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Abstract
Objectives To study the effects of a standard acute medication withdrawal program on short-term cortical plasticity mechanisms
in patients with medication overuse headache (MOH).
Methods Thirteen patients with MOH and 16 healthy volunteers underwent repetitive transcranial magnetic stimulation (rTMS)
over the left motor cortex; in patients with MOH, recordings were performed before and after a 3-week medication withdrawal
program. Ten trains of 10 stimuli each (120% resting motor threshold) were delivered at 1 Hz or 5 Hz in two separate sessions in a
randomised order. Motor evoked potential (MEP) amplitudes were measured from the right first dorsal interosseous muscle and
the slope of the linear regression line from the first to the tenth stimuli was calculated for each participant.
Results All subjects exhibited MEP amplitude inhibition in response to 1 Hz rTMS. Alternatively, the 5-Hz trains of rTMS
inhibited rather than potentiated MEP amplitudes in patients with MOH. The physiological potentiating effect of 5 Hz rTMS on
MEP amplitudes was restored after drug withdrawal and in proportion with the percentage reduction in monthly headache days in
patients with MOH.
Conclusions The results suggest that acute medication withdrawal normalises brain responses in patients with MOH. Clinical
improvements after medication withdrawal may reflect the reversal of neurophysiological dysfunction. Accordingly, medication
withdrawal should be offered to patients with MOH as early as possible in order to prevent the development of more pronounced
alterations in brain plasticity.
Keywords Chronic migraine . Repetitive transcranial magnetic stimulation . Short-term depression . Short-term potentiation .
Synaptic plasticity

Introduction
The International Classification of Headache Disorders
(ICHD 3) [1] defines medication overuse headache
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(MOH) as headaches occurring ≥ 15 days per month
for a period of at least 3 months as the result of
excessive intake of acute medications such as nonsteroidal analgesic drugs (NSAIDs) and triptans.
Several electrophysiological studies have investigated
the pathophysiology of MOH and demonstrated that
patients with MOH exhibit characteristic neurophysiological abnormalities. For example, patients with
MOH show response sensitisation of the somatosensory
cortex in response to different repetitive sensorial stimulations, demonstrated by an initial increase in the amplitude of evoked potentials [2]. Patients with MOH
also exhibit impaired amplitude habituation, defined as
the absence of a decrease in amplitude in response to
repeated stimulation [2–4]. Since habituation is a basic
form of learning [5], these findings suggested that patients with MOH experience alterations in neural plasticity and learning processes.
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We recently assessed neural plasticity in the motor cortex
of chronic migraineurs with and without medication overuse
using low- and high-frequency repetitive transcranial magnetic stimulation (rTMS). We found that, depending on the duration of overuse headache, patients did not show short-term
potentiation of motor evoked potentials in response to facilitatory trains of rTMS [6]. In contrast, chronic migraineurs
without medication overuse showed normal responses to
inhibitory/facilitatory trains of rTMS. These observations led
us to hypothesise that medication overuse induces a dysfunctional state of brain plasticity. On this premise, we further
speculated that medication-induced alterations in short-term
plasticity would normalise after the discontinuation of medication overuse.
The aim of this study was to examine responses of patients
with MOH to both low- and high-frequency rTMS over the
motor cortex before and after drug withdrawal in comparison
to normal subjects in order to understand the characteristics of
short-term plasticity dysfunction in MOH.

Material and methods
Subjects
We recruited 16 patients with de novo MOH (according to the
International Classification of Headache Disorders III [1])
from our headache clinic. Of these, 3 patients were excluded
because they did not meet the primary inclusion criteria (see
below). We previously published the results of rTMS studies
performed on the initial 8 patients [6] and have combined
these data with data from 5 additional patients in order to
verify the observed effect of acute medication withdrawal.
Participants were included if they were between 18 and
65 years of age, had at least a 1-year clinical history of migraine and had never completed a detoxification program before their first screening visit. The inclusion criteria were restricted to patients with MOH as a result of NSAID use only
(IHCD-III code 8.2.3.2) based on a previous study demonstrating that these patients exhibit more pronounced sensorimotor abnormalities than patients overusing acute migraine
medications such as triptans [2, 7]. Participants were excluded
from the study if they had been taking regular medications in
the previous 3 months (e.g. antibiotics, corticosteroids, antidepressants, benzodiazepines or prophylactic migraine medication; contraceptive pills were allowed) or if they had a history of other neurological disorders, systemic hypertension,
diabetes or other metabolic or autoimmune disease, or any
other type of primary or secondary headache. All participants
received a comprehensive description of the study and provided written informed consent prior to participation. The study
was approved by the local ethics review board and was conducted in accordance with the Declaration of Helsinki.

After application of the inclusion/exclusion criteria, the final dataset comprised 13 patients. All patients had a clear
history of episodic migraine without aura (ICHD-III code
1.1) prior to the development of MOH. With the exception
of 2 patients who indicated the presence of mild headache
(mean visual analogue scale score, 4/10), all patients
underwent MEP recordings in a pain-free state. Recordings
were performed at least 3 h after the last dose of medication;
because patients with MOH self-administer acute medication
in a compulsive manner, we were unable to prevent patients
from taking medication on the day of recording. For comparison, we also recruited 16 healthy volunteers (HVs) with comparable distributions of age and sex and no personal or familial
history (first- or second-degree relatives) of migraine or other
health conditions. Neurophysiological data for these HVs
were previously published elsewhere [6]. To avoid hormonal
interference, female participants completed the experimental
protocol between menstrual periods. All participants were
right-handed.
Patients with MOH underwent a 3-week standard acute
medication withdrawal program which consisted in the advice
to abruptly withdraw the overused medication without any
prophylactic medication [8]. Patients’ compliance with medication withdrawal was checked through headache diary. Eight
patients out of 13 were able to completely avoid drug intake,
while one tablet was taken by three patients, two tablets by
one patient and four tablets by another patient for the entire
period of 3-week acute medication withdrawal program. After
the withdrawal period, patients were re-evaluated using the
same experimental TMS protocol. We ensured that the postwithdrawal recording session occurred at least 3 days before
and after a migraine attack, as verified by telephone or email
interview.

TMS procedures
During the TMS procedure, patients were seated in a comfortable armchair and instructed to relax with their eyes closed.
TMS was delivered through a high-frequency biphasic magnetic stimulator (MagstimRapid, The Magstim Company Ltd.,
Whitland, South West Wales, UK) connected to a figure-ofeight coil with a maximal output of 1.2 T. We first determined
the optimal orientation and position of the coil (i.e. Bhot spot^)
over the left motor area for stimulating the first right dorsal
interosseous (FDI) muscle. Thereafter, the resting motor
threshold (RMT) was identified using single TMS pulses.
The RMT was defined as the minimal intensity required to
elicit an electromyographic (EMG) response of at least
50 μV with 50% probability in a fully relaxed muscle.
Complete relaxation of the FDI muscle was verified by the
absence of EMG signals as determined by visual (on a monitor) and acoustic feedback. Because all participants were
right-handed and because patients did not always experience
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the headaches on the same side, rTMS trains were delivered
exclusively over the left motor cortex. EMG activity in the
right FDI muscle was recorded with surface electrodes.
Thereafter, 10 consecutive trains of 10 single pulses of TMS
(stimulus intensity, 120% of the RMT; inter-train interval,
1 min) were delivered at a frequency of 1 or 5 Hz in two
separate sessions (with an intersession interval of at least
1 week) in a randomised order. The resulting EMG signal
was filtered (20 Hz–1 kHz) and stored on a personal computer.
All recordings were collected during a 3-h period in the morning between 09:00 and 12:00 by two investigators (C.L. and
C.C.). The 10 trains of 10 stimuli were averaged and analysed
offline in a blind manner by a single investigator (F.C.). Peakto-peak MEP amplitudes (μV) were measured for each of the
10 responses within the train of 10 stimuli.

Statistical analysis
All data were analysed in a blinded manner by a single investigator (G.C.) using Statistica version 8.0 (StatSoft Inc., Tulsa,
USA) for Windows (Microsoft Corporation, Redmond, WA,
USA).
We first checked the normality of the data distribution
using the Kolmogorov-Smirnov test. A preliminary descriptive analysis revealed that some the peak-to-peak MEP amplitudes within individual rTMS trains had non-normal distributions. After log transformation (log10[x]), all data satisfied a
normal distribution (the Kolmogorov-Smirnov test, p > 0.05).
In order to compare the baseline findings in patients with
MOH (MOH-b) with those of HVs, we performed a repeated
measures analysis of variance (rm-ANOVA) with Bgroup^ as
the between-subject factor (HV, MOH-b) and Bstimuli^ as the
within-subject factor (n = 10). Moreover, as previously described [6], we calculated the slope of the linear regression
line for all 10 stimuli using normalised data in order to quickly
Table 1 Demographics
characteristics of study
participants and headache profiles
of patients. Data expressed as
mean ± SD. HV healthy
volunteers, MOH medication
overuse headache patients before
(MOH-b) and after (MOH-a)
acute medication withdrawal, N
number of subjects; *p < 0.001
vs. MOH before withdrawal

evaluate MEP amplitude trends within trains of rTMS stimuli.
Baseline slope values were compared using independent
Student’s t tests. Relative changes (RC) in mean monthly
headache days and in the slope of the linear regression were
assessed using the following formula: RC = 100 − ([MOHa × 100] ÷ MOH-b), where MOH-a represents findings obtained after medication withdrawal. Electrophysiological variables before and after the 3-week acute medication withdrawal program were compared using paired Student’s t tests. The
threshold for statistical significance was p < 0.05.

Results
Basic clinical and neurophysiological parameters
Complete rTMS trains of MEPs were obtained for all study
participants. Baseline neurophysiological parameters (RMT
and the first MEP amplitude) were not significantly different
between groups for either condition (1 and 5 Hz rTMS) or
after a 3-week withdrawal from acute medication in patients
with MOH (Table 1).

Effects of rTMS on baseline neurophysiological
parameters
In a rm-ANOVA model using the rTMS 1-Hz MEP peak-topeak amplitude as the dependent variable, there was a borderline significant main effect of stimuli (F9,243 = 1.867, p =
0.057), but not of group (F1,27 = 0.0255, p = 0.874) or the
group × stimuli interaction effect (F9,243 = 0.340, p = 0.961)
(Fig. 1, left panel). The slope of the linear regression of MEP
amplitudes over all stimuli was not significantly different between groups (t = 0.490, p = 0.628) (Fig. 2, left panel).

Women (n)
Age (years)
Duration of the history of migraine (years)
Days with headache/month (n)
Severity of headache attacks (0–10)
Nausea/vomiting (n)
Photophobia (n)
Phonophobia (n)
Pulsating (n)
Duration of the chronic headache (month)
Tablet intake/month (n)

HV (n = 16)

MOH-b (n = 13)

MOH-a (n = 13)

12
32.1 ± 10.2

11
34.5 ± 9.8

11

13.5 ± 10.3
24.4 ± 6.2
8.7 ± 1.8
12
11
13
12
41.9 ± 24.6
42.5 ± 43.3

5.0 ± 4.8*
7.3 ± 2.6

0.7 ± 1.2*

Days with headache/month: the number of headache days with moderate or severe intensity in the month
preceding or following the withdrawal program; tablet intake/month: the number of acute medication intake in
the month preceding or following the withdrawal program
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Fig. 1 Motor evoked potentials (MEPs) elicited by repetitive transcranial
magnetic stimulation trains delivered at 1 Hz [left panel] and 5 Hz [right
panel] at 120% resting motor threshold in healthy volunteers (HV) and

patients with medication overuse headache (MOH) before (MOH-b) and
after (MOH-a) completing a 3-week medication withdrawal program

In a rm-ANOVA model using the rTMS 5-Hz MEP peakto-peak amplitude as the dependent variable, there was a significant main effect of stimuli (F9,243 = 2.367, p = 0.014) and
the group × stimuli interaction (F9,243 = 3.714, p = 0.0002) but
not group (F1,27 = 1.029, p = 0.319) (Fig. 1, right panel). The
slope of the linear regression of MEP amplitudes over all
stimuli was significantly different between groups (t = 3.803,
p = 0.0007) (Fig. 2, right panel).

decreased 1 month after withdrawal compared to baseline in
patients with MOH (t = 12.338, p < 0.001; t = 5.252,
p < 0.001 respectively). Moreover, there was a significant
negative correlation between the percentage reduction of
days with headache at 1 month after withdrawal and the
relative variation of the slope of the linear regression of
MEP amplitudes recorded in response to 5 Hz rTMS (r =
− 0.637, p = 0.019) (Fig. 3).

Effects of drug withdrawal on neurophysiological
and clinical parameters

Discussion

There was no significant difference in the mean slope of the
linear regression of MEP amplitudes over all stimuli obtained
in response to 1 Hz rTMS before and after the 3-week drug
withdrawal period in patients with MOH (t = − 0.810, p =
0.937) (Table 2). In contrast, there was a significant difference
in the mean slope of the linear regression of MEP amplitudes
recorded in response to 5 Hz rTMS between before and after
drug withdrawal (t = − 2831, p = 0.015). Of note, the mean
slope of MOH-a data was not significantly different from that
for HVs (t = 0.854, p = 0.400).
The mean days with headache per month and the mean
number of tablets taken per month were also significantly

The main finding of the present study was that a standard
withdrawal program for patients overusing medication restored normal short-term synaptic potentiation in the primary
motor cortex of patients with MOH. Several neurobiological
factors can account for these results.
In healthy subjects, trains of rTMS alter MEP amplitudes
during and immediately after stimulation depending on the
frequency and intensity of stimulation. When applied over
the motor cortex at suprathreshold intensity (120% RTM),
high-frequency (5 Hz) rTMS increases MEP amplitudes [9],
whereas low-frequency stimulation (1 Hz) diminishes MEP
amplitudes. Therefore, rTMS produces plastic changes in

Fig. 2 Bar charts representing the motor evoked potential (MEP) amplitude slope of the linear regression line from the first to the tenth stimulus
of 1 Hz [left panel] and 5 Hz [right panel] trains of transcranial magnetic

stimulation in healthy volunteers (HV) and patients with medication overuse headache (MOH) before (MOH-b) and after (MOH-a) completing a
3-week medication withdrawal program
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Table 2 Transcranial magnetic stimulation (TMS) resting motor thresholds (RMT) and motor evoked potential (MEP) first amplitude (Log
transformed) and slope of the linear regression line from the first to the
tenth stimulus of the train in MOH subgroup (n = 13) before and after
HV (n = 16)
1 Hz repetitive TMS train
RMT (%)
1st MEP amplitude
MEP slope
5 Hz repetitive TMS train
RMT (%)
1st MEP amplitude
MEP slope

MOH-b (n = 13)

MOH-a (n = 13)

54.9 ± 11.3

60.0 ± 11.4

61.2 ± 8.8

2.2 ± 0.3

2.3 ± 0.5

2.2 ± 0.5

− 0.0020 ± 0.0151

− 0.0056 ± 0.0286

− 0.0050 ± 0.0320

54.6 ± 11.4

59.2 ± 9.0

58.5 ± 6.6

2.3 ± 0.3
0.0104 ± 0.0309

2.4 ± 0.3
− 0.0303 ± 0.0255§

motor cortex excitability that outlast the period of stimulation
for a period of minutes to hours [9–11].
The results of this study confirm our previous finding of
dysfunctional short-term synaptic potentiation in patients with
MOH [6]; in this study, trains of high-frequency rTMS induced a paradoxical decrease in amplitude in patients with
MOH prior to medication withdrawal. This neurophysiological dysfunction may reflect a general alteration in plasticity
and learning processes in the MOH brain. Moreover, the absence of these abnormalities in another group of patients with
chronic migraine patients without MOH suggests that these
findings are specifically related to medication overuse. In our
previous study, this conclusion was underscored by the observation that longer durations of medication overuse were associated with more pronounced dysfunction of short-term potentiation in the motor cortex [6], as previously demonstrated for
the somatosensory cortex [2].
The present results expand on our previous findings by
demonstrating that complete medication withdrawal restores
Fig. 3 Percentage changes in the
mean monthly headache days and
the slope of the linear regression
after patients with medication
overuse headache completed a 3week medication withdrawal
program

3 weeks of drug withdrawal. Data expressed as mean ± SD. HV healthy
volunteers, CM chronic migraine patients, MOH medication overuse
headache patients, N number of subjects; §p < 0.05 vs. HV; *p < 0.05
vs. MOH before withdrawal

2.2 ± 0.5
0.0006 ± 0.0300*

normal short-term potentiation mechanisms within the motor
cortex of patients with MOH. Moreover, withdrawal-related
normalisation of rTMS responses corresponded to a change
from chronic migraine to episodic migraine as indicated by a
relative reduction in the number of monthly headache days.
Since the primary motor cortex is involved in several aspects of pain integration and modulation, likely influencing
affective or sensory components of pain or by top-down activation of descending antinociceptive systems [12, 13], drug
withdrawal may induce the normalisation of a complex network involving brain areas that participate in pain modulation
and control such as M1. Consistent with this idea, previous
studies have associated the discontinuation of medication
overuse with the normalisation of several neurophysiological
parameters and morphological features in brain areas of the
salient network (also known as the Bpain matrix^) [14].
Pain-related cortical potentials [4, 15] and spinal noxious
flexion reflex responses [16] are sensitised in patients with
MOH. These abnormal responses normalise after withdrawal
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treatment [4, 15, 16]. Perrotta and colleagues found that at the
spinal level, the sensitisation process in MOH was related at
least in part to insufficient descending inhibition from the
brainstem, subserving the counterirritation phenomenon activated by heterotopic pain stimulation to suppress incoming
nociceptive information [16]. The supraspinal antinociceptive
structures include the periaqueductal grey, rostral ventromedial medulla, thalamus, nucleus raphe magnus and nucleus
reticularis gigantocellularis [17]. Altered structural integrity
and functional connectivity of descending pain modulatory
areas such as the periaqueductal grey [18–21] and thalamic
nuclei [22] has been repeatedly identified in patients with
MOH. These structures are all interconnected with areas belonging to the salient network such as the sensorimotor cortex
and orbitofrontal and anterior cingulate cortices [14].
A voxel-based morphometry study identified significant
increases in grey matter volume in the midbrain (including
periaqueductal grey matter) of patients with MOH and subsequent decreases in volume after the discontinuation of medication overuse. Of note, low grey matter volume in the
orbitofrontal cortex before withdrawal was associated with a
poor response to drug discontinuation in a previous study
[18]. In another study, the orbitofrontal cortex was less connected both metabolically [23] and functionally to nociceptive
input regions such as spinal trigeminal nucleus and cerebellum
[24] in patients with MOH before drug withdrawal, whereas
these connections were normalised after drug withdrawal [23,
24]. Taken together, these data support the hypothesis that
medication overuse promotes maladaptive neurophysiological
and morphological changes in the brain.

Conclusion
In conclusion, we demonstrate that the dysfunction of shortterm plasticity mechanisms in patients with MOH is alleviated
by the discontinuation of medication overuse. On this premise, clinical improvements associated with withdrawal treatment may be related, at least in a subgroup of patients, to the
restoration of physiological brain plasticity. Our findings underscore the importance of initiating withdrawal treatment as
early as possible in patients with MOH in order to facilitate
normalisation of brain plasticity mechanisms. Future studies
in a larger cohort of patients are necessary to determine the
exact relationships between neurophysiological changes and
clinical variables in patients with MOH and whether the normalisation of such brain processes allow patients to regain
clinical efficacy from acute and prophylactic migraine
medications.
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