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A B S T R A C T

We report results of a large multisite double-blind randomized trial investigating the short and long-term efficacy
of repetitive transcranial magnetic stimulation (rTMS) applied to patients with Alzheimer's disease (AD) at mild to
moderate stages, in doses of either 2 or 4 weeks of treatment (5 days/week), whilst compared with 4 weeks of
sham rTMS. Randomization to treatment group was stratified based on age and severity. The objectives of this
study were to: 1) investigate the efficacy of active rTMS versus sham, 2) investigate the effect of dose of treatment
(2 or 4 weeks), and 3) investigate the length of benefits from treatment. The rTMS pulses (20 Hz, 30 pulses/train,
25 trains, 10-s intertrain interval) were applied serially to the left and right dorsolateral prefrontal cortex using
neuro-navigation. We compared the primary outcome measure's (ADAS-Cog) score changes from pre- to post-
treatment, with assessments at baseline and 4 more times up to 6 months post-treatment. Data of 135 patients
were analyzed. The mean total ADAS-Cog score at baseline did not differ between the active and sham treatment
groups, nor across the three study sites. The overall results show significant cognitive improvement after treat-
ment up to two months post-treatment with either sham or active coils. The results show both short and long-term
benefits of active rTMS treatment but also show similar benefits for sham coil treatment of mild/moderate AD. We
discuss this finding in the context of the existing literature on rTMS therapy for AD, as well as evidence of the
sham coil's potential to induce a low-level current in the brain.
Trial Registration: https://clinicaltrials.gov/ct2/show/NCT02908815
Introduction

The use of repetitive transcranial magnetic stimulation (rTMS)
treatment for improving or stabilizing cognition in patients with mild to
moderate Alzheimer's disease (AD) has been on the rise in recent years
due to some encouraging results from pilot studies. Most of the studies
applying rTMS as a treatment for AD have applied the pulses with a high-
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frequency (10–20 Hz); some have chosen the dorsolateral prefrontal
cortex (DLPFC) either only the left side [1–3] or bilaterally [4–6] as the
brain area(s) for stimulation, while some applied stimulation to addi-
tional sites such as the Broca and Wernicke areas [5], and more recently
some chose the precuneus as the area of stimulation [7]. However, the
majority of studies were conducted in small sample sizes mainly due to
the demanding protocols of rTMS treatment. The maximum sample size
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reported to date was 109 (out of 130 enrolled), which has been the phase
III randomized sham-controlled multisite study of the neuroAD™ system
in patients with mild to moderate AD [5].

Although a majority of rTMS studies have reported some positive
outcomes on the cognitive status of people with AD, yet there is reason to
be cautious in concluding that rTMS represents a breakthrough in the
treatment of AD. Forty years of rTMS research has shown that its
behavioural effects are influenced by a wide range of factors, including
the targeted brain region as well as the frequency, duration and number
of treatment sessions. Systematic reviews of a decade of rTMS studies in
the context of AD have not yielded consistent conclusions about the
optimal stimulation parameters for enhancing cognition. For example,
the frequency of the applied pulses is well established as a key parameter
influencing physiological and behavioural effects. High-frequency pulses
(10–20 Hz) increase cortical excitability and synaptic plasticity through
long-term potentiation mechanisms [8]; however, a systematic review
paper on the studies on rTMS efficacy for AD treatment did not find any
statistically significant differences in outcomes whether using pulse fre-
quencies <10 Hz or >10 Hz [9].

The target stimulation area of the brain is another important variable
whose effects are not very well established. Based on knowledge of
functional neuroanatomy and the brain regions most affected by AD,
previous studies have targeted the precuneus, Broca area, Wernicke's
area, the DLPFC, or even combinations of these regions [5,7,10–13]; all
of these areas of the brain are known to be impacted in AD. The DLPFC
has been the most common site of stimulation due to its important role in
executive function of the brain such as decision-making, involvement in
coordinating activities of the rest of the brain including storage and
retrieval of information and therefore having a role in working memory.
Nevertheless, it seems that neither the brain region targeted for stimu-
lation, nor whether the rTMS pulses were delivered with cognitive
training, played a significant role in rTMS treatment efficacy [9].

Another important parameter is the duration of the treatment. Most
commonly, researchers have used 2–4 weeks of everyday (5 days/week)
treatment, while some have applied maintenance treatments (either 1 or
2 sessions/week) up to 6 months [5,14], and another study in a limited
sample performed maintenance treatment every 3–7 months with two
weeks treatment up to two years after the baseline [4]. Other than the
latter study in a very limited sample size (n ¼ 10) [4], no other previous
study has followed up with the patients to investigate the duration of
rTMS effect. On the other hand, the review paper [9] found a significant
correlation between the total number of pulses delivered per protocol
and the study effect size. The total number of the pulses obviously is
correlated with the duration of the study; however, it is not known
whether there is a difference in delivering the same number of pulses
over a short period of time or over a longer period of time. A review of
most common rTMS parameters, including the number of delivered
pulses and their frequency is provided in Ref. [15]. Most studies applied
between 1500 and 2000 pulses at either 10 or 20 Hz, and literature
suggests little difference in effect.

In the last 5 years, we have been running a large, multisite (Winnipeg
and Montreal in Canada and Melbourne in Australia), randomized,
placebo-controlled, dose finding double-blind clinical trial investigating
the effect of rTMS treatment for improving or stabilizing cognition in
patients with mild to moderate AD. The detailed protocol of this current
study can be found in Ref. [15]. In this paper, we present the results of the
study using data including 156 participants. To the best of our knowledge,
this is the largest clinical trial to date using rTMS treatment in AD and the
first exploring duration of treatment (dose - 2-weeks vs 4-weeks) efficacy
as a variable of interest. In addition, this is the only large study that has
followed up measuring the long-term effect of rTMS treatment up to 6
months post-intervention and that can be compared to the expected
average changes in cognitive functioning of patientswithADover a period
of 6 months previously reported longitudinally in large cohorts [16].
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Materials and Methods

Study design and participants

This was a multisite (Winnipeg and Montreal in Canada and Mel-
bourne in Australia), randomized, placebo-controlled, double-blind
randomized clinical trial (NCT02908815) for investigating the effect of
rTMS treatment for improving or stabilizing cognition in patients in the
mild to moderate stage of AD. The details of the protocol are described in
Ref. [15]. In brief, the study randomized the participants into three
groups to receive one of the two doses of active treatment (either 2 or 4
weeks of 5 days/week) or 4 weeks (5 days/week) with a sham coil
wherein 1500 pulses at 20 Hz were delivered in 1.5-s trains with 10-s
intertrain intervals each session (each day); the pulses were applied to
DLPFC bilaterally left then right sides. The DLPFC was chosen for best
comparative purposes as most studies used this location for stimulation,
and also for its important role in executive functioning, a cognitive
domain that is typically impaired in patients with AD have impairment;
for a detailed rationale on the choice of DLPFC, please see Ref. [15].

The sham stimulation was applied with a protocol exactly the same as
the active stimulation but with a Magstim Sham coil. The sham coil was
also identical to the active coil in terms of produced sound and sensation
over the scalp during the application. Inclusion criteria were to have: age
>55 years; Montreal Cognitive Assessment (MoCA) score between 7 and
25; a Clinical Dementia Rating (CDR) score of 1–2; a Cornell Scale for
Depression in Dementia (CSDD) score of 18 or less to rule out moderate to
severe depression; a diagnosis of probable mild or moderate AD as
confirmed by the treating neurologist or psychiatrist, and be on a stable
dose (or no dose) of an acetylcholinesterase inhibitor for at least 3
months prior to study entry with no plans to change medication for the
duration of the study. The diagnosis of AD was made by a neuropsychi-
atrist or neurologist and involved MRI and/or FDG-PET scans. Additional
AD biomarkers (e.g., cerebrospinal fluid (CSF) measures, amyloid or tau
PET) were not available. We excluded patients with vascular dementia as
their main diagnosis. However, since cerebrovascular symptomology is
commonly mixed with AD, especially at older ages, we have calculated
the modified Hachinski Ischemic Score (HIS) [17] from the diagnostic
reports of the participant and their MRI scans (Table 1). Differential
diagnosis of AD and AD with cerebrovascular disease (AD-CVD) is chal-
lenging due to overlapping symptomologies. Despite several attempts at
AD and AD-CVD differential diagnosis [18–21], still brain autopsy is the
only way to confirm the diagnosis. HIS is a common clinical method to
identify AD from vascular dementia (VaD) and those with mixed AD and
cerebrovascular conditions (AD-CVD). Modified HIS that uses the imag-
ing results too, is a simple clinical tool for differential diagnosis of AD and
AD-CVD [20]. A HIS � 7 is considered as VaD, while a 4 < HIS < 7 is
considered as AD-CVD [22].

The study was approved by the Ethics board of each site of the study,
and all participants and their primary caregiver signed an informed
consent form prior to enrollment according to Declaration of Helsinki.
Participants were randomized based on their age (less or greater than 70
years) and severity (measured by CDR as 1 or 2) to be in three groups of
active 2-weeks (R2), active 4-weeks (R4) or sham 4-weeks (S4) treat-
ment. Participants were not informed that there was no 2-weeks sham
group and we assessed all participants at Week 3 (after two weeks of
treatment) in order to mask the group assignment. Participants, their
caregivers, assessors and those who analyzed data were all blind to
treatment group assignment.

Trial procedures

Using the Super Rapid-2 Magstim system (including one air-cooled
figure-8 active and one sham coil), the rTMS pulses were administered
at 90–100 % intensity of the resting motor threshold (RMT) of each



Table 1
Demographic and clinical characteristics (frequencies or means�SDs) of participants in each group and site.

Site Group N, #Males, # Females Age (years) CDR MoCA Baseline ADAS-Cog CSDD HIS (modified version)

Winnipeg R2 25 (14 M, 11 F) 72.9 � 7.6 1.08 � 0.37 13.8 � 5.2 25.8 � 7.1 3.5 � 2.9 2.6 � 1.8
R4 24 (15 M, 9 F) 72.4 � 7.4 1.12 � 0.34 17.0 � 5.4 21.7 � 8.0 3.0 � 2.7 2 � 2.1
S4 23 (15 M, 8 F) 73.5 � 9.7 1.09 � 0.29 17.3 � 4.5 21.2 � 8.0 4.2 � 3.8 2.6 � 1.3

Montreal R2 15 (7 M, 8 F) 72.8 � 11.5 1.13 � 0.35 16.1 � 4.5 24.9 � 10.3 5.2 � 4.0 1.1 � 0.9
R4 16 (7 M, 9 F) 72.4 � 6.7 1.19 � 0.40 13.4 � 5.4 29.9 � 11.2 5.6 � 2.7 1.2 � 1.5
S4 16 (6 M, 10 F) 72.9 � 7.4 1.19 � 0.40 16.1 � 4.4 25.1 � 8.5 5.4 � 3.4 1.6 � 1.3

Melbourne R2 12 (11 M, 1 F) 76.9 � 3.9 1.17 � 0.39 15.8 � 4.1 21.4 � 5.0 3.7 � 2.2 2.8 � 1.6
R4 13 (5 M, 8 F) 76.1 � 5.9 1.23 � 0.44 15.8 � 5.2 24.3 � 13.0 4.4 � 4.7 1.2 � 1.5
S4 12 (5 M, 7 F) 80.7 � 8.2 1.17 � 0.39 12.6 � 3.9 24.1 � 8.5 3.4 � 2.9 1.6 � 1.3

All sites R2 52 (32 M, 20 F) 73.8 � 8.3 1.12 � 0.37 14.9 � 4.8 24.4 � 7.9 4.0 � 3.2 2.2 � 1.7
R4 53 (27 M, 26 F) 73.3 � 6.9 1.17 � 0.38 15.6 � 5.5 24.9 � 10.8 4.1 � 3.4 1.9 � 1.9
S4 51 (26 M, 25 F) 75.0 � 9.1 1.14 � 0.35 15.8 � 4.6 23.1 � 8.3 4.4 � 3.5 2.3 � 1.7

Total All 156 (85 M, 71 F) 74.0 � 8.1 1.14 � 0.36 15.4 � 5.0 24.2 � 9.1 4.2 � 3.3 2.2 � 1.8
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participant as described in Ref. [15]. The DLPFC location was determined
using the Brainsight Neuronavigation system software and each patient's
MRI scan using Talairach coordinates (x, y, z)¼ (Left:�50, 30, 36; Right:
50, 30, 36) with the coil held at approximately 45� relative to the hori-
zontal axis [23]. The same targeting procedures were used whether using
the active or the sham coil. If a participant missed a treatment session due
to any reason (e.g. illness or public holiday), they received double
treatment sessions on the following day. Missing more than 10 % of the
total treatment sessions was an automatic withdrawal from the study.

Outcome measures

The primary outcome measure was the change in the Alzheimer
Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) score from pre-
to post-treatment at different times up to 6 months after the baseline.
There were several secondary outcome measures as described in
Ref. [15]; however, in this paper we present the results of only the main
primary (ADAS-Cog) and secondary outcome measures (changes in
neuropsychiatric symptoms measured by Neuropsychiatric Inventor-
y–Questionnaire (NPI-Q) and changes in activities of daily living
measured by Alzheimer Disease Co-operative Study-Activities of Daily
Living Inventory (ADCS-ADL)). We assessed participants within one
week prior to the start of intervention (baseline) and at 3, 5, 12, 20, and
28 weeks after the start of the intervention. The assessments on Weeks 3
and 5 were performed within 3–5 days post-treatment, while later
follow-up visits (Week 12, 20, 28) were completed within a week of their
target date. If it was not possible to schedule an assessment within a week
of the ideal date (due to participant's illness or travel), the assessment
was skipped and was considered as missing data in the analysis. Also, to
reduce practice effect, we used four different versions of ADAS-Cog,
which were different in the word recall section, in each of the four
sequential assessments. The initial sample size, to have a minimum of 80
% statistical power and a significance level of 0.05 at Week 5 assessment,
had been estimated as 208 considering 10 % dropout [15].

Objectives of the study

The objectives of this study were to investigate 1) whether patients in
either of the active treatment groups (R2, R4) respond better (shown by a
decrease of �3 points of ADAS-Cog with respect to baseline or the way it
is defined in the “Response Analysis” section) than those in sham group
(S4), 2) whether there is a difference between the effects of R2 and R4
treatments, and 3) to assess the duration of treatment effects, if any.

Statistical analysis

The detailed statistical analysis procedures have been described and
discussed in Ref. [24]. The required sample size was initially determined
to satisfy 5 % level of significance (corrected using the Bonferroni
adjustment for three treatment groups) and 80 % power to detect an
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expected difference of 3 points on the ADAS-Cog score scale (based on a
published studies [25,26]) and a standard deviation of 4.9 points (based
on our pilot study [4]). Each participating patient was randomized to
either the sham or active treatment group, using stratified block
randomization with a block size of 3. The chi-square test was used to test
the homogeneity of proportions over all enrolled patients, between the
proportion of females and males between the sites, or between the
treatment groups.

We tested the primary outcome measure (ADAS-Cog) for any signif-
icant differences between the three study sites at baseline, with the
intention of combining their data, if appropriate, when comparing the
treatment groups using both descriptive analysis and formal statistical
tests. Baseline comparisons were done using parametric analysis of
variance (ANOVA) or its non-parametric equivalent in case assumptions
of normality and homogeneity of variances were not satisfied. Post-hoc
analysis was also conducted after the ANOVA test. All important as-
sumptions such as normality and equal variance were statistically tested,
and remedial measures were taken in case of assumption violations. All
tests are based on 5 % level of significance.

Then, we performed a complete analysis of the ADAS-Cog data.
Logarithmic transformation of the scores was used to adjust for outliers
and any departure from normality assumptions. A mixed effects model
for longitudinal data was used to test for the effects of Group (R2, R4,
Sham), Time and the interaction of Group and Time using the changes in
ADAS-Cog scores from baseline to post-treatment assessments.

We conducted a repeated measure ANOVA to compare the changes of
log(ADAS-Cog) scores (the effect of treatment) over assessment weeks.
Then, we used a multivariate ANOVA (MANOVA) to compare the three
groups within each study site. Finally, the three sites were compared
based on the ADAS-Cog scores obtained in all assessments using a
MANOVA approach. If there were any missing assessments, they were
imputed from the preceding week.

Response rate analysis
While the ADAS-Cog score change with respect to baseline is the

primary outcome measure of this study, we also considered a term called
“Response Rate” using the following criteria that were derived based on
similar literature monitoring improvement/decline in AD patients un-
dergoing pharmaceutical treatments using similar outcome measures
[25,27–30]. We defined a “Response Rate” based on ADAS-Cog score
along with caregiver scores on the patient's symptoms and severity and
functionality [24].

The “Response Rate” of the participants was defined as the following:
a “Marked Positive Response” if their ADAS-Cog score has �3 point
improvement compared to baseline at eitherWeek5 orWeek8 assessment
sessions. A “Moderate Positive Response” if the ADAS-Cog score has a
non-significant improvement (<3 points) in ADAS-Cog AND improve-
ment or no change in ADCS-ADL OR NPI-Q at either Week5 or Week8. If
the AND part does not hold, then it is considered as a “Small/Stabilized
Response”. Likewise, if there is a non-substantial decline in ADAS-Cog
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(<3 points) AND there is an improvement in both NPI-Q and ADCS-ADL
at eitherWeek 5 orWeek8, it is considered a “Small/Stabilized Response”;
otherwise if the AND part does not hold OR the ADAS-Cog score shows a
substantial increase (i.e., worsening performance), it is considered as
“Non-Responsive”. All the AND/OR are logical notions. It worth noting
that ADAS-Cog change with respect to baseline still plays the dominant
role in the definition of the Response Rate. The main difference of this
response rate definition compared to simply using�3 points reduction of
ADAS-cog score (respect to baseline) as a response rate is for patients
with a marginal ADAS-Cog change with respect to baseline.

Next, we investigated the effects of treatment groups (R2, R4 and
Sham) given the site of the study and time of assessment on responders
(the combined groups of Marked, Moderate and Small Responders)
versus non-responders as defined above. We also analyzed the effect of
Time on the response to treatment (the difference between assessments).
Data availability

The de-identified performance data along with the corresponding
information file about the data, will be made available to the public
within one year after the study is fully finished. The data will be shared
with researchers upon a signed data access agreement on the FTP server
of the study PI.

Results

With a target number of 208 participants based on our initial sample
size estimation [15], 633 individuals were screened, of whom 156 were
enrolled over a period of 5 years, of which two years included the
COVID19 pandemic. The study was ceased at that point following the
conduct of the analysis presented in this paper. Twenty-eight participants
withdrew; however, seven of them had data up to 8 weeks
post-treatment. Thus, a total of 135 (156 � 28 þ 7) participants’ data
were analyzed in this study (Fig. 1). Table 1 shows the demographics of
the participants in different groups and sites for all enrolled patients.

Overall, the rate of withdrawal/drop-out from the study (18 %) was
higher than the 10 % expected rate; however, a number of participants
withdrew due to COVID-19 pandemic and lab closure in the Australia
site. The rTMS treatment, overall, was found tolerable without any
serious adverse effects although two participants were withdrawn by the
PI for safety concerns of a health issue that could be related to rTMS
treatment (one participant had felt numbness in left arm and left side of
their face for a couple of minutes at night after the 3rd treatment and the
Fig. 1. Flowchart of the study groups and number in each group and site.
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other felt chest pain after rTMS that continued for a few days; thus, the
site PI withdrew the participant although later was found the heart was
fine and the issue was probably not related to rTMS application). Table 2
shows the participants’ withdrawal reasons. As can be seen in Table 2,
only two participants withdrew because they found the rTMS pulses too
painful. The rest of the participants found the treatment sessions well
tolerated. We asked our participants before and after each rTMS treat-
ment session about any adverse effect (either related or even non-
related). All those adverse effects that were all considered as minor
(except in two participants that the PI withdrew from the study). A
quantitative analysis of those minor adverse effects is being submitted as
a separate manuscript. Overall, a general pain including headache, jaw
pain, toothache and twitching were the most common ones which were
diminished as soon as the treatment session was over; a few patients
reported a mild headache up to a couple of hours after the sessions.
Dizziness feeling was the second most common reported adverse effect.
Overall, 82 % of the participants in active treatment and 79 % of the
participants in sham treatment experienced at least one minor adverse
effect. There was no significant difference between the frequency and
severity of the adverse effects between the active and sham groups.
Furthermore, and interestingly, there was no significant correlation be-
tween the stimulation intensity (RMT) and the normalized frequency of a
participant experiencing an adverse effect in active treatment group,
while there was a positive significant correlation of those in sham
treatment group.

The majority (86.7 %) of participants received the rTMS pulses at 100
% of their respective RMT in their treatment sessions. For some patients
who found the 100 % intensity painful, we started the first few trains
(1–5 trains) of pulses of the two first treatment sessions at 90 % intensity
and gradually increased the intensity to 100 % when they got used to it.
Only 13.3 % (n ¼ 18) of participants received the pulses at 90 % in
majority of their treatment sessions.

Overall, six participants out of 135 missed 10 treatment sessions in
total. Three participants in Manitoba and two in Australia sites missed
their last 1–3 treatment sessions that were not compensated for the next
day because due to COVID illness; as it happened during the last days of
treatment block, it could not be rescheduled due to the isolation re-
quirements for COVID. Their immediate post-treatment assessments
were also performed online; overall 59 assessments of 25 participants
were performed online (we analyzed all in-person and online assessments
together). The other participant missed only one treatment session that
was compensated on the following day.

Using chi-square test of homogeneity of proportions over all enrolled
patients, there was no significant difference between the proportion of
females and males between the sites (χ2ð2Þ ¼ 4:05; p¼ 0:132Þ or between

the treatment groups ðχ2ð2Þ ¼ 1:56; p ¼ 0:458). Also, there was no signif-

icant difference between the proportion of females and males between the
treatment groups in Montreal and Winnipeg sites χ2ð2Þ ¼ 0:280; p ¼ 0:869

and χ2ð2Þ ¼ 0:457;p ¼ 0:796, respectively). However, there was a signif-

icant difference in Melbourne site χ2ð2Þ ¼ 8:84;p ¼ 0:012: the proportion

in group R2 of Melbourne site was different from other groups. Note that
sex was not a parameter for stratified randomization.

To compare the ages of participants between the sites and treatment
groups, we used the ANOVA test. The mean ages of participants between
the groups (R2, R4, and S4) were not significantly different F ð2; 153Þ ¼
0:596; p ¼ 0:552 as age was a randomization parameter for group
assignment. The sites and different treatment groups were found not
significantly different in terms of baseline ADAS-Cog scores, which
means we could combine data of the different sites for comparison be-
tween the treatment groups.

Fig. 2 shows the boxplot of the ADAS-Cog total scores averaged
amongst participants (N ¼ 135 total analyzed) of each group at different
assessment times. As can be seen, each group's participants on average
had an improvement in ADAS-Cog total scores (i.e., lower scores) after



Table 2
Participants’ withdrawal reasons and their distribution among the sites and the treatment groups; AU, MQ and MB refer to Australia (Melbourne), Quebec (Montreal)
and Manitoba (Winnipeg) sites; R2, R4 and S4 refer to 2 and 4 weeks active and 4 weeks sham treatment groups.

Withdrawal reasons Site/Group, #

AU MQ MB

Finding treatment painful and/or exhausting 1 R2 1 R4
Other unrelated illnesses 1 R2, 1 S4 1 R2
Missing several treatments and/or assessments due to weather, commuting issues, etc. 1 S4 1 R2, 1 R4
Caregiver felt treatment is unproductive 1 S4 1 R4, 1 S4
Caregiver sickness 1 S4
Patient being non-compliant (too much movement under the treatment); PI decision to withdraw 1 R2
Patient felt too anxious before starting the treatment 1 R4 2 R4
Patient changed medication during the treatment 1 R4 1 R2
Plausible side effect, PI decision to withdraw for safety (MQ patient felt brain fog and chest pain after
one session of treatment; MB patient felt numbness in the left side of face and left arm
for a few minutes after the second treatment at night)

1 R4 1 R2

Due to pandemic and labs' closure 1 R2, 2 R4, 1 S4
Patient and carer became unresponsive to contact 1 S4 1 R4, 1 S4
Patient became ineligible by postponing the starting date 1 R2
Total (count, %) 9 (24 %) 8 (17 %) 11 (15 %)

Table 3
Results of comparing the time (weeks) and treatment groups in all sites.

# of DF Den. DF F-value P-value

Weeks 4 528 21.40 <0.00001
Groups (R2, R4, S4) 2 132 0.63 0.53
Weeks*Groups 8 528 1.59 0.13
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the treatment. This improvement lasted for two months post-treatment
and then gradually returned to baseline values after 6 months. Howev-
er, there were no differences in this trend between active and sham
groups or the 2 dose groups.

Analysis of mixed effect models for comparing treatment and time interval
effects

A mixed effect model for repeated measures was used to investigate
the effect of treatment (the R2, R4, S4 groups), time intervals (weeks) and
the interaction of treatment and time on the difference between
log(ADAS-Cog) at baseline and a given time point in all sites together and
each site separately. The results of the mixed effects model on all par-
ticipants and all sites are shown in Table 3. The results showed that the
ADAS-Cog scores of different weeks were significantly different but not
different for different treatment groups, congruent with the results
mentioned above. Fig. 3 shows post-hoc paired comparison tests of the
difference in scores of different time periods (weeks) in each site using
the pairwise t-test. As can be seen, again the change of log(ADAS-Cog)
score at any point of assessment time compared to baseline is not
significantly different between the three treatment groups. There were
some significant improvements with respect to baseline in some weeks
post-treatment in all 3 groups (decreases and increases in mean scores)
but no clear pattern of difference between the 3 groups (Fig. 3).
Fig. 2. Boxplot of the ADAS-Cog total score of participants at baseline
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Comparisons based on the response rate

Table 4 shows the distribution of different responses across the sites
and in total, averaged for the two active groups combined versus sham
group. Using Chi-square test on the equality of different response pro-
portions in different treatment groups, we observed that the Marked,
Moderate, Small and Non-responders were not equal in all treatment
groups, nor in any individual group, but the proportions were homoge-
neous between the sites. In all groups, “Marked Responses” were more
frequent than moderate and small responses (Fig. 4). All the statistical
analyses done on ADAS-Cog (and its log) changes as the primary outcome
generated similar results when considering the “Response Rate” as
defined in the Statistical Analysis section instead of the ADAS-Cog score
changes with respect to baseline. This was expected since ADAS-Cog
score plays a major role in the definition of the Response Rate as well
and since the “Marked” Response (of which the ADAS-Cog score is the
and a given time point in different participant treatment groups.



Fig. 3. Boxplot of the difference between the log(ADAS-Cog) of participants at baseline and a given time point in different participant treatment groups with their
statistical comparisons.

Table 4
Distribution of the response rates (n ¼ 135) across the sites for the active and sham groups; active group includes both R2 and R4 groups.

Marked/Moderate Mild/Stabilized Non-responsive/declined

Active rTMS Winnipeg (n ¼ 40) 72.5 % 15.0 % 12.5 %
Montreal (n ¼ 27) 77.8 % 0.0 % 22.2 %
Melbourne (n ¼ 23) 65.2 % 8.7 % 26.1 %
All sites (n ¼ 90) 72.2 % 8.9 % 18.9 %

Sham rTMS Winnipeg (n ¼ 21) 81.0 % 9.5 % 9.5 %
Montreal (n ¼ 13) 61.5 % 7.7 % 30.8 %
Melbourne (n ¼ 11) 72.7 % 9.1 % 18.2 %
All sites (n ¼ 45) 73.3 % 8.9 % 17.8 %

Bolded rows show the distribution across all sites.

Fig. 4. Frequency of the different response types in each group of R2, R4 and S4 across all sites.
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main determinant) was more frequent than the other types of responses.
Next, we partitioned the responders into two groups of Positive- and

Non-Responders, and repeated the analyses. The results showed the
proportion of the Positive Responders was similar across the three
6

Groups (R2, R4 and S4) and much higher than the non-responders. It
shows there were improvements across repeated assessments, but in all
active and sham groups similarly; that can easily be observed by the
distribution of the responses shown in Table 4.
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Discussion

In this paper, we present the results of a randomized double-blind
placebo-controlled rTMS treatment study applied to AD patients with
two doses of active treatments versus sham; participants were followed
for a period of 6 months post-baseline. To the best of our knowledge, this
study is the largest of its kind to date, with a sample size of 156 partic-
ipants and the longest follow-up duration (6 months) post-treatment
investigating the short and long-term effect of rTMS as a treatment for
AD. Overall, our outcomes indicate that high frequency rTMS treatment
applied to bilateral DLPFC does not yield greater cognitive improvement
than the “sham” group either immediately post-intervention or in the
longer term. On average, the two active treatment groups and the sham
group show similar cognitive outcomes across the assessment times up to
6 months follow-up. In addition, and interestingly, on average all groups
showed no decline compared to baseline at follow-up assessment. We
briefly compare these results to those reported for other clinical trials of
rTMS in AD, then move on to the present evidence in support of a po-
tential explanation for the improvement in cognitive status seen in sham-
treated participants.

Our results are contrary to some recently reported findings on the
effect of active rTMS treatment on AD. A recent study with a relatively
high number of participants (a total of 109 in a randomized grouping) [5]
reports statistically significant benefit of rTMS treatment applied to
DLPFC and to Broca and Wernicke areas when paired with simultaneous
cognitive exercises for those who received active treatment versus sham
(cognitive exercises were also given during sham). The benefit of active
treatment was not seen immediately after the intervention but at 5 weeks
post-treatment. In a separate study [14], 25 AD patients randomized to
receive active rTMS over the precuneus area showed better cognitive
performance after treatment than the 25 participants in sham interven-
tion. In both studies, cognitive performance of the patients in the active
group remained stable during the period of the intervention, while
cognitive performance in the sham group declined, and the difference
between the two groups at post-intervention was statistically significant.
Our study on 156 (135 analyzed) participants randomized into active and
sham groups yielded very different results, i.e., improvements were seen
in the sham and the active treatment groups, not only immediately
post-intervention but also at the 6 months follow-up assessment.

We attempted to control for practice effect by using alternate versions
of the ADAS-Cog in which different word lists were presented for mem-
ory testing; however, the remaining test items are consistent across as-
sessments and it is conceivable that growing familiarity with the
assessment procedures in general, in particular from baseline through
Week 5, may have led to better test outcomes, even in patients with a
limited capacity to remember from one session to the next. Some studies
have claimed the degree of practice effect of standard cognitive tests, in
particular episodic memory tests, can be used as a biomarker for pre-
dicting Alzheimer's development amongst older adults with mild cogni-
tive impairment [31]. However, the research on ADAS-Cog's practice
effect amongst patients with Alzheimer's without any intervention with
large enough samples is limited, and is a topic in need of further research.
It should also be noted that ADAS-Cog score and almost all other neu-
ropsychological tests can be affected by the mood of the patient at the
time of assessment. There are several confounding variables, such as any
incident that the patient might have on the day of assessment, the quality
of sleep in the night before, any illness, etc. that can affect the assess-
ment's score. To overcome these confounding variables, there is a need
for a very large sample size of patients to be observed over a period of
time with frequent assessments across fixed intervals and also not having
any intervention including placebo over the period of observation.

In examining the literature on rTMS treatment efficacy in AD, we note
that many research publications do not specify exactly when the assess-
ments were done. The timing of post-intervention assessment has been
reported as “after the last rTMS session” [6], “immediately after” [32], the
week of assessment [5] or simply “post-treatment” [7]. Distinguishing
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between “immediately after” as in 5 min later on the same day, and three
days later (aswe did in this study), is crucial to separating out the potential
acute effects of rTMS from the cumulative effects of several weeks of
intervention. Future clinical trials should specify clearly the time elapsed
between the last rTMS pulse and the assessment of cognitive function.

Notwithstanding important differences in the brain regions targeted
with rTMS in our studies and those that yielded more positive outcomes,
the fact that our sham participants on average did not decline even at 6
months post-intervention is intriguing. This led us to consider the pos-
sibility of a potentiating effect of the sham coil, which was intended to be
an inactive control condition. The present study used the Magstim sham
coil, as have the majority of trials of rTMS in Alzheimer's disease. Ex-
periments have shown [20,21] that significant perpendicular magnetic
fields are produced by this coil, a finding that we have now replicated in
our own laboratory (see Supplementary Materials). As suggested by
Ref. [33], the induced significant electric field can produce low-field
effects that affect neuromodulation. The study in Ref. [34] showed the
weak electric fields from the sham rTMS coil can modify the cortical
excitability of the neurons. Therefore, it is possible that the induced weak
electrical fields of the sham coil perhaps have an effect similar to that of
transcranial alternating electrical stimulation (TACS), even though TACS
is given in a continuous mode and rTMS fields are induced within the
duration of the given train of pulses. Our protocol had 10-s intertrain
intervals between each train of rTMS pulses given at 20 Hz. It is feasible
that the induced electric currents in the brain may have had a similar
effect to TACS at 20 Hz.

Another support for a possible sham coil effect, as discussed above, is
from the analysis of the adverse effects collected in two active and sham
arms of the study. As mentioned in results section, there was no signifi-
cant difference in the type and frequency of the reported adverse effects
between and sham and active groups. Interestingly, the correlation be-
tween the adverse effects and the rTMS pulses’ intensity was significant
in the sham group but not in active group. This intriguing outcome
indirectly supports a potential benefit from the fact that the sham coil
also generates a magnetic field and it spreads over the scalp; the higher
the intensity, the more the feeling of the pulses over the scalp and hence
plausible adverse effect such as headache.

To test the hypothesis of a neuromodulatory effect of the sham coil, a
future study would need to include: 1) a control condition with no direct
neuromodulatory effect that was equivalent to a sham coil condition in
terms of time commitment and attention/care provided to participants;
2) a control condition involving a control stimulation site (i.e., stimula-
tion of a brain area that is theoretically unlikely to affect brain systems
involved in AD); or 3) a way of quantifying the physiological effect of
active treatment and sham condition on brain activity in the DLPFC.

Earlier studies such as [1,4] used a different technique for sham
stimulation; they used a 2-cm thick wooden piece with the shape of the
same coil placed under the active coil. The wooden spacer beneath the
active coil effectively reduces the penetration of the TMS pulses into the
brain significantly while not changing the sound of the pulses. However,
the wooden piece under the active coil significantly reduces the scalp
sensation of the pulses and that can potentially unblind the participant.
On the other hand, the authors of the study in Ref. [4] argued that, since
the participants had memory impairment, and there were wash-out pe-
riods between the two blocks of active and sham treatment, none of the
10 participants reported feeling any difference. The results of the study in
Ref. [4] showed the sham group's cognitive status stayed the same with
respect to baseline, while the active group showed improvement.

While our results indicate that the active groups’ positive responses
(improvements) were similar to that of the sham group, it does not
necessarily mean that active rTMS treatment should not be used as a
treatment for any AD patients. One plausible explanation for our results
could be that the improvement is all due to improvement in depression.
However, this explanation is unlikely because the majority of our par-
ticipants were not depressed at baseline (see CSDD scores on Table 1).
Out of the 135 patients, only 13 had a CSDD score of 10 or higher that
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may suggest a mild level of depression (see Table 5), and participants
with higher levels of depression were excluded by design. Themajority of
participants with mild depressive symptoms (58.3 %) were from the
Montreal site, which showed better results for the Active group versus
Sham for R2 group. Nevertheless, these numbers are small and represent
less than 10 % of the entire subset of patients who showed improvement
in the course of this study. Further, in the absence of a post-intervention
measure of depression we cannot test the hypothesis that a reduction in
depressive symptoms underlies the observed cognitive improvement.

One may attribute the improvement in both active and sham groups
to a “care effect” of the interaction due to attending the treatment (either
active or sham) but that is unlikely as such a care effect in our experience
(pilot studies) usually does not last more than a month after the inter-
action (treatment) time is over. We see the improvement lasted more
than 2months in the majority (about 68%) of patients of active and sham
groups and some even up to 6 months post-treatment (see Fig. 5).

Our data show about 10 % of patients either in active or sham groups
cognitively declined after rTMS treatment; although the amount of
decline measured by ADAS-Cog score changes with respect to baseline is
higher in the active group compared to sham group (average values of 2.6
and 1.8 for R2 and R4, respectively, compared to �0.11 for S4), the
numbers are too small to draw any meaningful conclusion.
Table 5
Distribution of the 13 patients with major depression (CSDD � 10) across the
sites and groups, their response rate as Marked, Moderate, Small or Non-
responsive.

Site Group # (Response rate)

Winnipeg R2 2 (1 marked, 1 moderate)
R4 0
S4 2 (1 marked, 1 small)

Montreal R2 4 (3 marked, 1 non)
R4 1 (moderate)
S4 2 (1 marked, 1 moderate)

Melbourne R2 0
R4 1 (marked)
S4 1 (marked)

Fig. 5. ADAS-Cog changes (μ � σ) with respect to baseline at assessment Weeks of
Negative and positive values imply improvement and decline, respectively (the lowe
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A recent study on a subset of our data who also went through an
exploratory assessment, called Electrovestibulography (EVestG), showed
a high (76 %) accuracy in predicting at baseline whether a participant
improves, declines or has no change after an active rTMS treatment [35].
The feature that was most different between responders and
non-responders was a lower frequency (efferent) modulation of the
vestibular afferent firing pattern for responders, and this was hypothe-
sized to be related to GABAergic changes [35]. Unfortunately, the
number of EVestG study participants who received sham rTMS treatment
was too small to draw any conclusion on sham rTMS’ efficacy at baseline.

The results of our randomized clinical trial demonstrate that active
rTMS is not superior to sham rTMS coil (Magstim coil and Magstim Sham
coil used in this study) when following the stimulation protocol used
herein. Our protocol was designed to match those most commonly
used for studies in AD at the outset of this trial. The results do not
preclude that rTMS may be found effective in treating AD when using
different stimulation parameters or targeting other brain regions or using
a sham coil that does not induce any neuromodulation (if it exists).
Moreover, given the importance to society of finding novel interventions
for AD, further studies should seek to identify patient characteristics that
best predict response to interventions using brain stimulation.
Limitations of the study

This study despite, being carefully designed, is not free of limitations.
One limitation is that the assessor personnel changed over the 5 years of
the study. With training videos, regular video calls to discuss the
assessment procedures, and regular site visits, we made every effort to
ensure consistency in administration of interventions and assessments;
however, turnover of personnel could possibly affect the scoring. Second,
our experiments on the magnetic fields induced by the sham coil raise
concern that the use of this coil may have reduced the ability to detect
differences between the control and active treatment conditions. Third,
due to the COVID19 pandemic, we had to run some assessments online.
While we developed a procedure for doing so as close as possible to in-
5, 12, 20 and 28 after the baseline for each group of the study across all sites.
r ADAS-Cog, the better cognitive status).
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person assessments, it remains plausible that online assessment might
have had an effect on the outcomes for those participants. Wewill study if
that indeed had an impact on the outcomes in the near future. Finally,
important differences between our study and recent work by others
demonstrating efficacy of rTMS in AD include the target site and the
absence of a cognitive training intervention. The current study was
designed to provide a definitive estimate of the efficacy of rTMS in a
protocol that has been used most commonly in the literature, i.e., stand-
alone treatment with rTMS over the DLPFC. It is important to recognize
these methodological differences, as they preclude generalization of our
null results to the wider range of rTMS protocols that have yet to be fully
explored for treating AD.

This study for the first time examined the efficacy of rTMS for treat-
ment of cognitive impairment in AD in a randomized double-blind pla-
cebo-controlled study up to 6 months post-treatment. In summary, the
results of our analysis of 135 participants in three groups, active treat-
ment in two doses of 2 and 4 weeks versus sham, indicate 1) an overall
significant improvement for all groups after treatment, and 2) no dif-
ference between the sham and active groups even at any point up to 6
months after the baseline. Since this result lasted till 6 months post-
intervention, it is unlikely to be entirely due to placebo effects. We hy-
pothesize that the sham TMS coil may have had a therapeutic effect, akin
to a modified tACS. While active coil has shown positive therapeutic
effect for the majority (>68 %) of patients, there was continued decline
or no effect for other patients. We believe the future of rTMS application
as a treatment for AD should be further explored with “true” sham coils.
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