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Abstract Transcranial magnetic stimulation (TMS) was
introduced as a non-invasive tool for the investigation of
the motor cortex. The repetitive application (rTMS),
causing longer lasting effects, was used to study the
influence on a variety of cerebral functions. High-fre-
quency (>1 Hz) rTMS is known to depolarize neurons
under the stimulating coil and to indirectly affect areas
being connected and related to emotion and behavior.
Researchers found selective cognitive improvement after
high-frequency (HF) stimulation specifically over the left
dorsolateral prefrontal cortex (DLPFC). This article pro-
vides a systematic review of HF-rTMS studies (1999-
2009) stimulating over the prefrontal cortex of patients
suffering from psychiatric/neurological diseases or healthy
volunteers, where the effects on cognitive functions were
measured. The cognitive effect was analyzed with regard to
the impact of clinical status (patients/healthy volunteers)
and stimulation type (verum/sham). RTMS at 10, 15 or
20 Hz, applied over the left DLPFC, within a range of 10—
15 successive sessions and an individual motor threshold of
80-110%, is most likely to cause significant cognitive
improvement. In comparison, patients tend to reach a
greater improvement than healthy participants. Limitations
concern the absence of healthy groups in clinical studies
and partly the absence of sham groups. Thus, future
investigations are needed to assess cognitive rTMS effects
in different psychiatric disorders versus healthy subjects
using an extended standardized neuropsychological test
battery. Since the pathophysiological and neurobiological
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basis of cognitive improvement with rTMS remains
unclear, additional studies including genetics, experimental
neurophysiology and functional brain imaging are neces-
sary to explore stimulation-related functional changes in

the brain.
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Abbreviations

DLFPC Dorsolateral prefrontal cortex

TMS Transcranial magnetic stimulation

rTMS Repetitive transcranial magnetic
stimulation

D Depression

BD Bipolar disorder

ExDys Executive dysfunction

H Healthy

MC Memory complaints

PD + D Parkinson’s Disease + Depression

Pstr D Poststroke depression

SZ Schizophrenia

PC Parietal cortex

AMI Autobiographical Memory Interview

(R)/(H)AVLT (Rey)/(Hopkins) Auditory Verbal
Learning Test

BSRT Buschke Selective Reminding Test

BVRT Benton’s Visual Retention Test

COWAT Controlled Oral Word Association
Test

CPM Colored Progressive Matrices

CPT Continuous Performance Test

CVLT California Verbal Learning Test

DSST Digit Symbol Substitution Test
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EPAT Expanded Paired Associate Test

GOAT Galveston Orientation and Amnesia
Test

HVOT Hooper Visual Organization Test

JLO Judgement of line orientation

LPS Lernpriifsystem

MMST Mini Mental Status Test

MPT Memory for Past Test

MVG Miinchner Verbaler Gedichtnistest

NART New Adult Reading Test

NCT Number Connection Test

PAG ‘Traffic Lights Test’

SILS Shipley Institute of Living Scale

SSMQ Squire Subjective Memory
Questionnaire

Stroop Stroop Interference Test

TMT (A/B) Trail Making Test Version A/B

VFT (Letter) Verbal Fluency Test

VPAL Visual paired associates learning

WAIS(-R) Wechsler intelligence scale

WMS(-R)/WMSIII

(Revised)
Wechsler memory scale
(Revised)/3 version

ExFunction Executive function
WM Working memory
Introduction

Since transcranial magnetic stimulation (TMS) was intro-
duced by Barker et al. (1985) as a non-invasive tool for the
investigation of the motor cortex, repetitive applications of
this technique (rTMS) were used to study the influence on a
variety of cerebral functions. TMS is based on an electro-
magnetic coil applied to the scalp producing an intense,
localized magnetic field which either excites or inhibits
a focal cortical area. Repetitive TMS uses alternating
magnetic fields to induce electric currents in the cortical
tissue (Burt et al. 2002). Low-frequency (<1 Hz) rTMS is
likely to cause inhibition of neuronal firing in a localized
area, whereas high-frequency (>1 Hz) rTMS inversely
leads to neuronal depolarization under the stimulating coil
(Haraldsson et al. 2004). The effects induced are not limited
to the targeted cortical region, changes can also occur at
distant interconnected sites in the brain. The efficacy of
rTMS treatment on affective disorders may not be restricted
to the activating effects under the stimulated prefrontal area,
but also due to the secondary affection of subcortical areas
being functionally related to emotion and behavior (Burt
et al. 2002; Post and Keck 2001; Ben-Shachar et al. 1997;
Conca et al. 1996; Cordes et al. 2005; Gershon et al. 2003).
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Recently, rTMS has also been employed to explore the
treatment options for schizophrenia patients due to the
growing observation of non-responders to antipsychotic
agents (Hajak et al. 2004; Hoffmann et al. 2005; Jandl et al.
2004). According to different stimulation protocols evi-
dence is accumulating about the improving effect of rTMS
on acoustic hallucinations and negative symptoms in schizo-
phrenia (Hoffmann et al. 2005; Jandl et al. 2004, 2005; Poulet
et al. 2005). The well-established electroconvulsive therapy
(ECT) exhibits proven antidepressant effects, but it is also
known to produce temporary adverse cognitive effects (e.g.
memory deficits) (Squire 1982; Sackeim et al. 1986; Weiner
et al. 1986). Behind this background many rTMS studies were
used to assess cognitive functions additionally to control for
cognitive disturbances (Triggs et al. 1999; Padberg et al.
1999; Schulze-Rauschenbach et al. 2005). In contrast to the
original assumption of cognitive deterioration selective
improvements in patients after high-frequency rTMS (10 Hz
or 20 Hz) over the left prefrontal sites were observed.
This finding leads to further investigations measuring
rTMS-related cognitive changes in patients or healthy
volunteers. However, the influence of the various stimulation
parameters (e.g. frequency, intensity, train duration and
duration of whole stimulation period) on cognition and
the extent of changes in cognitive performance remained
unclear.

The aim of the presented work is to provide a systematic
overview of high-frequency rTMS (HF-rTMS) studies
assessing neurocognition for better understanding the
potential of rTMS to induce long-term effects on cognition.
In addition, the efficacy of HF-rTMS on distinct cognitive
domains will be outlined. The aim of the review is not to
summarize the effects of studies with rTMS to study cog-
nitive function by creating a ‘functional lesion’. Most of
these studies use rTMS as “online rTMS” to interfere
temporarily with neuronal functioning in order to gain
information about the functional contribution of the stim-
ulated area during performing a particular task (Sack
and Linden 2003). We primarily included studies in our
systematic review which investigate the after effects of
HF-rTMS, as “offline rTMS”, at first glance independent
of the amount of rTMS sessions, but we were interested in
studies investigating cognitive effects using more than a
single rTMS session.

Method

We performed a systematic literature search in the fol-
lowing databases: PubMed (1999-2009) and MEDLINE
(1999-2009). A great range of search terms were used:
“repetitive TMS” or “rTMS” and “cognition” or “cognitive

dysfunction”, executive function”,
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“information processing”, “processing speed”, “reaction
time”, “learning”, “memory”, “set shifting”, “flexibility”,
“Wisconsin Card Sorting Test”, “response inhibition”,
“response suppression”, “attention” or “verbal fluency”.

In the literature search, we identified 80 hits that
appeared to be suitable upon careful review of their titles
and abstracts. Of these 80 publications there were 5 studies
dealing with effects of other stimulation techniques (e.g.
transcranial direct current stimulation, tDCS) and exclu-
ded, 45 studies using low-frequency repetitive transcranial
magnetic stimulation (LF-rTMS) and 30 studies with
HF-rTMS. We then read through the full text of the 30
papers summarizing the results of HF-rTMS studies,
evaluated and included the data in our review. Review
papers and the references in the appraised studies were
therefore used for a renewed search for further relevant
literature. This did not lead to further inclusions in our
systematic review. Studies were considered only if they
had been published in English or German language and
described adequately the sample, the application procedure
and the trial design. We only included offline-paradigms.

Although we focused on high-frequency stimulation, we
initially took into account low-frequency studies (n = 45)
to better evaluate frequency-dependent cognitive changes.
A great amount of them were excluded (n = 41) subse-
quently because (1) they focus on disruptive effect mea-
sures (e.g. by inducing ‘virtual lesions’ in online-
paradigms), or (2) they focus on other topics not describing
cognitive testing or the stimulation procedure adequately
(e.g. methodology and safety studies, some case reports or
meta-analyses).

In conclusion, all studies fulfilling our predefined
selection criteria were taken into account and evaluated
according to their relative cognitive outcome.

Results
Description of the studies

The identified publications consist of 6 open studies and
24 controlled studies including within-subject-, sham-
controlled- or crossover designs. The studies comprise
22 clinical trials with major depression, that contain one
comparative trial with healthy subjects being matched to
the patient population in age, gender and level of educa-
tion. One of these studies includes patients with Parkinson
Disease and major or minor depression, one includes only
elders (between 40 and 90 years) with major depression
and another one contains post-stroke depressives. Further,
three clinical studies integrate schizophrenic patients, one
study contains patients with cerebrovascular disease and
mild executive dysfunction, another trial investigates elder

people with memory complaints. Overall, three studies
involve only healthy volunteers. The majority of the
included psychiatric patients were diagnosed and classified
on operational criterion-based systems for depression
(Diagnostic and Statistical Manual of Mental Disorder IV),
a smaller part met criteria by formal diagnostic interview
on the Structured Clinical Interview for DSM-IV Axis I
Disorders (SCID). The others were rated by means of
particular neurological/psychological tests and imaging
data. The characteristics of the included subjects, stimu-
lation protocols, cognitive ratings and outcomes of all
identified studies assessing the efficacy of rTMS on cog-
nition are outlined in Table 1.

The cognitive assessments used in the listed studies
differ from study to study, no standardized cognitive test
battery has been used consistently. Therefore, various
cognitive domains are involved to perform the selected
cognitive testing and the results of the studies are not
completely comparable.

Cognitive effects of high-frequency rTMS
over the prefrontal cortex

The differential cognitive effect of excitatory rTMS is
outlined in Table 2. Cognitive domains are subdivided and
the reported ameliorations, deteriorations or missing cog-
nitive rTMS effects are linked to the corresponding studies.
The studies were grouped by significant improvement or
deterioration in the columns, studies showing trends toward
improvements or deterioration were summarized among in
the column “no effects (n. s.)”. One study (Vanderhasselt
et al. 2009) was not included in the table because cognitive
effects were too specific to be adequately categorized.

In the literature search about 19 studies were found
assessing changes of attention after stimulation, showing
inconsistent results. Among these studies there are 13
clinical trials and 3 non-clinical trials. In alertness/simple
reaction time no significant effect was found when mea-
sured separately (Padberg et al. 1999; Loo 2001; Shajahan
et al. 2002). With the Go-/No Go- or the Stroop-Paradigm
some authors could detect improvements in selective
attention (Hausmann et al. 2004; Martis et al. 2003;
Rektorova et al. 2005), some others did not find statistically
relevant effects (Avery et al. 2006; Boggio et al. 2005;
Huang et al. 2004; Jorge et al. 2004; Moser et al. 2002;
Mosimann et al. 2004; Speer et al. 2001; Vanderhasselt
et al. 2006; Wagner et al. 2006). One of these stud-
ies reports on deteriorations in visual reaction time in
the subtest divided attention of the “Testbatterie zur
Aufmerksamkeitspriifung (TAP, Zimmermann and Fimm
1997)” (Wagner et al. 2006). In sustained attention/con-
centration two studies give implications for improvements
(Hoppner et al. 2003; Rektorova et al. 2005), others failed
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Table 2 Differential cognitive effects of HF rTMS

Cognitive domain

Improvement

No effect (n. s.)

Deterioration

Attention

Alertness/Simple reaction

Selective/Focused attention;
Response inhibition

Divided attention

Sustained attention/
Concentration

3 (Martis et al. 2003;
Hausmann et al. 2004;
Rektorova et al. 2005)

2 (Hoppner et al. 2003;
Rektorova et al. 2005)

Executive functions/Working memory

Working memory (Short-
term storage/Manipulation/
Monitoring)

Cognitive flexibility

Verbal fluency/Retrieval

Problem solving/Planning/
Reasoning

2 (Martis et al. 2003;
O’Connor et al. 2003)

2 (Moser et al. 2002;
Hausmann et al. 2004)

3 (Triggs et al. 1999; Martis
et al. 2003; Fabre et al. 2004)

Learning + Memory (Intermediate-/Long-term storage)

Verbal learning + Memory

Spatial learning + Memory/
Objective learning +
Memory
(Visual) Associative learning
+ Memory
Retrograde/Autobiographic
memory

Psychomotor speed
Psychomotor speed/
Processing speed

3 (Padberg et al. 1999; Little
et al. 2000 (recall); Schulze-
Rauschenbach et al. 2005)

1 (Martis et al. 2003)

2 (Kuroda et al. 2006; Solé-
Padullés et al. 2006)

1 (Schulze-Rauschenbach et al.
2005)

4 (Martis et al. 2003;
Hausmann et al. 2004; Huber
et al. 2003 (females);
Vanderhasselt et al. 2006
(H))

3 (Padberg et al. 1999; Loo 2001; Shajahan et al.
2002)

9 (Speer et al. 2001; Moser et al. 2002; Huang
et al. 2004 (H); Jorge et al. 2004; Mosimann
et al. 2004; Boggio et al. 2005; Avery et al.
2006; Vanderhasselt et al. 2006 (H); Wagner
et al. 2006 (H))

2 (Speer et al. 2001; Mogg et al. 2008)

10 (Triggs et al. 1999; Shajahan et al. 2002;
Fabre et al. 2004; Boggio et al. 2005;
Rektorova et al. 2005; Sachdev et al. 2005;
Schulze-Rauschenbach et al. 2005; Avery
et al. 2006; Rosa et al. 2006; Mogg et al. 2008)

10 (Speer et al. 2001; Fabre et al. 2004; Jorge
et al. 2004; Mosimann et al. 2004; Boggio
et al. 2005; Sachdev et al. 2005; Schulze-
Rauschenbach et al. 2005; Avery et al. 2006;
Kuroda et al. 2006; Wagner et al. 2006 (H))

14 (Little et al. 2000; Loo 2001; Speer et al.
2001; Moser et al. 2002; Shajahan et al. 2002;
Loo et al. 2003; Hausmann et al. 2004; Jorge
et al. 2004; Mosimann et al. 2004; Boggio
et al. 2005; Rektorova et al. 2005; Sachdev
et al. 2005; Schulze-Rauschenbach et al. 2005;
Avery et al. 2006)

2 (Loo 2001; Boggio et al. 2005)

12 (Triggs et al. 1999; Speer et al. 2001; Moser
et al. 2002; Shajahan et al. 2002; Loo et al.
2003 (Learning); O’Connor et al. 2003; Fabre
et al. 2004; Hausmann et al. 2004; Jorge et al.
2004; Mosimann et al. 2004; Avery et al.
2006, Rosa et al. 2006)

5 (Little et al. 2000; Speer et al. 2001; Fabre
et al. 2004; Jorge et al. 2004, Rosa et al. 2006)

3 (Loo 2001; Moser et al. 2002; Loo et al. 2003)

2 (Loo 2001; O’Connor et al. 2003)

13 (Rollnik et al. 2000; Loo 2001; Speer et al.
2001; Moser et al. 2002; Hoppner et al. 2003;
Huber et al. 2003 (males); Fabre et al. 2004;
Rektorova et al. 2005; Sachdev et al. 2005;
Schulze-Rauschenbach et al. 2005; Avery
et al. 2006; Kuroda et al. 2006; Mogg et al.
2008)

1 (Wagner et al. 2006
(H)

1 (Loo et al. 2003)

2 (Loo 2001; Loo et al.
2003 (Retention))

Vanderhasselt et al. 2009 not included; (H) healthy sample
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to find a significant effect in this domain (Mogg et al.
2008; Speer et al. 2001).

Regarding the allocated studies, about 23 assessed
executive functions/working memory in patients (21) and/or
healthy subjects (2). Significant improvements were found
in the domains working memory, cognitive flexibility and
verbal fluency/retrieval (Fabre et al. 2004; Hausmann et al.
2004; Little et al. 2000; Martis et al. 2003; Moser et al.
2002; O’Connor et al. 2003; Triggs et al. 1999; Vander-
hasselt et al. 2009). Problem solving/reasoning remained
without any beneficial but one adverse effect (Boggio et al.
2005; Loo 2001; Loo et al. 2003). In a great amount of
studies improvements were slight and failed to reach sig-
nificance, but a variety of studies report on trends (for more
details see, Tables 1, 2).

Concerning the results of the learning and memory
section there are 19 studies quantifying this dimension.
Little et al. (2000), Padberg et al. (1999) and Schulze-
Rauschenbach et al. (2005) discovered verbal learning/
memory improvements, but a great range of authors did
not find such statistically relevant effects (see, Table 2).
Loo (2001) found an individual temporary deterioration
in verbal learning/memory, two years later the same
group manifested a selective deterioration in the retention
of verbal material (Loo et al. 2003). However, amelio-
rations were reported in spatial and objective learning/
memory (Little et al. 2000; Martis et al. 2003). In other
studies subjects did not exhibit any relevant objective
memory change (Fabre et al. 2004; Jorge et al. 2004;
Speer et al. 2001). Subjects of other studies reached high
scores in associative learning/memory (Kuroda et al.
2006; Solé-Padullés et al. 2006) and in autobiographic
memory (Schulze-Rauschenbach et al. 2005). Missing
effects in the latter categories are described by Loo et al.
(2001, 2003), Moser et al. (2002) and O’Connor et al.
(2003).

As much as 16 studies explicitly assessed psychomotor
speed/processing speed with the Trail-Making-Test (Ver-
sion A), the d2-Test or the Stroop-Paradigm. Overall, three
studies stated improved psychomotor speed in different
tasks (Hausmann et al. 2004; Martis et al. 2003; Vander-
hasselt et al. 2006), one found gender differences in terms
of improvements in women and no improvements in men
(Huber et al. 2003), the others did not find relevant effects
(for details see, Table 2).

Effect of clinical status and stimulation type
on cognitive changes

As mentioned above our review reports the results of 27
clinical studies (involving patients with distinct diseases)
and 3 non-clinical studies (including only healthy volun-
teers). At first, we compare the different groups with regard

to the cognitive stimulation effect. We then summarize the
stimulation parameters in terms of their relative cognitive
effect. Finally, we contrast the stimulation conditions “real
(verum)” and “placebo (sham)” to give an overview of
placebo- or real rTMS-induced effects.

Clinical versus non-clinical group

One of the non-clinical groups stimulating over the (left)
PFC showed ameliorations in processing speed (Vander-
hasselt et al. 2006), whereas the others did not exhibit
relevant improving effects (Huang et al. 2004; Wagner
et al. 2006). However, Wagner et al. (2006) found an
individual deterioration in divided attention (visual reac-
tion time was slowed). Over all non-clinical groups a single
amelioration (in processing speed) can be manifested.
Regarding the clinical groups, there are 22 reported ame-
liorations spanning the domains attention (selective, sus-
tained), executive functions (working memory, cognitive
flexibility and verbal fluency/retrieval), learning and
memory (verbal, nonverbal) and processing speed. Never-
theless, a great number of studies did not find significant
effects over these domains (Table 2). Deteriorations are
reported in verbal learning/memory (Loo 2001; Loo et al.
2003) and in planning (Loo et al. 2003).

Stimulation parameters

In the majority of studies (18) subjects had 10 stimulation
sessions in 2 weeks (see, Table 1). The frequencies range
between 10 Hz and 20 Hz, the motor threshold between 80
and 100%. There is a notable difference between intertrain
intervals ranging from 5 s over 24-28 s up to about 60—
90 s. In consideration of all positive cognitive outcomes
(15), those studies using stimulation frequencies of 10 Hz
up to 20 Hz over a period of 2 up to 4 weeks (22) seem to
be most effective. Two studies which attained significant
improving effects with 10-20 Hz assessed five rTMS ses-
sions only (Moser et al. 2002; Triggs et al. 1999), in the
two other studies participants received one sham and one
real rTMS session (Rektorova et al. 2005; Vanderhasselt
et al. 2006). Seven studies with abovementioned stimula-
tion parameters (10-20 Hz, 2—4 weeks) are lacking sig-
nificant cognitive improvement, but indicate a trend of
cognitive amelioration anyhow (Boggio et al. 2005; Jorge
et al. 2004; Loo et al. 2003; Mosimann et al. 2004; Rosa
et al. 2006; Speer et al. 2001). Three others do not report
on any improving effect at these stimulation conditions
(Loo 2001; Mogg et al. 2008; Shajahan et al. 2002). With
regard studies using frequencies at the lower end of the
high-frequency range (5 Hz), there were no marked
improvements in cognitive functions (Huang et al. 2004;
Shajahan et al. 2002), one study found a tendency of
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cognitive ameliorations (Solé-Padullés et al. 2006), but,
except for the latter case, the studies are composed of
single stimulation sessions.

Onset of cognitive measure

We looked into the studies to identify the time interval
between last rTMS administration and test onset. All
studies performed baseline cognitive testing prior or one
day before the first rTMS session. Most studies (19)
reported on cognitive measures the day of completing all
sessions without specifying the exact onset (Avery et al.
2006; Boggio et al. 2005; Hausmann et al. 2004; Hoppner
et al. 2003; Huber et al. 2003; Jorge et al. 2004; Loo
2001; Loo et al. 2003; Mogg et al. 2008; Moser et al.
2002; Mosimann et al. 2004; O’Connor et al. 2003;
Padberg et al. 1999; Rollnik et al. 2000; Rosa et al. 2006;
Sachdev et al. 2005; Speer et al. 2001; Triggs et al. 1999;
Vanderhasselt et al. 2006). Among these studies 18 used
frequencies of 10-20 Hz over a longer period (10-20
sessions (n = 16), 5 sessions (n = 2)), but only 6 of them
described significant positive cognitive outcomes being
associated with rTMS intervention. The others mainly
showed either a trend of cognitive improvement in verum
group or did not detect differences between groups (see,
Sect. Discussion). Two further studies exhibited tempo-
rary deteriorations.

The other studies described adequately the delay
between stimulation and test onset ranging from immediate
testing (Huang et al. 2004; Rektorova et al. 2005; Shajahan
et al. 2002; Solé-Padullés et al. 2006), 10-30 min (Little
et al. 2000; Wagner et al. 2006; Vanderhasselt et al. 2009),
20-24 h (Fabre et al. 2004), one or 3 days (Kuroda et al.
2006; Martis et al. 2003) up to one week (Schulze-Raus-
chenbach et al. 2005). Five studies integrated follow-up
measures (Boggio et al. 2005; Hoppner et al. 2003; Mogg
et al. 2008; O’Connor et al. 2003; Triggs et al. 1999), eight
studies intermediate measures (Triggs et al. 1999; Loo
2001; Rollnik et al. 2000; Shajahan et al. 2002; Little et al.
2000; O’Connor et al. 2003; Rosa et al. 2006; Vander-
hasselt et al. 2009).

Verum versus sham stimulation

Overall, 19 studies are sham-controlled, among these
studies 7 are designed crossover and “within subject” or
“within group”. Two of these studies were excluded
because of a small sham-sample (Little et al. 2000) or of
only a single sham session crossover (Vanderhasselt et al.
2009). For the sham procedure there were 13 studies using
active coils angulated at 45° or 90° and 4 studies using
sham coils. Therefore, we did not perform a comparison of
the different sham procedures. In the presentation of results
we only considered the main outcome of each analysis. The
impact of clinical status and stimulation condition (real vs.
sham) is outlined in regard to the relative cognitive effect
in Table 3.

Thus, individual (may be opposing) results were not
listed separately, but integrated in the overall report.
According to the hypothesis, 7 studies confirm a signifi-
cantly greater improvement of cognition in verum than in
sham condition. Another 8 studies do not reveal relevant
differences in cognition between stimulation conditions (in
terms of no significant improvement in both conditions).
The latter studies include trends toward improvements as
well as significant improvements in individual domains
that are not reported in detail. For that reason a reclassifi-
cation of some cases into the last category (“overall cog-
nitive improvement”, see Table 3) can be argued. There is
no greater sham than verum effect, but interestingly, one
study implicates a selective advantage in a planning task of
sham over verum stimulation (Loo et al. 2003). Two
studies report on overall cognitive improvement, i.e.
ameliorations in both stimulation conditions (Avery et al.
2006; Solé-Padullés et al. 2006), that could be due to
practice or placebo effects.

High-frequency versus low-frequency stimulation

Low-frequency studies meeting the predefined criteria are
outlined in Table 4. To overview their cognitive outcome,
low-frequency stimulation (=1 Hz) seems to deteriorate
cognitive functioning in lieu of having improving effects.

Table 3 Comparison sham

. N Group specific cognitive effect
versus verum stimulation in

Studies contrasting real and placebo stimulation

high-frequency studies: main

outcome Sham

No significant improvement: Verum =

8 (Loo 2001; Loo et al. 2003; Hausmann et al. 2004; Huang et al.
2004; Jorge et al. 2004; Mosimann et al. 2004; Boggio et al.
2005; Mogg et al. 2008)

Selective improvement: Verum > Sham 7 (Padberg et al. 1999; Rollnik et al. 2000; Speer et al. 2001;

Moser et al. 2002; Hoppner et al. 2003; Vanderhasselt et al.
2006; Wagner et al. 2006)

Selective improvement: Sham > Verum n. a.

Overall improvement (placebo-/
practice effect): Verum = Sham

2 (Avery et al. 2006; Solé-Padullés et al. 2006)
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One study described improved simple reaction times and
better scores in the Stroop Task, but this had been associ-
ated with a reduced seizure activity in epilepsy patients by
the authors (Fregni et al. 2006). Two studies report no
worsening cognitive effects (Fitzgerald et al. 2005; Januel
et al. 2006), and one study by Trojano et al. (2006) referred
a selective deterioration of functioning directly and after
10 min of 1-Hz stimulation.

Discussion
Overall results and limitations of the studies

To summarize the results, we can state that high-frequency
rTMS (10-20 Hz) is most likely to cause significant cog-
nitive improvement when applied over the left (dorsolat-
eral) prefrontal cortex, within a range of 10—15 successive
sessions and an individual motor threshold between 80 and
110%. Regarding the analyses of clinical status and stim-
ulation condition concerning the efficacy of rTMS, the
clinical group is superior to the non-clinical group and
verum stimulation is in general superior to sham stimula-
tion. All in all, many studies failed to demonstrate signif-
icant cognitive effects, but they could show trends toward
selective cognitive improvements. In comparison with
studies using 1-Hz stimulation, high-frequency studies
seem to be superior concerning the cognitive outcome.
However, the evaluation is limited due to partly method-
ological differences between and within studies or to the
marginal number of low-frequency studies. General limi-
tations concern the absence of healthy control groups as
well as sham conditions to some extent. Important to note
is the marginal number of studies using functional imaging
and integrating follow-up measures for the exploration of
long-term effects. The relative high number of studies
giving evidence of placebo or practice effects requires
future amendment of control conditions. There are dis-
crepancies concerning the onsets of cognitive testing after
rTMS administration being substantially relevant for the
outcome. Therefore, results seem to be inconsistent
throughout the literature and the particular biological
mechanism of rTMS for cognitive improvement seems to
be questionable until the underlying pathophysiology
remains unclear. We do not know how long the effects of
rTMS on cognitive function will persist. Studies investi-
gating systematically the duration of the induced cognitive
effects are lacking, but one can assume, based on the
remaining effects on psychopathology (e.g. improvement
of mood), that also the cognitive improvement will persist
for a certain period of time. Future work is needed to
systematically investigate the impact of different test
onsets after rTMS application.

@ Springer

It should also be further addressed that the correct
positioning of the coil is important for the effects of rTMS.
Most of the studies used the method of Pascual-Leone
(placing the coil 5 cm rostrally from the hot spot of pri-
mary motor cortex) to identify the DLPCF or localized the
left DLPFC by the 10-20 EEG-system. While recent
studies on neuronavigation for TMS have shown that ste-
reotactically neuronavigated TMS results in stronger and
more robust TMS effects, neuronavigation may be impor-
tant for inducing long-lasting cognitive improvement. For
example, one study demonstrated a systematic difference in
the behavioral effect size due to the way of localization.
Individual fMRI-guided TMS neuronavigation yielded the
strongest and the 10-20 EEG-system stimulation approach
the smallest behavioral effect size (Sack et al. 2009). There
was a nearly tenfold increase in the needed number of
probands to induce the same behavioral effect when using
the 10-20 system compared to fMRI-guided neuronaviga-
tion. In addition, a previous study demonstrated clearly that
in most cases the DLPFC was not targeted correctly when
compared to the commonly used method of Pascual-Leone
with neuronavigated coil positioning (Herwig et al. 2001).

Effects on different cognitive domains

To discuss the effect of rTMS on attention, one has to
consider the different elements that build attentional pro-
cesses. A basal part of attention is the alertness, which is
generally separated in tonic alertness, representing the
enduring alert state over the day, and phasic alertness,
implying the temporary enhancement of this state due to an
internal or external stimulus (Posner 1975). The mainte-
nance of concentration over a longer period of time under
monotonous stimulus conditions is called sustained atten-
tion (Davies et al. 1984), whereas divided attention is
commonly characterized by keeping on line two or more
currently relevant (classes of) stimuli or mental operations
at the same time. Therefore, divided attention requires the
simultaneous monitoring of different information channels
to quickly detect relevant events and to execute actions
according to the actual demand (Posner and Boies 1971).
The essential function of selective or focused attention is
the selection of a particular subset of the available stimuli
for preferential processing and, consequently, the simulta-
neous suppression of currently irrelevant information
(Kinchla 1992). Important to note is that the concept of
divided and selective attention is closely connected to the
concept of executive functions. The studies reviewed in our
work mainly found improvements in selective and sus-
tained attention, not in alertness. The concept of executive
function describes higher cognitive processes like problem
solving, mental planning, initiation and inhibition of
behavior as well as action control. The main function of the
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executive system is monitoring cognitive (sub-) processes
and their flexible dynamic regulation due to changing
environments. Such adaptive behavior necessitates a flex-
ible mind, which maintains and updates currently relevant
information and exerts top—down control over the percep-
tion of incoming information and execution of outgoing
behavior. This control is most commonly associated with
the anterior pole of the brain, the prefrontal cortex (PFC)
(Fuster 1987; Miller and Cohen 2001; Chao and Knight
1995). For successfully using executive control the ability
of dynamic attentional shifting is necessary. Working
memory consists of the short-term storage of incoming
information and a set of executive processes. Short-term
storage involves the active maintenance of a limited
amount of information for a matter of seconds and is a
necessary component of many higher cognitive functions
mediated in part by the prefrontal cortex (PFC). The
executive component implies the mental manipulation of
maintained information (Carpenter et al. 1990; Fuster
1987; Goldmann-Rakic (1997); Stuss and Benson 1986).
Therefore, working memory is often operationalized by
continuous performance tasks requiring the permanent
maintenance and manipulation of incoming information.
As executive function and working memory were attrib-
uted to prefrontal cortex, one could expect a significant
influence of rTMS on these cognitive domains. Neverthe-
less, the presented studies do not exhibit high significances.
They mainly report on improvements in “working mem-
ory”, “cognitive flexibility” or “verbal fluency”, but there
are no effects in problem solving, planning or reasoning.
Maybe such higher cognitions require too specific modu-
lations of activity than they could be effectively modified
by rTMS. We do not know whether executive improve-
ments underlie alterations in basic functions like attention
or concentration.

Concerning the learning and memory section, memory
refers to intermediate- and long-term storage of informa-
tion and has to be distinguished from short-term storage or
working memory described above. It contains the encod-
ing, consolidation and retention of verbal and nonverbal
material. Therefore, tasks used are requiring the immediate
and delayed free recall or cued recognition of information.
With regard to the well known memory complaints after
electroconvulsive therapy (ECT), it is important to note
that no marked memory deficits have been found after
rTMS. In addition to this outcome beneficial therapeutic
(e.g. antidepressant) effects have been the consequence.
RTMS (compared to ECT) seems to be a more sensitive
technique while exhibiting therapeutic and even improving
cognitive effects.

Psychomotor speed/processing speed describes the time
a person needs to process incoming stimuli and to ade-
quately react to them or initiate behavior, e. g. connecting

numbers as fast as possible in ascending order. Only a few
studies indicate significant increase in processing/motor
speed when measured solely.

All in all, there are inconsistencies between results that
may be attributed to differences in methodology (e.g.
stimulation protocols, number of sessions, for details see,
Table 1) or sample constitution. Missing statistical power
in some cases may be due to marginal psychometric
test properties. The evaluation of results is difficult on
account of the sometimes overlapping contents of cognitive
domains.

What kind of cerebral changes due to rTMS may result
in improving behavioral outcomes?

Regarding the differential rTMS effects throughout the
literature, evidence is growing about the modification of
cerebral blood flow, glucose metabolism and neuronal
excitability in the stimulated area as well as in intercon-
nected brain regions (Conca et al. 2002; Fox et al. 1997).
Moreover, short-/long-term potentiation of synapses and
rapid dynamic alterations in gray matter (GM) density are
reported (Esser et al. 2006; May et al. 2007). The latter
result resembles structural changes in normal learning
mechanisms that could be triggered by high-frequency
rTMS pulses. The reported dynamic shift of gray matter
density after about 5 days of stimulation is attended by
clinical ameliorations within the same time. The occur-
rence of structural alterations mirrored by changes in
functional processing exemplifies structural neuroplastic-
ity as a counterpart of function. Furthermore, there is a
large body of literature suggesting an association of
hypofrontality in schizophrenia with negative symptoms
and cognitive deficits (Dolan et al. 1993; George and
Belmaker 2000; Weinberger et al. 1988). High-frequency
rTMS (especially at 10 Hz) seems to be a promising
technique to improve such negative symptoms (Hajak
et al. 2004; Cordes et al. 2005; Jin et al. 2006). Conse-
quently, high-frequency rTMS can be suggested to be able
to evoke improvements in both negative symptoms and
cognition. The herein reviewed rTMS studies assessing
cognition in schizophrenia did not show convincing
effects toward a cognitive improvement. Additionally, it
remains unclear whether structural changes, alterations in
metabolism or neurotransmission under the stimulated
area or in the connected neuronal network (or the com-
bination of all) may produce behavioral outcomes (e.g.
May et al. 2007; Strafella et al. 2001). Regarding the
stimulation location (PFC) one could expect improve-
ments in most of the abovementioned cognitive functions,
because they all underlie (at least in part) this area.
Nevertheless, the results of the studies do not exhibit such
consistent pattern.
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The mechanism how rTMS may lead to an improvement
of cognitive function is rather complex and raises some
difficulties in interpretation. TMS-induced enhancement of
performance might be the result of the excitation of a
functionally relevant task-supporting activation, the exci-
tation of an area that inhibits competing functions, the
inhibition of an area that suppresses the execution of the
task, or the inhibition of an area that promotes competing
functions (Sack and Linden 2003). This is complicated by
the fact that the same stimulation pattern (e.g. supra-
threshold rTMS with 10 Hz) could lead to different effects
on cerebral blood flow depending on the stimulation site
(e.g. increase when stimulating the frontal eye field and
decrease during rTMS of the primary motor cortex) (Sack
and Linden 2003). The effects of rTMS also depend on the
history of synaptic activity in the stimulated region. For
example, if 6-Hz rTMS is applied for a short period (below
the threshold for any lasting after-effects), then the sup-
pressive effect of a subsequent period of 1-Hz rTMS is
enhanced (Ridding and Rothwell 2007). Generally, a prior
history of increased activity seems to increase the effec-
tiveness of rTMS protocols that decrease excitability,
whereas a prior history of reduced activity increases the
effect of facilitatory rTMS.

Further differential investigations are necessary to
expand knowledge of rTMS functioning and the under-
lying biological mechanisms by linking structural and
functional imaging data (including spectroscopy data)
with behavioral outcome variables. For a detailed analysis
of functional cerebral alterations, the rTMS procedure
could be conducted during fMRI-scanning. Such a
simultaneous approach provides the opportunity to
investigate the local response to TMS at a neurophysio-
logical level with high spatial resolution, thus helping to
determine in vivo the brain areas that are directly or
transsynaptically affected by TMS. Nevertheless using
fMRI tends to create also problems with interpretation;
for example, whether changes in perfusion or BOLD
signal reflect changes in excitatory, inhibitory or com-
bined neural activity.

An interesting topic in this context could also be to
evaluate and compare the contrast of brain alterations and
differences in activated neuronal networks in diseased
and healthy people to explore different coping strategies.
All in all, investigations have to prove the efficacy of
rTMS in randomized sham-controlled trials with higher
statistical power using larger sample sizes and improved
methodology. This may even become more interesting
while stimulation protocols inducing longer-lasting
effects like theta-burst stimulation (TBS) have been
developed. Currently studies are underway to test these
TBS in terms of affecting not only motor response, but
also cognition.
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