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Repetitive transcranial magnetic stimulation (rTMS) is emerging as a non-invasive therapeutic strategy in the battle 
against Alzheimer’s disease. Alzheimer’s disease patients primarily show alterations of the default mode network for 
which the precuneus is a key node. Here, we hypothesized that targeting the precuneus with TMS represents a promising 
strategy to slow down cognitive and functional decline in Alzheimer’s disease patients.
We performed a randomized, double-blind, sham-controlled, phase 2, 24-week trial to determine the safety and efficacy 
of precuneus stimulation in patients with mild-to-moderate Alzheimer’s disease. Fifty Alzheimer’s disease patients were 
randomly assigned in a 1:1 ratio to either receive precuneus or sham rTMS (mean age 73.7 years; 52% female). The trial 
included a 24-week treatment, with a 2-week intensive course in which rTMS (or sham) was applied daily five times 
per week, followed by a 22-week maintenance phase in which stimulation was applied once weekly. The Clinical 
Dementia Rating Scale–Sum of Boxes was selected as the primary outcome measure, in which post-treatment scores 
were compared to baseline. Secondary outcomes included score changes in the Alzheimer’s Disease Assessment 
Scale–Cognitive Subscale, Mini-Mental State Examination and Alzheimer’s Disease Cooperative Study–Activities of 
Daily Living scale. Moreover, single-pulse TMS in combination with EEG was used to assess neurophysiological changes 
in precuneus cortical excitability and oscillatory activity.
Our findings show that patients that received precuneus repetitive magnetic stimulation presented a stable performance 
of the Clinical Dementia Rating Scale–Sum of Boxes score, whereas patients treated with sham showed a worsening of 
their score. Compared with the sham stimulation, patients in the precuneus stimulation group also showed also signifi
cantly better performances for the secondary outcome measures, including the Alzheimer’s Disease Assessment Scale– 
Cognitive Subscale, Mini-Mental State Examination and Alzheimer’s Disease Cooperative Study–Activities of Daily Living 
scale. Neurophysiological results showed that precuneus cortical excitability remained unchanged after 24 weeks in the 
precuneus stimulation group, whereas it was significantly reduced in the sham group. Finally, we found an enhancement 
of local gamma oscillations in the group treated with precuneus stimulation but not in patients treated with sham.
We conclude that 24 weeks of precuneus rTMS may slow down cognitive and functional decline in Alzheimer’s disease. 
Repetitive TMS targeting the default mode network could represent a novel therapeutic approach in Alzheimer’s disease 
patients.
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Introduction
There is an urgent need for the development of new, effective 
therapeutic interventions in the battle against Alzheimer’s dis

ease.1,2 Recent work has suggested that non-invasive repetitive 

transcranial magnetic stimulation (rTMS) may improve cognition 

in patients with Alzheimer’s disease.3,4 The potential of this tech

nique lies in the possibility to promote changes in synaptic plasti

city,5 which is altered in Alzheimer’s disease due to both amyloid 

and tau pathology.6 So far, short-term beneficial effects have been 

obtained mostly by stimulating the dorsolateral prefrontal cortex 

(DLPFC), with rTMS sessions lasting 2–6 weeks.7,8 Despite some 

promising results, rTMS therapy is currently limited by the relative

ly short duration of treatment sessions and the uncertainty of 

which brain area is most beneficial to target.
In the early phases of Alzheimer’s disease neuropathological ab

normalities are mostly distributed in posterior cortical regions of the 

brain.9 For instance, amyloid plaques and neurofibrillary tangles are 

initially found in the precuneus (PC), the posterior cingulate, the ret

rosplenial, and the lateral posterior parietal cortex.9 FDG-PET im

aging studies consistently show in Alzheimer’s disease patients an 

early regional hypometabolism of these posterior areas,10 which is 

associated with alterations in the connectivity of the so-called de

fault mode network (DMN) that can be detected using resting-state 

functional MRI (fMRI).11 Notably, the precuneus is considered a 

main hub of DMN and is the most prominent area of tau pathology 

deposition and neuroinflammation.12 Decreases in functional con

nectivity or deactivation disturbances13 have also been reported 

within the precuneus of patients with mild cognitive impairment, 

being interpreted as the effect of local atrophy.14 At the early clinical 

stages of Alzheimer’s disease, disconnection of the precuneus pre

cedes and contributes to the occurrence of regional brain atrophy, 

which becomes prominent at later disease stages.15 The occurrence 

of precuneus atrophy would reflect a long-term effect of brain dis

connection and lead to the conversion from mild cognitive impair

ment to Alzheimer’s disease.15 Moreover, Alzheimer’s disease 

patients often show a reduction of precuneus cortical thickness ac

companied by an abnormal activation during memory tasks and de

creased functional connectivity.11 This is especially relevant since 

the activity of the precuneus is considered necessary for episodic 

memory retrieval,16 whose impairment represents the clinical onset 

of typical Alzheimer’s disease. Together, this suggests that targeting 

the precuneus with rTMS is a promising strategy to slow down cog

nitive decline in Alzheimer’s disease patients.

Previous studies performed on healthy subjects revealed that 
precuneus rTMS is able to modulate long-term memory functions17

and to strengthen the connectivity between the precuneus and the 
temporal cortex.18 Based on this evidence, we recently performed a 
randomized, sham-controlled trial in which we evaluated the effects 
of a 2-week course of high-frequency precuneus rTMS in mild 
Alzheimer’s disease patients. In that study, precuneus rTMS resulted 
in an enhancement of long-term memory and a parallel increase of 
neural activity within the DMN19 in Alzheimer’s disease patients.

The present study aimed to confirm our hypothesis that the pre
cuneus is an ideal target for non-invasive brain stimulation inter
ventions to slow down cognitive and functional decline in 
Alzheimer’s disease patients. Hence, we performed a randomized, 
phase 2, sham-controlled, double-blinded trial to evaluate the 
safety and efficacy of precuneus rTMS in mild-to-moderate 
Alzheimer’s disease patients when rTMS is applied over a clinically 
relevant period of 24 weeks.

Materials and methods
Patients and study design

This was a monocentric, sham-controlled, randomized, and 
double-blind phase 2 trial of precuneus rTMS in patients with 
mild-to-moderate dementia due to Alzheimer’s disease (TMS-AD). 
rTMS was given as an add-on to standard treatment with acetyl
cholinesterase inhibitors. The study was conducted in a research 
hospital in Italy (Santa Lucia Foundation IRCCS). The trial was ap
proved by the review board and the local ethics committee in ac
cordance with the principles of the Declaration of Helsinki and 
the International Conference on Harmonization Good Clinical 
Practice guidelines. All patients or their relatives or legal represen
tatives provided written informed consent. Patients could with
draw at any point without prejudice. This report followed the 
CONSORT reporting guideline for randomized studies. The 
TMS-AD study was registered on the clinicaltrial.gov website 
(NCT03778151). An independent committee monitored the pa
tients’ safety according to the Data Monitoring Committee Charter.

Patients were eligible if they had an established diagnosis of 
probable mild-to-moderate Alzheimer’s disease according to the 
International Working Group recommendations.20 Alzheimer’s dis
ease patients aged 50 ≤ 85 years; had a Clinical Dementia Rating 
(CDR)21 score of 0.5–1; a Mini-Mental State Examination (MMSE)22

score of 18–26 at screening; CSF biomarker evidence of 
Alzheimer’s disease amyloid and tau pathology;20 had one 
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caregiver; and had been treated with acetylcholinesterase inhibitor 
for at least 6 months. Patients were excluded if they had extrapyram
idal signs, history of stroke, other neurodegenerative disorders, 
psychotic disorders and if they had been treated 6 months before en
rolment with antipsychotics, antiparkinsonian, anticholinergics and 
antiepileptic drugs, history of seizure, metal in the head, or implanted 
cranial or thoracic devices or any other contraindication to TMS.

Randomization and masking

Patients were randomly assigned in a 1:1 ratio to receive PC-rTMS or 
sham-rTMS. Randomization was performed and assigned inde
pendently by an external statistician (C.F.), held centrally, and not 
divulged to any other person involved in the trial. Study groups 
were balanced in terms of age, sex and APOE carriers with a 
covariate-adaptive randomization procedure (minimization meth
od).23 Alzheimer’s disease patients were enrolled by expert neurol
ogists (G.K., C.M., A.M.) who were blinded to treatment allocation. 
Cognitive evaluations were performed by expert neurologists and 
neuropsychologists (S.B., I.B., M.A., M.M., S.P.) who were blinded 
to treatment allocation. rTMS sessions were performed by dedicated 
technicians (F.P., A.D.). Changes in cortical activity were monitored 
by combining single-pulse transcranial magnetic stimulation with 
electroencephalography. The recording and analysis of neuro
physiological data were performed by expert neurophysiologists 
blinded to treatment allocation (E.P.C., M.M., M.C.P.).

Trial procedures

The trial included a 24-week treatment, with a 2-week intensive 
course where rTMS (or sham) was applied over the precuneus daily 
(five times per week, Monday to Friday), followed by a 22-week main
tenance phase in which the same stimulation was applied weekly 
(Fig. 1). Each rTMS session consisted of 40, 2-s trains delivered at 
20 Hz that were spaced-out by 28 s (total number of stimuli: 1600). 
This protocol lasted approximately for 20 min.19 TMS was carried 
out using a Magstim Rapid2 magnetic biphasic stimulator connected 
with a with a 70-mm diameter figure-of-eight coil (Magstim 
Company). Coil was orientated parallel to the midline to induce a 
posterior-anterior directed current. Throughout the entire 24-week 
period, a total of 51 200 stimuli were delivered for each patient across 
32 sessions. Patients were not engaged in any cognitive rehabilitation 
programmes during the trial. The TMS coil position was constantly 
monitored using a neuronavigation system (Softaxic, EMS) coupled 
with an infrared camera. We used the individual structural MRI previ
ously performed for diagnostic purposes to accurately position the 
coil over the target area through the neuronavigation system. This en
sured that the same spot was reached across different sessions per
formed days or weeks apart. The precuneus spot was kept the same 
during the entire study for each patient. rTMS sham treatment was 
applied with a sham coil positioned in correspondence to the target 
area (Fig. 1). The intensity and positioning of rTMS treatment were es
tablished using single-pulse TMS in combination with a 64-channel 
EEG (TMS-EEG) based on the evaluation of TMS-evoked potentials 
(TEPs).19 EEG was recorded using a TMS-compatible DC amplifier 
(BrainAmp MR plus, BrainProducts). The amplifier was optically con
nected to a PC with BrainVision Recorder, through which the EEG 
was monitored online, and to a 64-channels EEG cap (EasyCap Inc). 
Each patient preliminarily underwent a series of TMS-EEG recordings 
recording over a site corresponding to the precuneus, identified based 
on previous fMRI works [Montreal Neurological Institute (MNI) coordi
nates: x = 0, y = −65, z = 45].9,18 To select the intensity for rTMS 

treatment, we used the following procedure. We first computed the 
resting motor threshold (RMT). Since the coil-to-cortex distance dir
ectly influences the magnitude of magnetic stimulation, for each pa
tient, we subsequently calculated a distance-adjusted RMT (AdjRMT).

AdjRMT = RMT + m × (DsiteX − DM1) (1) 

where AdjRMT is the adjusted MT in % of stimulator output, MT 
is the unadjusted MT in % of stimulator output, DM1 is the distance 
between the scalp and M1 hotspot, DSiteX is the distance between 
the scalp and a second cortical region (SiteX), and m is the 
distance-effect gradient.19 This procedure provides a more accur
ate index of cortical excitability and improves the efficacy of 
MT-calibrated TMS. Afterwards, each patient received a series of 
single TMS pulses at an initial intensity of 100% of AdjRMT, during 
a 64-channel EEG recording, over the scalp positions corresponding 
to the precuneus region. If TEPs were not elicited with this initial in
tensity, it was eventually increased in steps of 2% of the maximal 
stimulator output (MSO) until a visualization of a first TEP peak of 
at least 6 µV was reached (Supplementary material).9,18

Outcomes measures

The primary outcome measure was the change at 24 weeks from 
baseline of the CDR Scale Sum of Boxes (CDR-SB) score (CDR-SB 
scores range from 0 to 18, with higher scores indicating worse cog
nition and daily function).24 A clinical 1–2 point increase in CDR-SB 
is considered clinically meaningful (minimal clinically important 
difference, MCID).25 The intention-to-treat analysis set included 
all patients who had post-baseline efficacy data. The secondary 
outcome measures included the change at 24 weeks from baseline 
of the (i) Alzheimer’s Disease Assessment Scale–Cognitive Subscale 
(ADAS-Cog)11

26; (ii) MMSE score; (iii) Activities of Daily Living 
(ADCS-ADL)27; (iv) Frontal Assessment Battery (FAB)28; and (v) 
Neuropsychiatric Inventory (NPI).29 Finally, we used single-pulse 
TMS-EEG to monitor the effects of treatment on cortical activ
ity.19,30,31 We assessed local cortical excitability and oscillatory ac
tivity through two reliable measures based on the combination of 
single-pulse TMS applied over the precuneus during EEG record
ings, namely TEPs, for cortical excitability, and TMS-related spec
tral perturbation (TRSP), for cortical oscillations.32

The efficacy assessments were rated at baseline (W0) for the en
rolled patients and repeated at Weeks 12 (W12) and 24 (W24) (or 
upon early termination) by raters who were blinded. Investigators, pa
tients, and caregivers were all blinded. At each clinical visit (or upon 
early termination), adverse events were recorded, vital signs mea
sured, and physical and neurological examination were performed.

Statistical analysis

A total of 50 randomly assigned patients (25 per group) were based-on 
the power calculation from our previous study.19 In this study, an ef
fect size of 0.39 (obtained as post-pre means over pooled standard de
viation, SD) was observed for Ray Auditory Verbal Learning Test 
(RAVLT) with a treatment of 2 weeks. Thus, for the current study, it 
was plausible to estimate a doubled effect size (i.e. ∼0.75) considering 
that the treatment duration was designed 10 times longer. With this 
effect size, adopting a two-tailed paired Wilcoxon signed-rank, with 
type I error alpha = 0.05 and a plausible correlation between pre-post 
measured variables of 0.7, the minimum sample for reaching a power 
of 0.8 was estimated equal to n = 17; and up to n = 23 to ensure a power 
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of 0.9 (see study protocol in the Supplementary material for details). 
The choice of n = 50 (25 per group) ensured adequate size for within 
group analyses as well. Normality assumption of end-point variables 
was assessed by inspection of the distribution plots and by 
Kolmogorov-Smirnov and Shapiro-Wilk tests. The longitudinal as
sessment of the end-points across groups was performed through 
generalized linear mixed model (GLMM) with a random intercept 
and a random slope to account for individual differences at baseline 
and to assess individual change through follow-up. GLMM was ap
plied to CDR-SB and the other outcome measures (i.e. ADAS-Cog11, 
MMSE, ADCS-ADL, FAB and NPI), as the dependent variables and 
the ‘Group’, ‘Time’ and ‘Group × Time’ interaction were set as inde
pendent factors. The interaction term allows us to evaluate potential 
change difference across group. Proper adjustment for socio- 
demographic variables (age and education) was decided ad hoc for 
each outcome measure, as reported in the Supplementary 
material. Effects on TEPs were evaluated with a GLMM with ‘Group’ 
(between factor), ‘Time’ and ‘Window’ (within factors) as independ
ent variables. To explore possible linear relationships between the 
clinical and neurophysiological data, we tested whether the change 
(W0–W24) in our clinical primary outcome, i.e. CDR-SB, was corre
lated with (i) the baseline amplitude (W0); and (ii) the change (W0– 
W24) in amplitude of the main TEP component. This analysis was 
conducted by Pearson’s correlation coefficient. All statistical tests 
were two-tailed. Alpha level was set to 0.05.

Data availability

The datasets, including the redacted study protocol, redacted stat
istical analysis plan, and individual participants’ data supporting 
the results reported in this article, will be made available within 3 

months from initial request to researchers who provide a methodo
logically sound proposal. The data will be provided after their 
de-identification, in compliance with applicable privacy laws, 
data protection and requirements for consent and anonymization. 
After a signed data access agreement has been received, the study’s 
protocol, statistical analysis plan, blank case report forms, clinical 
study report, de-identified individual patient data, and a data dic
tionary defining each field in the dataset will be made available.

Results
Eighty-six patients were screened, of which 50 underwent random
ization between 1 February 2018 and 30 April 2020. The mean age of 
the total sample of patients was 73.7 years (SD = 6.6, range 62 to 84), 
of which 52% were female. Patients had a mean MMSE raw score at 
baseline of 21.3 (SD = 2.5). The baseline patients’ demographics and 
clinical characteristics did not differ between the PC-rTMS and 
sham-rTMS groups (Table 1). A total of 5 patients withdrew from 
the trial before completion (three in the PC-rTMS group and two in 
the sham-rTMS group). A total of 45 patients (90%) completed the 
treatment period (Fig. 2). On average, the mean number of rTMS ses
sions completed for 24 weeks did not vary between patients allo
cated to either experimental group (PC-rTMS: 30.2; sham-rTMS 
30.5). Mean rTMS treatment intensity (%MSO) was 53.4 (SD = 9.8) in 
the PC-rTMS group and 52.5 (SD = 8.4) in the sham-rTMS group. 
The two groups of Alzheimer’s disease patients did not differ for 
any of the demographical variable considered (all P-values > 0.05). 
The coil-to-cortex distance for the precuneus was 22.3 ± 4.6 for the 
PC-rTMS group, 21.5 ± 4.1 for the sham-rTMS group, with not signifi
cant difference between the two coil-to-cortex distances. All the 

Figure 1 Schematic representation of the trial. (A) The trial consisted of a 24-week treatment that included a 2-week intensive course, in which 
PC-rTMS or sham-rTMS was applied daily (five times per week, Monday to Friday), followed by a maintenance phase in which the same stimulation 
was applied weekly for 22 weeks. (B) Location of the TMS coil on the scalp using neuronavigation, as visualized on a template head (top left), as well 
as the specific location in MRI space (bottom). Biophysical modelling based on simulated induced electric field are also shown for a representative sub
ject (top right). (C) Cortical activity was evaluated with concurrent TMS and EEG applied over the PC and analysed in the temporal and oscillatory 
domain.
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patients received a stimulation of at least 45 V/m with no difference 
between the two estimated e-fields: 58 ± 7.3 V/m for the PC-rTMS 
group, 60 ± 8.2 V/m for the sham-rTMS group.

The procedure was safe and well tolerated. Eight participants re
ported adverse events, seven in the PC-rTMS, one in the sham-rTMS 
group. All events were mild, and most of them resolved on the day of 
occurrence with either minor or no action [mild headache (n = 3), 
scalp/skin discomfort (n = 4), neck pain/stiffness (n = 3), and fatigue 
(n = 2)].

Primary outcome measure

The mean baseline CDR-SB total score did not differ between the 
PC-rTMS (mean = 4.1, SD = 1.8) and the sham-rTMS (mean = 4.6, 
SD = 1.5) group. GLMM on CDR-SB scores showed a significant result 
in terms of the difference between Group (P = 0.038) and Time × 
Group (P = 0.009) interaction. Patients in the PC-rTMS group showed 
a stable performance while patients treated with sham-rTMS 
showed a general worsening of cognitive performance. The GLMM 
estimated mean change (W0−W24) in CDR-SB score was −0.25 for 
PC-rTMS [95% confidence interval (CI) (−4.8, 4.3)] and −1.42 for 
sham-rTMS group [95% CI (−6.0, 3.3)] (Fig. 3A). The rate of respon
ders, defined as the percentage of patients with a ΔCDR-SB score 
of ≤1 (i.e. minimal decline)25 was 68.2% in the PC-rTMS group and 
34.7% in the sham group (Fig. 4).

Secondary outcome measures

The analysis of secondary clinical outcomes showed significant lon
gitudinal differences between the PC-rTMS group and the 
sham-rTMS group for the ADAS-COG11, the MMSE and the 
ADCS-ADL scores (Table 2). At baseline there were similar baseline 
ADAS-COG11 scores for the PC-rTMS group and the sham-rTMS group 
(PC-rTMS mean = 22.6, SD = 7.4; sham-rTMS mean = 24.8, SD = 6.5; P > 
0.05). GLMM on ADAS-Cog11 scores showed a significant Time × 
Group (P = 0.035) interaction. GLMM estimated mean change in 
ADAS-Cog11 score was −0.67 for PC-rTMS [95% CI (−21.5, 20.2)], 
whereas a −4.2 change was found for sham-rTMS group [95% CI 
(−25.1, 16.6)], showing an improvement of the PC-rTMS with respect 
to sham-rTMS (Fig. 3B). Similar baseline MMSE scores were found for 
the PC-rTMS group and sham-rTMS group (PC-rTMS mean = 21.2, SD 
= 2.7; sham-rTMS mean = 21.5, SD = 2.4; P > 0.05). GLMM for the MMSE 

scores showed a significant Time × Group (P = 0.041) interaction. The 
GLMM estimated mean change in MMSE score was 0.30 for PC-rTMS 
[95% CI (−5.2, 5.8)] and 1.8 for sham-rTMS group [95% CI (−3.8, 7.3)] 
(Fig. 3C), indicating the MMSE scores were maintained better for 
the PC-rTMS group when compared to sham-rTMS. Comparable 
baseline ADCS-ADL scores were found for the PC-rTMS and 
sham-rTMS group (PC-rTMS mean = 58.6, SD = 9.7; sham- 
rTMS mean = 58.3, SD = 9.7; P > 0.05). The estimated mean change in 
ADCS-ADL scores was −0.7 for PC-rTMS [95% CI (−27.2, 25.8)] and 
7.5 for sham-rTMS group [95% CI (−20.5, 35.5)], showing an improve
ment of the PC-rTMS with respect to sham-rTMS (interaction effect: 
P < 0.001) (Fig. 3D). The baseline mean NPI score was similar for the 
PC-rTMS and sham-rTMS group (PC-rTMS mean = 9.8, SD = 10.2; 
sham-rTMS mean = 12.6, SD = 11.7; P > 0.05). The estimated mean 
change in NPI score was −1.4 for PC-rTMS [95% CI (−15.7, 13.6)] and 
−3.7 for sham-rTMS group [95% CI (−25.8, 21.9)], which revealed no 
significant effects (Fig. 3E). Finally, baseline mean FAB score were 
similar for both the PC-rTMS and sham-rTMS group (PC-rTMS 
mean = 10.7, SD = 3.9; sham-rTMS mean = 10.2, SD = 3.4; P > 0.05). 
The estimated mean change in FAB score was −0.01 for PC-rTMS 
[95% CI (−7.7, 7.7)] and 0.29 for sham-rTMS group [95% CI (−7.4, 
8.0)], with no significant effects (Fig. 3F).

Neurophysiological evaluation

TMS-evoked cortical activity over the precuneus did not vary after 
24 weeks in the PC-rTMS group, while it decreased in the 
sham-rTMS group (Fig. 5A). Stimulation of the PC with single-pulse 
TMS evoked a TEP with three main components, a first biphasic 
component visible between 10 and 50 ms and two later compo
nents with maximum peaks at 70–90 ms and 130–150 ms, as 
previously reported. Analysis of TEP revealed two main windows, 
i.e. from 10 to 40 ms and from 90 to 130 ms, in which there was a sig
nificant difference between W0 and W24 time points, in the sham 
condition (all P-values < 0.05 FDR corrected, Supplementary 
Table 2). GLMM analysis showed a significant main effect of 
Window factor [F(1,126) = 9.65; P = 0.002] showing a large amplitude 
of the component in the second time window compared to the first 
(post hoc P = 0.002); and a significant Time × Group interaction show
ing a significant modulation of the two TEP components in the W24 
time point for the only sham condition [F(1,126) = 6.65; P = 0.011]. 

Table 1 Baseline patients’ demographics and clinical characteristics

PC-rTMS (n = 25) Sham-rTMS (n = 25) Group differences

Age, mean (SD) 75.0 (5.6) 72.3 (7.2) P = 0.12
Sex, female, n (%) 14 (56%) 12 (48%) P = 0.31
Education, years, mean (SD) 10.2 (4.4) 8.6 (4.1) P = 0.26
Time—years since diagnosis of Alzheimer’s disease, median (IQR) 1.4 (0.6–1.9) 1.2 (0.4–1.7) P = 0.21
Proportion of patients taking cholinesterase inhibitors, n (%) 25 (100%) 25 (100%) P = 0.9
Proportion of patients taking memantine, n (%) 2 (8%) 3 (12%) P = 0.71
Time—years since current AChEI treatment initiated, median (IQR) 0.8 (0.5–1.1) 0.9 (0.4–1.1) P = 0.51
APOE e4 carriers, n (%) 16 (60%) 18 (64%) P = 0.3
Aβ42 CSF values, mean pg/ml (SD) 412.1 (89.6) 388.5 (72.1) P = 0.15
Total-tau CSF values, mean pg/ml (SD) 720.1 (198.6) 800.7 (261.9) P = 0.13
p-tau181 CSF values, mean pg/ml (SD) 103.6 (36.1) 111.3 (41.7) P = 0.11
MMSE raw score, mean (SD) 21.2 (2.7) 21.5 (2.4) P = 0.66
CDR-SB raw score, mean (SD) 4.1 (1.8) 4.6 (1.5) P = 0.12
ADAS-Cog raw score, mean (SD) 22.6 (7.4) 24.8 (6.5) P = 0.18
ADCS-ADL score, mean (SD) 58.6 (9.7) 58.3 (9.7) P = 0.88
NPI score, mean (SD) 9.87 (10.2) 12.6 (11.7) P = 0.56
FAB raw score, mean (SD) 10.7 (3.9) 10.2 (3.4) P = 0.20
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Post hoc analysis revealed a decrease of TEP amplitude in the W24, 
compared to the W0 evaluation, in the sham condition (post hoc P = 
0.002). The detailed output of the GLMM analysis is reported in 
Supplementary Table 3. We found that TEP amplitude at baseline 
correlated with the CDR-SB score after 24 weeks in the PC-rTMS 
(r = −0.449; P = 0.021) but not in the sham-rTMS group, showing 
that patients presenting with higher cortical activity at baseline 
had better clinical response to the rTMS treatment. We also found 
that CDR-SB score change from baseline to W24 correlated with 
TEP amplitude variation in the PC-rTMS (r = −0.484; P < 0.04) but 
not in the sham-rTMS group, showing that CDR-SB score improve
ment was paralleled by an increase of cortical activity (all P > 0.05) 
(Fig. 5B). We also observed that among the patients who had an im
provement at the CDR-SB score, the mean TEP change from baseline 
to W24 was 1.23 µV [95% CI (−0.17, 2.29)]. Stimulation of the 

precuneus with single-pulse TMS evoked an oscillatory activity in 
the beta-gamma range with a peak of frequency at around 40 Hz last
ing ∼50 ms. T-test analysis conducted on spectral power showed an 
enhancement of high frequency oscillations in the gamma band ran
ging from 31 to 48 Hz (mean P-value = 0.033) at W24 in the PC-rTMS 
group. Evoked oscillatory activity did not change in the sham-rTMS 
group (mean P-value > 0.05) (Fig. 5C). There were no significant corre
lations among the clinical scores and the changes in oscillatory ac
tivity. The detailed information of the TRSP in the different 
frequency bands are reported in Supplementary Table 2.

Discussion
Here we present the results of a 24-week non-invasive brain stimu
lation treatment with rTMS targeting the precuneus in patients 

Figure 2 Flow diagram of the trial. Randomization, trial-group assignment, and follow-up in the trial.
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with mild-to-moderate dementia due to Alzheimer’s disease. To the 
best of our knowledge, this is one of the largest trials of brain stimu
lation ever done in Alzheimer’s disease suggesting a therapeutic 
benefit, and the first one to evaluate the safety and effectiveness of 
rTMS compared to sham treatment over a long-term interval of 24 
weeks. Overall, our results show that PC-rTMS is safe and well toler
ated by Alzheimer’s disease patients. Adverse events were uncom
mon and mild, as similarly reported in randomized-controlled 
trials using rTMS in patients with Alzheimer’s disease of comparable 
disease severity.4,7,8

In this trial, stimulation of the precuneus proved beneficial for 
the primary clinical outcome (change in the CDR-SB score at 
Week 24). Patients treated with PC-rTMS showed almost no decline 
in the CDR-SB score, presenting a clear advantage in terms of cog
nitive functions in contrast to the worsening of the CDR-SB score 
observed in the sham-rTMS group.33 Positive PC-rTMS effects on 
cognitive functions were also confirmed by the analysis of second
ary outcome measures (ADAS-COG11, MMSE).33,34 Moreover, rTMS 
to the precuneus was effective in reducing patients’ functional de
cline. In fact, we observed an ameliorative effect on the autonomies 
of daily living as revealed by the ADCS-ADL, suggesting the poten
tial use of PC-rTMS in treating both cognitive and functional im
pairments in the early disease stages of Alzheimer’s disease.

The magnitude of differences observed in these scales con
firmed that rTMS induced clinically meaningful changes, although 
patients treated with sham-rTMS declined slightly faster than the 
expected rate observed in other studies.33,34 In this regard, 

Alzheimer’s disease patients recruited in our study had a MMSE 
score of 21 at baseline, which is compatible with a relatively more 
advanced stage of disease when compared to the recently pub
lished multicentre randomized control trials, and is associated 
with a higher probability of faster decline.35,36 Moreover, a recent 
meta-analysis showed that approximately 30–40% of Alzheimer’s 
disease patients experience rapid decline, defined as a 4-point de
crease in MMSE score within 6 months.37 Therefore, it is possible 
that the clinical progression in the sham-rTMS group could also 
be influenced by this naturally occurring phenomenon of rapid 
decline.

Yet, it should be emphasized that all recruited patients received 
pharmacologic standard of care for mild-to-moderate Alzheimer’s 
disease,34 regardless of their randomly assigned treatment group. 
Thus, the beneficial effects of stimulation shown here might be 
considered as an additive to the concomitant use of acetylcholines
terase inhibitor (AChEI) and memantine. The rate of responders to 
the treatment was 68% in the PC-rTMS group and 34% in the sham 
group, with a high differential between treated and controls. This 
high percentage is similar to that reported in rTMS clinical trials 
for depression,38 which is currently approved by the Food and 
Drug Administration (FDA) and covered by insurers in the USA 
and other countries.

Supporting the positive effects observed on cognitive functions, 
we found that rTMS induced remarkable changes in cortical activ
ity, as demonstrated by TMS-EEG recordings. Specifically, in pa
tients receiving PC-rTMS we observed a stabilization of the initial 

Figure 3 Estimated mean group changes for clinical scores. Estimated mean group changes from baseline (W0) in the CDR-SB, ADAS-Cog11, MMSE, 
ADCS-ADL, NPI, and FAB following 12 weeks (W12) and 24 weeks (W24) of PC-rTMS and sham-rTMS. Y-axis of each outcome was adapted in order 
to considering all depicted descending trend as a worsening. (A) GLMM estimated mean score change from baseline on the CDR-SB scale; scores are 
obtained by summing each of the domain box scores, with scores ranging from 0 to 18, with higher scores indicating worse cognition. (B) GLMM esti
mated mean score change from baseline for the ADAS-Cog11; scores range from 0 to 70, with higher scores indicating worse cognition. (C) GLMM es
timated mean score change from baseline on the MMSE; scores range from 0 to 30, with lower scores indicating worse cognition. (D) GLMM estimated 
mean score change from baseline for the ADCS-ADL; scores range from 0 to 78, with lower scores indicating worse function. (E) GLMM mean score 
change from baseline on the NPI; scores range from 0 to 144, with higher scores indicating worse behavioural symptoms. (F) GLMM mean score change 
from baseline for the FAB; score ranges from 0 to 18, with higher scores indicating better frontal cognitive functions. Baseline is plotted at Week 0, which 
is the baseline measurement before the first rTMS session. Error bars indicate standard errors.
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level of cortical excitability which remained unchanged after 24 
weeks, whereas this was dramatically reduced in the sham-rTMS 
group. Such decline of cortical excitability in the sham group was 
expected based on a recent study in which TMS-EEG was used as 
a readout of frontal lobe activity to examine the effects of the dopa
minergic agonist rotigotine as compared to placebo in 
mild-to-moderate Alzheimer’s disease patients.30 In the current 
study, we also observed an enhancement in the local fast gamma 
oscillations for the PC-rTMS group, that was not evident in the 
sham-rTMS group. In addition, our data showed that the individual 
baseline level of cortical excitability, as measured by the TEP amp
litude, was strictly correlated to the subsequent clinical response to 
rTMS-treatment as assessed by the changes in the CDR-SB score. 
Moreover, we also found that changes in the CDR-SB score were as
sociated with a parallel change in precuneus cortical excitability. 
Hence TMS-EEG could be potentially useful to predict response to 
therapy and could represent a useful biomarker of rTMS efficacy.

We argue that the positive effects induced by rTMS may be as
cribed to the impact on cortical plasticity mechanisms, which are 
known to be impaired in Alzheimer’s disease at the early disease 
stages.12 In animal models of Alzheimer’s disease, 20Hz rTMS has 

been reported to increase the expression of dopamine DR4 gene 
and of neurogenic proteins such as brain-derived neurotrophic 
factor (BDNF) in the cerebral cortex and the hippocampus.39

Moreover, it was suggested that rTMS could counteract mechan
isms of apoptosis leading to a decrease in p-Tau, APP, Aβ, and 
PP2A expression.39 We also found that rTMS fostered neuronal os
cillations in the gamma band (40 Hz). Gamma oscillations are dis
rupted in Alzheimer’s disease patients and animal models, with 
the severity of cognitive decline being associated with the degree 
of rhythm disruption.40 Notably, an increase of gamma activity in 
Alzheimer’s disease has been shown to accelerate amyloid-plaque 
clearance and increase microglia activation in animal models of 
Alzheimer’s disease.40 Further studies are needed to better clarify 
the potential of rTMS in modulating these crucial pathophysio
logical aspects.

We chose a 24-week trial duration to evaluate potential clinical 
effects in terms of cognitive and functional decline that could be 
comparable to those obtained by pharmacological trials.41 On the 
other hand, changes in cognitive functions in other rTMS trials 
have been tested only with a few weeks of rTMS treatment.4

These previous studies were aimed to evaluate a possible ‘acute 

Figure 4 Individual changes in the CDR-SB scale. Line plot representing the individual CDR-SB scores before (W0) and at the end of the trial (W24) for 
the PC-rTMS group (A) and for the sham-rTMS group (B). Within each group, the solid lines indicate the responders, while the dashed lines represent 
the non-responders.

Table 2 Changes in primary and secondary outcomes from baseline to Week 24: GLMM estimated effects

Outcome Estimated change (W0–W24) Group effect Time effect Group × Time effect

PC-rTMS 
Mean [95%CI]

Sham-rTMS 
Mean [95%CI]

F -test P-value F-test P-value F-test P-value

CDR-SB −0.25 [−4.8, 4.3] −1.42 [−6.0, 3.3] F(1,89) = 4.70 0.033* F(1,89) = 0.21 0.646 F(1,89) = 7.05 0.009*
ADAS-Coga −0.67 [−21.5, 20.2] −4.19 [−25.1, 16.6] F(1,84) = 2.81 0.098 F(1,84) = 0.02 0.889 F(1,84) = 4.63 0.035*
MMSEa 0.30 [−5.2, 5.8] 1.75 [−3.8, 7.3] F(1,88) = 0.04 0.950 F(1,88) = 0.14 0.710 F(1,88) = 4.29 0.041*
ADCS-ADL −0.70 [−27.2, 25.8] 7.54 [−20.5, 35.5] F(1,89) = 1.37 0.245 F(1,89) = 0.06 0.800 F(1,89) = 15.07 <0.001*
FABa −0.01 [−7.7, 7.7] 0.29 [−7.4, 8.0] F(1,87) = 0.01 0.997 F(1,87) = 0.001 0.972 F(1,87) = 0.17 0.681
NPI −1.43 [−15.7, 13.6] −3.68 [−25.8, 21.9] F(1,91) = 1.91 0.170 F(1,91) = 0.08 0.782 F(1,91) = 0.33 0.570

aGLMM adjusted for age and education. 

*Statistically significant values (P < 0.05).
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effect’ on cognitive functions but not to observe changes in the tra
jectory of cognitive and functional decline.

The current trial design was based on a first intensive session 
lasting 2 weeks with daily treatments followed by a maintenance 
phase with weekly sessions for the following 22 weeks of the trial 
duration. The intensive phase was chosen based on our recent pilot 
study in which we found an improvement in long-term memory in 
mild Alzheimer’s disease patients treated with PC-rTMS for 2 
weeks.19 The choice of keeping one session per week in the follow
ing months was taken to allow the caregivers and the patients to 
adhere to the treatment without causing excessive discomfort. 
Thus, it is possible that larger effects could be achieved if the inten
sive period is expanded to more weeks or if the number of rTMS ses
sions would be increased during the maintenance phase. Future 
investigations would be helpful to refine the current protocol in or
der to replicate and expand the present results.

It is important to notice that we chose to stimulate the precu
neus, the main hub of the DMN (refer to the ‘Introduction’ for the 
rationale), in contrast with most of the previous rTMS studies 
that attempted to stimulate the DLPFC, resembling other rTMS pro
tocols used to treat depression. These studies showed initially 
short-term improvement in language and memory functions in
cluding object naming, auditory sentence comprehension and as
sociative memory.8,41–47 A recent meta-analysis showed a 
lateralization of rTMS effects, suggesting that high-frequency left 
DLPFC stimulation is associated with a larger improvement of 

memory functions.48 However, other outcome measures such as 
activities of daily living and global cognition did not show a clear 
improvement and recent evidence-based guidelines did not en
dorse rTMS of left DLPFC as an effective therapeutic option for the 
treatment of Alzheimer’s disease .49,50 Another strategy used high 
frequency rTMS in conjunction with concurrent cognitive training, 
with rTMS being delivered during a few weeks at six different cor
tical sites with patients receiving cognitive training overlapping 
with TMS delivery. This approach showed some promising results, 
although it is not clear how cognitive training itself may have pro
duced some beneficial effects.7,51 Notably, in the current trial, 
Alzheimer’s disease patients were not treated with concomitant 
cognitive training. Hence, the potential synergistic effects of 
PC-rTMS with cognitive training could be explored in future 
studies.

Limitations

The current study has some limitations. First, targeting of the pre
cuneus did not take in account individual functional brain MRI and 
induced electric fields modelling. Hence further studies are needed 
to refine the personalized targeting approach of the precuneus site 
of stimulation. Second, in our study the rate of progression in the 
sham group was in the upper bound of the normal progression 
for similar patients observed in previous studies. Third, our data 
were collected in the context of a single-site trial although with a 

Figure 5 Changes in precuneus cortical activity. (A) TEPs before (W0) and after 24 weeks (W24) of PC-rTMS (light and dark lines, top) and sham-rTMS 
(light and dark lines, bottom). TEPs did not change in patients treated with PC-rTMS, while decreased TEP amplitudes were found in the sham-rTMS 
group. (B) Correlation analysis performed between the CDR-SB individual score change from baseline (W0) to 24 weeks (W24) in both PC-rTMS (top) 
or sham-rTMS (bottom) groups with individual TEP amplitude at baseline (W0) and with the TEP amplitude change from W0 to W24. Correlations 
were significant in the PC-rTMS but not in the sham-rTMS group. (C) TRSP before (W0) and after 24 weeks (W24) of PC-rTMS (top) and sham-rTMS (bot
tom), representing the power of oscillatory activity after single-pulse TMS over the precuneus. An increase of gamma activity was evident in the 
PC-rTMS, but not in the sham-rTMS group.
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relatively adequate sample size. Fourth, evidence for the biological 
effects of rTMS should be provided in future confirmatory trials by 
measuring changes in Tau and Aβ pathology. Finally, the described 
clinical effects were evident over a period of 24 weeks. Hence, fu
ture trials must establish whether such effects can be maintained 
or extended by expanding the treatment period.

Conclusions
PC-rTMS may reduce the progression of cognitive decline and delay 
the impairment of autonomies of daily living. Further personaliza
tion and longer treatment interventions might pave the way to a 
novel class of non-pharmacological intervention for Alzheimer’s 
disease.
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