence that therapeutic effects of rTMS in
depression are based on measurable biological mech-
anisms. It is likely that the capability of rTMS to
affect circadian and ultradian biological rhythms
contributes to its antidepressive action. Future studies
in patients should clarify whether the effect of rTMS
on sleep parameters is essential for treatment efficacy
and treatment prognosis in major depression. 

References

1. Benca RM, Obermeyer WH, Thisted RA et al. Arch Gen Psychiatry 49,
651–668 (1992).

2. Vogel GW. Arch Gen Psychiatry 32, 749–761 (1975).
3. Kripke DF, Mullaney DJ, Atkinson M et al. Biol Psychiatry 13, 335–351

(1978).
4. Borbely AA and Wirz-Justice A. Hum Neurobiol 1, 205–210 (1982).
5. Janowsky DS, el Yousef MK, Davis JM et al. Lancet ii, 632–635 (1972).
6. Kupfer DJ, Spiker DG, Coble PA et al. Am J Psychiatry 138, 429–434 (1981).
7. Grunhaus L, Shipley JE, Eiser A et al. Biol Psychiatry 42, 191–200 (1997).
8. Epstein CM, Schwartzenberg DG, Davey KR et al. Neurology 40, 666–670

(1990).
9. Wassermann EM, Kimbrell TA, George MS et al. Neurology in press.

10. Wassermann EM. Electroencephalogr Clin Neurophysiol 108, 1–16 (1998).
11. Pascual Leone A, Valls Sole J, Brasil Neto JP et al. Neurology 44, 892–898

(1994).
12. Greenberg BD, George MS, Martin JD et al. Am J Psychiatry 154, 867–869

(1997).
13. Grisaru N, Yaruslavsky U, Abarbanel J et al. Eur Neuropsychopharmacol

4, 287–288 (1994).
14. Kolbinger HM, Höflich G, Hufnagel A et al. Human Psychopharmacol 10,

305–310 (1995).
15. Conca A, Koppi S, Konig P et al. Neuropsychobiology 34, 204–207 (1996).
16. Geller V, Grisaru N, Abarbanel JM et al. Prog Neuro-Psychopharmacol Biol

Psychiat 21, 105–110 (1997).
17. George MS, Wassermann EM, Williams WA et al. Neuroreport 6, 1853–1856

(1995).
18. Pascual Leone A, Rubio B, Pallardo F et al. Lancet 348, 233–237 (1996).
19. George MS, Wassermann EM, Kimbrell TA et al. Am J Psychiatry 154,

1752–1756 (1997).
20. Epstein CM, Figiel GS, McDonald WM et al. Psychiatr Ann 28, 36–39 (1998).
21. Chen R, Classen J, Gerloff C et al. Neurology 48, 1398–1403 (1997).
22. Pascual Leone A, Valls Sole J, Wassermann EM et al. Brain 117, 847–858

(1994).
23. George MS, Ketter TA and Post RM. Depression 2, 59–72 (1994).
24. Goodwin GM. J Psychopharmacol 11, 115–122 (1997).
25. Rechtschaffen A and Kales A. A Manual of Standardized Terminology,

Techniques and Scoring System for Sleep Stages of Human Subjects.
Washington: United States Government Printing Office, 1968.

26. Pascual Leone A, Catala MD and Pascual Leone A. Neurology 46, 499–502
(1996).

27. Riemann D, Velthaus S, Laubenthal S et al. Pharmacopsychiatry 23, 253–258
(1990).

28. Sharpley AL and Cowen PJ. Biol Psychiatry 37, 85–98 (1995).
29. Hobson JA, McCarley RW and Wyzynski PW. Science 189, 55–58 (1975).
30. Ben Shachar D, Belmaker RH, Grisaru N et al. J Neural Transm 104, 191–197

(1997).
31. Taub JM. Int J Neurosci 23, 269–280 (1984).
32. George MS, Wassermann EM, Williams WA et al. J Neuropsychiatry Clin

Neurosci 8, 172–180 (1996).

ACKNOWLEDGEMENTS: The authors thank Dr Andrea Rodenbeck for her helpful
suggestions regarding the data analysis and the writing of the manuscript.

Received 1 July 1998;

accepted 19 August 1998

High-frequency rTMS delays REM sleep

1111
2
3
4
5
6
7
8
9
10111
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
9
50111
1
2
3
4
5
6111p

Vol 9 No 15 26 October 1998 3443


