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Abstract
Episodic memory decline is the prominent neuropsychological feature of typical Alzheimer's Disease (AD), for which
current treatments have a limited clinical response. Recently,
gamma entrainment therapy has been used as a non-invasive
treatment in AD, providing evidence that it may have the
potential to alleviate brain pathology and improve cognitive function in AD patients. At the same time, the precuneus (PC) has been recognized as a key area involved in AD
related memory deficits and as a key node of the Default
Mode Network. This study aimed to investigate the effectiveness of a 40 Hz Transcranial Magnetic Stimulation
(TMS) intervention, delivered bilaterally to the precuneus for
10 days, in improving the patients' episodic memory performance. Secondary outcome variables investigated included
general cognitive function, semantic and spatial memory,
as well as attention and executive function. A concurrent
multiple baseline design across five cases was employed.
Four patients completed the study. Visual analysis combined
with effect size indices were used to evaluate changes across
phases. An increase in the average level of immediate recalled
words was observed in three out of four patients. Effect
size indices indicated significant improvement of attention
skills in two patients. No treatment effect was observed for
semantic and visual memory, or for executive function. An
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immediate treatment effect was observed in all patients'
general cognitive function as assessed with the Alzheimer's
Disease Assessment Scale (mean reduction of 5 points),
which was maintained and improved further three months
post-treatment. The neuropsychological evaluations indicated improved performance three months post-treatment in
immediate and delayed recall, attention, phonological verbal
fluency, anxiety, and neuropsychiatric symptoms. This study
provides preliminary evidence for the efficacy of a novel
non-pharmacological treatment using gamma-band TMS in
addressing cognitive dysfunction in AD.
KEYWORDS
Alzheimer's Disease, episodic memory, gamma frequency brain stimulation,
precuneus, transcranial magnetic stimulation

INTRODUCTION
Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by the presence of
amyloid aggregations (Aβ) and neurofibrillary tangles (tau pathology; Nestor et al., 2004). Tau pathology
is prominent in the medial temporal lobe causing profound cell loss and synapses in specific cortical layers
in the hippocampal formation, early in the disease (Braak et al., 1993, 2006; Mattsson et al., 2019; Price
et al., 1991). Consistent with this pathology, episodic memory decline, such as inability to learn and recall
new information, is the hallmark neuropsychological feature of preclinical AD and the best discriminator
between healthy individuals and AD patients (Bäckman et al., 2001; Petersen et al., 1994).
In addition to the role of hippocampal cortex degeneration in episodic memory deficits (Gallagher
& Koh, 2011), recent neuroimaging studies suggest that aberrant neural activity exacerbates AD's pathology and ultimately disrupts neural networks involved in memory and general cognition of AD patients
(Canter et al., 2016). For instance, it has been well established that the default mode network (DMN),
which plays a key role in episodic memory and in higher cognitive functions (Buckner et al., 2008) is
highly affected in AD, by way of connectivity disfunctions between several important nodes, such as the
precuneus (PC), the parahippocampal gyrus and the posterior cingulate gyrus (PCC; Zhou et al., 2015). In
addition to that, gamma frequency oscillation abnormalities have been identified in AD and these result in
reduction of anatomical connectivity and may account for some of the AD related cognitive impairments
(Uhlhaas & Singer, 2006).
Over the recent years, researchers have begun to explore the pathogenesis of AD from different
perspectives. One of them suggests that the restoration of gamma oscillations may be the key to treating
the disorder's pathology and improve cognition (Fan et al., 2020). For example, Goutagny et al. (2013)
indicated that the reduction of slow gamma activity (25–50 Hz) in the hippocampal area CA1 of a mouse
model of AD can result in impaired memory function. Moreover, three mice studies demonstrated that
gamma stimulation ameliorates AD pathology and cognitive impairment (Adaikkan et al., 2019; Iaccarino
et al., 2016; Martorell et al., 2019). Specifically, gamma stimulation by light and sound in a mouse model
of the disease, led to the reduction of the two hallmarks of AD pathology, the amyloid-β and the tau
protein, while it increased the gene expression of microglia cells, which are responsible for the disposal
of harmful clutter in the brain such as the amyloid-β. These findings raised the interesting question of
whether an increase in gamma frequency neural activity in specific brain areas in humans, can restore the
cognitive deficits resulted from AD.
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Transcranial Magnetic Stimulation (TMS) has been investigated, over the last decades, as a non-invasive
technique for brain stimulation. Over the last two decades TMS has been used as a non-pharmacological
approach in AD, providing evidence that it can significantly improve cognition (Rabey et al., 2013; Zhao
et al., 2017). To date, the most commonly used TMS protocol in AD is a high frequency stimulation
at 20 Hz, targeting the dorsolateral prefrontal cortex. This research has demonstrated improvements in
patients' sentence comprehension (Cotelli et al., 2011), global cognitive function (as measured with the
Mini Mental State Examination and the Alzheimer's Disease Assessment Scale) and behavioural symptoms like anxiety and fear (Ahmed et al., 2012; Yue et al., 2015). Yet, it remains unclear, whether TMS
can improve episodic memory function following high frequency gamma stimulation over brain areas
previously shown to be implicated in episodic memory, such as the PC.
Functional imaging data on brain activation patterns during episodic memory tasks suggest strong
involvement of the PC in most episodic memory tasks (Krause et al., 1999; Rugg et al., 2002; Schmidt
et al., 2002; Shallice et al., 1994). PC activation is evident during the classic laboratory episodic memory
tasks (e.g., word lists or pared association tasks), but importantly it is also observed in naturally acquired
autobiographical memories (Gilboa et al., 2004; Lundstrom et al., 2005). Evidently, AD patients exhibit
cortical atrophy and abnormal activity in PC during memory tasks (Chen et al., 2017). At the same time,
impaired functional connectivity between bilateral PC and hippocampus is also evident in the early
AD stages (Kim et al., 2013; Sorg et al., 2007). Finally, the PC/PCC node is considered particularly
significant as it is the only node that directly interacts with all the DMN cortical structures (Fransson &
Marrelec, 2008). Recent evidence suggests that application of repetitive TMS on key DMN nodes, such as
the PC, improves episodic memory performance in healthy controls (Bonnì et al., 2015; Rose et al., 2016).
Therefore, stimulation of the PC using TMS may improve the disrupted connectivity between the PC and
the hippocampus, as well as the abnormal functional connectivity between PC and other important nodes
of the DMN, hence to effectively reverse AD related cognitive decline.
To our knowledge, up to date only one study has investigated the effect of high frequency stimulation
over the PC in AD (Koch et al., 2018). In this study, TMS at 20 Hz was applied bilaterally to the PC demonstrating a significant effect in episodic memory recall. In addition, TMS induced neural activity modulation
in PC and medial frontal cortex, suggesting relevant modulation over the medial parieto-frontal circuit.
Finally, TMS at 20 Hz prompted an enhancement of beta activity over the PC. These findings provide the
first evidence that the PC may be a novel stimulation target to enhance the affected networks and improve
patients' memory performance. However, the effect that gamma frequency stimulation will have on the
disrupted gamma oscillations documented in AD, and hence to memory performance, remains to be seen.
The objective of this study was to investigate whether gamma frequency stimulation of the PC
has the potential to improve episodic memory function in mild to moderate AD. We applied gamma
frequency stimulation at 40 Hz, using TMS to the PC and investigated whether it has an effect on the
patient's performance on immediate and delayed wordlist recall tests. The wordlist tests were based on
the Alzheimer's Disease Assessment Scale–cognitive subscale (ADAS-cog), and on word lists designed
for the study (see Method).
We hypothesized that gamma stimulation applied bilaterally to the PC will significantly improve
the patients' performance on episodic memory tasks. Moreover, given that TMS on the PC generates
effects not only at the stimulation site but at network level too (Koch et al., 2018; Mancini et al., 2017),
we hypothesized that our proposed treatment protocol will enhance the disrupted gamma activity and
brain connectivity and hence, will have a wider positive effect on patient's cognitive abilities. Specifically,
we expected improvements on: (1) patient's global cognition, assessed by the ADAS-cog; (2) semantic
memory, assessed by semantic association and a naming task; (3) spatial memory, assessed by a corsi block
task and, (4) attention and executive functions, assessed by the Trail Making Test.
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METHODS
Study design
This study is a pre-registered report. The approved stage 1 protocol can be found here: https://osf.
io/5yhuv/.
We employed a single case, randomized, concurrent multiple baseline design, across five participants
(Hayes et al., 1999). This design involves multiple AB series (A = baseline, B = intervention), in which the
baseline phases begin at the same time for each participant, while the intervention is introduced staggered
across time and participants. The staggered introduction of the intervention allows to demonstrate that
the targeted behaviours do not change over time, but only after the introduction of the treatment (Lobo
et al., 2017).
The study was designed, conducted, and reported according to the ‘What Works Clearinghouse’ criteria for single case studies (Kratochwill et al., 2010). According to these criteria, to meet ‘evidence standards’ a minimum of three AB series repetitions (three participants) with at least three measurements of
the outcome variables on each phase is recommended. In addition, to minimize major threats of internal
and external validity, randomization should be implemented to yield control over confounding variables;
the targeted behaviours must be assessed by more than one assessor collecting the necessary inter-assessor
agreement, and finally procedures that will ensure that the interventions and the assessments will be delivered as planed (treatment fidelity), are highly recommended (Kratochwill & Levin, 2014). All the above
criteria are discussed below. In addition, a schematic representation of the study's design and timeline is
illustrated in Figure 1.
The study comprised five AB series repetitions (i.e., each participant represents an AB repetition).
The baseline phases comprised five experimental conditions characterized by the length of their periods: one, two, three, four and five-week baseline periods. After the end of each experimental condition
patients received a two-week gamma frequency TMS treatment. Participants were randomly allocated
to the experimental conditions. With this design the treatment was introduced at different time periods to each participant (i.e., after 1 week to the first participant, after 2 weeks to the second participant
etc.). The sequential introduction of the intervention makes the participants that stay at the baseline
phase the control group. For instance, when the intervention was introduced to the first participant, the
remaining patients at the baseline phases served as the control group and hence, no improvements were
expected. Accordingly, if the TMS intervention was the sole determinant of improvement, no changes to
the targeted behaviours would be expected for the participants reimaging in the baseline phase. Data were
obtained at pre-treatment, baseline, treatment, post-treatment and after a three-month follow up period.

Single case data collection
Baseline phases
Five baseline phases of different length were implemented (i.e., 1–5 weeks). The targeted behaviours were
evaluated two times per week except for the participant in the one-week condition who was evaluated
three times in order to meet evidence standards, which require at least three assessments on each phase.
Therefore, the patient in the one-week baseline was evaluated three times, the patient in the two-week
baseline condition was evaluated four times, the patient in the three-week condition six times etc. (see
Figure 1). Each assessment session lasted between 30 and 40 minutes.
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FIGURE 1

5

Schematic representation of study's design and timeline

Intervention phases
Participants underwent a two-week TMS intervention immediately after the end of their experimental
baseline condition. The TMS sessions were being delivered daily (Monday to Friday) for a total of 10
TMS sessions. The targeted behaviours were assessed six times in total. As a delayed effect was expected
from the TMS treatment (e.g., Cotelli et al., 2011), the data collection started one week after the beginning
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of the intervention. Therefore, two assessments were conducted during the treatment phase and four
post-treatment (two assessments/week; see Figure 1).

Follow-up phase
The targeted behaviours were assessed again three months after the end of the intervention phases.

Participants – Inclusion/Exclusion criteria
Five patients with a diagnosis of probable Alzheimer's Disease were recruited for this study. A diagnostic
protocol was implemented to verify the presence of Alzheimer's Disease and eliminate other possible
conditions that may induce dementia. The diagnosis was given by a certified neurologist according to
the NIA-AA criteria (McKhann et al., 2011). To participate in the study participants had to meet all the
following criteria: having a Mini Mental State Examination (MMSE) score between 17 and 24, 4 or 5 on
the Global Deterioration Scale, between 10 and 20 on the Greek version of the Instrumental Activities
of Daily Living (IADL) and no less than 5 in the Basic Activities of Daily Living (BADL). Participants
had to have a stable medical and pharmacological condition for at least 2 months prior to the study, be
free from any clinically significant medical history that may induce cognitive deterioration (psychiatric,
neurological, cerebrovascular), their visual and hearing abilities to be within the normal range, be willing
to undergo an MRI scan and to have a caregiver who was agreed to be responsible for their participation
throughout the study.
Patients with history of excessive alcohol consumption or under psychoactive medication within
the past 2 months were excluded from the study. Patients with diagnosis of epilepsy or family history of
epilepsy; with moderate or severe depression, as assessed by the Geriatric Depression Scale – 30 (score
no more than 15); with severe loss of hearing or visual ability as was identified during the initial interview;
with medical implants in the head or a pacemaker; with history of brain injury, surgery to the heart or
stroke; under drugs with anticholinergic properties and without a caregiver who could take the responsibility for their commuting throughout the study, were also excluded.

TMS: Sites, protocol, and procedure
In each B phase (i.e., intervention phase) patients received daily treatment sessions for 2 weeks (one
session per day; five sessions per week; total of 10 sessions). Each session included 25 trains consisting of
1 s of 40 Hz each (40 pulses/train; 1000 total pulses), with 29 sec inter-train intervals and delivered at 90%
of participant's resting motor threshold, or with the maximum intensity of 65% of the maximal machine
output (for safety reasons) using the Magstim Super Rapid 2 Plus 1 Therapy System with a figure-of-eight
coil. Coil was oriented parallel to the midline with the handle pointing down-ward. Motor threshold (MT)
was evaluated at the begging of each treatment week (two times total) and TMS intensity was adjusted
accordingly. MT was defined as the minimum TMS intensity needed to elicit MEPs of >50 μV in five out
of 10 trials in the first dorsal intereosseous muscle.
Stimulation was delivered over the left and right precuneus on separate days (i.e., one day left precuneus
and the contralateral precuneus the following day). The exact stimulation sites were identified by targeting at the peak voxels that have been previously reported to be activated during episodic memory tasks.
Therefore, the left PC located at the MNI coordinates x = −14, y = −66, z = 56 (Hebscher et al., 2020)
and the right precuneus at x = 6, y = −70, z = 44 (Kwok et al., 2012; Ye et al., 2019). The patients underwent an anatomical MRI scan prior to the study and the exact position of the stimulation coil was guided
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by the Visor2 TMS neuronavigation system (Visor2, ANT Neuro, Enschede, Netherlands). Prior to the
beginning of the TMS sessions, MNI coordinates were inserted into the neuronavigation system and the
most superficial regions closest to the coordinates, that could be accessible with TMS, were selected. Due
to subjects' anatomical differences, the stimulation sites varied slightly from the initial coordinates.

Outcome measures
The primary measures indicating the patients' episodic memory performance were word learning tasks,
with multiple trials. These are the standardized neuropsychological tests for evaluating the ability to learn
and recall new information in AD (Zhao et al., 2012). A detailed description is being discussed below. We
hypothesized that our proposed TMS protocol delivered to the precuneus will have an effect not only
at local, but also at network level (Mancini et al., 2017). Therefore, the secondary outcomes related to
measures of general cognition, semantic and spatial memory, as well as attention and executive functions.

Neuropsychological evaluation
Participants underwent a neuropsychological evaluation with standardized and well recognized measures
pre-treatment (before the baseline phase) and in the follow up phase. The purpose was to evaluate the
effect of our proposed treatment beyond the targeted behaviours (Krasny-Pacini & Evans, 2018). Moreover, the participants' episodic memory abilities were evaluated with more than one cognitive assessment
test (word learning test & logical memory). The length of each assessment was approximately 90 minutes.

Single case data
Primary outcomes, during all phases, were assessed using a ‘word learning list’, which is one of the most
well-established tests for assessing episodic memory functioning in patients with early dementia (Beck
et al., 2012). Seventeen alternative and equal in difficulty word learning lists were developed. Each list,
comprised 5 low, 5 medium and 4 high frequency words. Additionally, the chosen words had similar
concreteness and visual imagery ranks, to establish, as much as possible, that all forms had approximately
the same level of difficulty. The assessments included 3 learning trials, one delayed recall and a recognition trial. The recognition task of each form, contained the 14 original words and 14 new words equal in
difficulty with the original ones.
The secondary outcomes were assessed using: (1) 17 alternative forms of a semantic association task,
comprising 15 living and nonliving items, including a verbal and a visuospatial form (Caputi et al., 2016),
(2) 17 alternative forms of a naming task, comprised of 15 living and nonliving items, (3) 17 different
corsi block tasks, generated using an algorithm which randomly assigned numbers to each form and
finally, (4) 17 alternative Trail Making Tests A & B, which were created by maintaining the original position
of the cycles (Reitan, 1955) but randomly assigning the numbers and letters in the cycles, which however
were maintained in the same half of the page in every alternative form (e.g., the number ‘1’ was in the
bottom part of the page on every form). The first form was created for the semantic associations and
the naming tasks and then each stimulus was matched with 16 others of similar characteristics (i.e., word
frequency, concreteness, and visual imagery) to create the alternative forms. The tests were administered
with the same order in all participants. First, the word learning list was given followed by the Trail Making
Test, the Naming Test, the Semantic Association Task and finally the Corsi Block Task. The delayed
recall and the recognition tack from the word learning list were administered 25 mins after the immediate
recall tasks.
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ADAS-cog
Finally, the patients were assessed by the standard, 11 items ADAS-cog, including the optional ‘delayed
recall’ item. The ADAS-cog was used pre-treatment, immediate after the end of the treatment and at
the follow-up. The ADAS-cog was adjusted and standardized in the Greek-Cypriot population and two
alternative forms of equal difficulty were created for the word recall, the word recognition and the object
naming subscales. The total scoring ranged between 0 and 80. A drop of three points or more was considered as a positive treatment effect (Schrag et al., 2012).

ANALYSIS
Inter-assessor agreement was calculated by the Percentage Agreement (PA) for each phase on each
outcome variable. Minimum acceptable inter-assessor agreement was considered a range between .80 and
.90 (Hartmann et al., 2004) on at least 20% of all sessions (Lobo et al., 2017). Two raters, members of the
research team, independently marked the scores of 12 assessment forms (i.e., six from the baseline phases
and six from the treatment phases) previously obtained by a different assessor. The forms included all the
obtained assessment tests.

First stage of analysis
At the first stage of the analysis, to determine whether there was a functional relation between the TMS
protocol and the outcome measures, visual analysis was conducted by examining six features of the
single case design graphed data: level, trend, stability, immediacy of the effect, overlap, and consistency.
Each feature was assessed individually and collectively across phases. When an effect of intervention was
evident, the visual analysis was supplemented by randomization tests and effect size indices methods, to
evaluate the magnitude of the intervention effect and interpret the results in terms of statistical significance. According to the ‘What Works Clearinghouse’ single case criteria, three demonstrations of the
experimental effect at three different time points, within or across phases, are required to indicate a causal
effect between the independent and the dependent variables (Kratochwill et al., 2010).

Visual analysis
The collected data were displayed graphically and a within and between phase examination was performed.
Within-phase examination: Consistency of level, trend and stability within each phase was examined. The
mean score of each variable was used to assess the within phase level, and trend was evaluated by determining whether the data points were decreasing or increasing monotonically. In addition to the visual
analysis, quantification indices were used in an attempt to increase internal and external validity. To quantify the within phase differences in level and thus to identify whether there was substantial increase in the
targeted behaviours, the Percentage Change Index (PCI) was used. The PCI converts the raw measures
into percentages and thus makes the results comparable. Possible changes in the trend of the within phase
were estimated by the least squares regression. Within-phase stability (or consistency) was assessed by
calculating the percentage of data points, within 15% of the phase mean. Stability criterion was satisfied
if 80–90% of data points fall within a 15% range of the mean. In addition, the stability of phases was
assessed by examining data variability by constructing standard deviation bands around average levels.
Between-phase examination. Subsequently, overlap and immediacy of the effect between the baseline phases
and the intervention phases as well as the consistency between similar phases were evaluated.
The Percentage of Nonoverlapping Data index (PND) was used to quantify the proportion of data
points in the intervention phase that did not overlap with the baseline phase. A PND above 70 was consid-
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ered as an indication of effective intervention, a PND between 50–70 was an indicator of a questionable effect, whereas a PND below 50 was considered as no observed effect (Scruggs & Mastropieri, 1998).
Immediacy of the effect is usually examined by comparing changes in level between the last three data points
of one phase and the three first data points of the next phase. However, TMS protocol was expected to
have a delayed effect and therefore the immediacy of effect for the intervention phases was examined using
the last three data points instead of the first. Consistency of similar phases was evaluated by examining the
extent to which data patterns across baseline and intervention phases were similar (A with A and B with B).
At the final step of visual analysis all information from each phase were combined to determine
whether the data across all phases demonstrated at least three indicators of effect at different point times.
If the TMS treatment was the sole determinant of improvement, we expected to find indicators of
improvement only during the intervention phase.

Second stage of analysis
When a causal relation between the independent and the dependent variable became evident from the
visual analysis described above, we next performed randomization tests (RTs). The null hypothesis was
that there was no treatment effect from the TMS proposed protocol, therefore participants' responses
were independent from the condition (baseline vs. intervention) under which they were observed. The
alternative hypothesis was that participants' responses in the outcome measures were improved due to
the treatment protocol.
Effect size indices were used as our test statistics (Lobo et al., 2017). Sensitivity analysis was initially
planned to be conducted and hence, multiple estimators were scheduled to be calculated, as it is strongly
recemented by the What Works Clearinghouse standards. The pre-defined test statistic was planned to
be calculated for the Improvement Rate Difference (IRD) and the Nonoverlap of All Pairs (NAP). We
planned to construct a randomization distribution and p-value would be calculated for the estimators. We
would reject the null hypothesis and accept the alternative hypothesis if the p value was smaller or equal
to a = .05. Finally, the Piecewise regression-based approach would be used to calculate the effect size and
the consistency across all estimators would be evaluated (Kratochwill et al., 2010).

Treatment fidelity
Treatment fidelity was monitored during the study to ensure that the TMS protocol and the outcome
variables assessments were implemented as intended. This allowed us to truly test the effectiveness of
our proposed protocol and therefore the danger to commit a Type 1 or Type 2 error was eliminated
(Krasny-Pacini & Evans, 2018). A checklist was developed to ensure that all the key elements of our study
were implemented as planned. The assessors and the treatment providers underwent training to ensure
their skill acquisition. During the intervention sessions, a supervisor continuously observed the procedure
to confirm the consistent and accurate administration of the treatment. During the different phases the
patients were closely monitored to identify possible variables that could influence the effectiveness of the
treatment (e.g., changes in the pharmacological treatment).

RESULTS
Participants
Five patients were recruited for the study and randomly assigned to one of the five baseline conditions.
The patient on the week-2 baseline condition withdrew from the study after the first week of treatment
sessions. This patient's data were removed from all subsequent analyses. The remaining four patients (see
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Table 1) completed the study with 100% treatment adherence. No side effects were reported. After the
end of each TMS session, patients were asked to rate, in a skale of 0 (no hurt or disturbance) to 10 (hurts
the worst, very disturbing), the feeling of the stimulation (i.e., if they felt pain or any disturbance) during
the session. TMS was well tolerated and the patients rated the TMS experience at an average score of 1.5.
The stimulation was delivered at 90% of RMT for Patients 1, 2, and 4. Patient 3 was found to have a high
RMT (i.e., 81%) and for safety reasons we chose to deliver stimulation at 65% of the machine's output
which corresponded to this patient's 80% RMT.

Inter-rated reliability
The analysis indicated a high level of agreement in all the administered neuropsychological tests (PA = 1)
during the baseline and treatment phases. A lower, but still acceptable, level of agreement was observed
for the naming task (i.e., .92).

Primary outcomes-episodic memory
Immediate word recall
First stage of analysis
The repeated assessments of patients' immediate recall during the A, B and the follow-up phases are
illustrated in Figure 2. Phases' characteristics are illustrated in Table 2. The stability criterion was not
satisfied within phases. Only Patient 3 demonstrated stable performance during the treatment phase. Τhe
percentage of the data points falling within the pre-defined range was between 12.5% to 66.5%, indicating
unstable patients' performance during the data points collection in both A and B phases.
The patients' unstable performance during baseline was also evident by the visual inspection of the
phases trend lines (see Figure 2). However, an increase in average level was observed for the total number
TA B L E 1

Patients' demographic and clinical characteristics

Age (years)

70.75 (5.06)

Sex (% female)

50%

Education (years)

10.75 (5.5)

MMSE

20 (1.8)

BADL

5.87 (.25)

IADL

16.5 (4.9)

GDS

4.25 (.5)

GDS-30

4.75 (4.2)

Note: The table shows the patients' average scores and standard deviations.
Abbreviations: BADL, Basic activities of daily living; GDS, Global Deterioration Scale; GDS-30, Geriatric Depression Scale – 30; IADL,
Instrumental Activities of Daily Living; MMSE, Mini Mental State Examination.

F I G U R E 2 Visual representation of the measures of immediate recall during the baseline, treatment and follow up phases.
Note: The vertical lines indicate the start of the following phase. The baseline conditions began at the same time for all
participants but the treatment was introduced staggered across time and participants. The black horizontal lines represent the
average score per phase. The blue dotted lines illustrate the trend lines for each baseline phase and the treatment + follow up
phase. The PCI and PND indices have been calculated without the follow up phase. PCI, Percentage Change Index; PND,
Percentage on Nonoverlapping Data.
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TA B L E 2
Patient

Phases' characteristics of the immediate recall scores

Baseline condition (weeks) and
total assessments

Number of assessments on
the treatment phase

Baseline - Mean
(SD)

Treatment - Mean
(SD)

1

1 (3)

6

10.7 (3.5)

15.8 (4.4)

2

3 (6)

6

6.3 (1.75)

8.8 (2.3)

3

4 (8)

6

11.1 (2.4)

10 (1.1)

4

5 (10)

6

8.4 (1.7)

9.5 (1.5)

Abbreviation: SD, standard deviation.

of recalled words in the three learning trials, for Patients 1, 2 and, 4 (Figure 2). The PCI signified an
increase of 48.4% in the total recalled words after the intervention on Patient 1, 31.6% on Patient 2 and,
14.5% on Patient 4. Patient 3 showed a 10% reduction on the total recalled words after the intervention.
The two standard deviation band around the average levels showed three consecutive data points
falling outside the band in Patient 1, indicating an effective treatment effect (Perdices & Tate, 2009). Two,
but not consecutive, data points, fell outside the band in Patient 2. No effect was observed in Patients 3
and 4 (Figure 3a).
The PND index indicated a significant effect of the intervention in Patient 1 (PND = 83, p < .05; 83%
of the data points in the treatment phase did not overlap with the data points from the baseline phase).
No observed effect of the treatment was indicated for Patients 2, 3 and 4 (PND = 0, p > .05; Figure 2).
Immediacy of the effect was observed in Patients 1 (baseline mean = 10.6 words, treatment
mean = 14 words) and 2 (baseline mean = 5.3 words, treatment mean = 8.6 words). Immediate effect was
not observed in Patients 3 and 4 (Figure 3b).

Second stage of analysis
While visual analysis provided some indicators of cognitive improvement, failure to establish a consistent
pattern during the baseline conditions, prevented reaching safe conclusions for a functional relationship between the treatment and patients' immediate recall performance. The calculated p-value for the
NAP estimators did not provide evidence of a significant treatment effect. As the IRD is an insufficient
index when strong trend is evident in the baseline conditions (Vannest & Ninci, 2015), it was considered
unsuited and was not calculated for the obtained data.

Delayed recall and recognition
Visual analysis did not provide evidence of any improvement in patients' performance after treatment.
Phases' characteristics are illustrated in Table 3.

Secondary outcomes
Trail making test A'
First stage of analysis
The patients' repeated assessments during all phases are illustrated in Figure 4. Phases characteristics are
illustrated in Table 4. The stability criterion was not satisfied in any phase for all participants, indicating
the patients' unstable performance. The highest percentage of data falling within 15% of phase's mean
was 50% and the lowest 33%, indicating a high variability in the single case data.
Visual inspection of the phases' trend lines showed highly unstable baseline conditions, making the
investigation of a treatment effect difficult. However, visual inspection of the graph data indicated a
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F I G U R E 3 Visual analysis of the single case data of the immediate recall assessments.
Note: (a) Two-standard deviation band around the mean. (b) Immediacy of the effect by comparing changes in mean levels of the
last three data points of the baseline conditions, with the last three of the treatment conditions.

decrease in the mean levels after the introduction of the intervention compared to the baseline conditions (Figure 4). Each patient's scores refer to the total time in seconds to complete the task, therefore a
decreased score after the intervention compared to baseline indicates faster performance which is considered a behavioural improvement due to the intervention. In contrast to the patients' scores during baseline, the PCI showed a decrease of 47.2% in Patient's 1 total time, a decrease of 59.3% in Patient 2 and a
decrease of 21.4% in Patient 4. No difference was observed in Patient 3 (PCI = −2.35).
The visual representation of the two standard deviation band around the average levels (Figure 5a)
indicated a high variability in the baseline phases. In the baseline condition of Patient 1, where the small-
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est variability is observed (SD = 53 seconds) the treatment effect is detected, with three consecutive data
points exceeding the band, indicating a significant treatment effect (Perdices & Tate, 2009).
The PND index indicated a significant treatment effect for Patient 1 (PND = 100, p < .005)
and Patient 2 (PND = 83.3, p < .005). Immediacy of the effect was observed in Patient 1 (baseline
mean = 259 seconds, treatment mean = 141 seconds) and Patient 2 (baseline mean = 338 seconds, treatment mean = 125 seconds) while Patients 3 and 4 presented increased treatment phase mean (Figure 5b).

Second stage of analysis
The calculated p-value for the NAP estimators did not provide evidence of a significant treatment
effect for the Trail Making Test. However, the NAP index was calculated individually for each patient
and provided significant results for Patients 1 (NAP = 0, p < .05) and 2 (NAP = .03, p < .05; Vannest
et al., 2016). Due to the observed strong trend during the baseline conditions, the IRD was not calculated
for the obtained data (Vannest & Ninci, 2015).

Trail making test B′
The instructions of the test proved too complex for the patients to follow as instructed and we therefore
opted to stop data collection of this test.

Semantic association, naming, corsi block tasks
Visual analysis did not provide evidence of differences between the patients' performance before
compared to performance after the treatment. Table 5 illustrates phases' characteristics for the semantic
associations and the naming tasks and Table 6 illustrates phases' characteristics for the corsi block tasks.

ADAS-cog
All patients presented improvement (i.e., drop in the total score) post-treatment (average score = 28) in
relation to their pre-treatment performance (average score = 33; Figure 6a). The effect was slightly higher
in the follow-up phase where the average reduction was 5.6 points (average score = 27.4) in relation to the
pre-treatment and .6 in relation to the post-treatment (Figure 6b).
TA B L E 3

Phases' characteristics for the Delayed Recall and Recognition of the Word Learning Tasks
Delayed recall

Recognition

Patient

Baseline condition (weeks)
and total assessments

Number of assessments on
the treatment phase

BM (SD)

TM (SD)

BM (SD)

TM (SD)

1

1 (3)

6

.33 (.57)

.6 (.8)

5 (0)

6 (1.8)

2

3 (6)

6

0 (0)

.3 (.8)

11.3 (3)

10 (2.3)

3

4 (8)

6

.75 (.75)

1 (0)

6.8 (2.6)

6.1 (2.2)

4

5 (10)

6

.3 (.67)

.16 (.4)

12.9 (2.1)

12.8 (2.4)

Note: The score on the recognition task refers to the total number of words that were not recognized correctly.
Abbreviation: SD, standard deviation.

F I G U R E 4 Visual representation of the obtained single case data for the Trail Making Test A' during the baseline,
treatment and follow up phases.
Note: The vertical lines indicate the start of the following phase. The black horizontal lines represent the average score per phase.
The blue dotted lines illustrate the trend lines for each baseline phase and the treatment + follow up phase. PCI, Percentage
Change Index; PND, Percentage on Nonoverlapping Data.
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TA B L E 4
Patient

Phases' characteristics for the Trail Making Test A'

Baseline condition (weeks) and
total assessments

Number of assessments on
the treatment phase

Baseline -Mean
(SD)

Treatment - Mean
(SD)

1

1 (3)

6

258.7 (59)

144.6(31.7)

2

3 (6)

6

299.7 (125.7)

121.8 (25.4)

3

4 (8)

6

190.9 (109.3)

186.8 (49.3)

4

5 (10)

6

224.5 (72.8)

177.5 (43.2)

Note: The scores are the time (in seconds) needed to complete the task.
Abbreviation: SD, standard deviation.

Neuropsychological evaluation
Patients' average scores on the two neuropsychological evaluations are presented in Table 7. Patients'
performance was found to be improved three months after the intervention on the Mini Mental State
Examination (improved on average by 1 point). The immediate recall of the Logical Memory test
was improved on average by 1.6 words, while the delayed recall improved on average by .6 words.
Patient 1, in relation to the pre-treatment assessment, remembered 4 more items, Patient 2 remembered
1 more item and Patient 4 improved their performance by 1.5 items. No difference was observed in
Patient 3. The phonological verbal fluency increased from 16.75 average recalled words to 20.25. The time
needed to complete the Trail Making Test A' was reduced by 51.75 s. The effect was evident on Patient 1
(pre-treatment: 132 sec, follow-up: 106 s), Patient 2 (pre-treatment: 104 sec, follow-up: 54 sec) and, Patient
4 (pre-treatment: 330 sec, follow-up: 201 sec). No change was observed on Patient 3 (pre-treatment:
252 sec, follow-up: 250 sec). A decrease was observed in patients' anxiety symptoms (drop of 3.25 points)
and in their neuropsychiatric symptoms (drop of 2.75 points; Table 7).

DISCUSSION
The main purpose of this study was to investigate whether gamma TMS delivered bilaterally for 10 days
to the precuneus will improve episodic memory performance in patients with mild to moderate probable AD. Specifically, we hypothesized that 40 Hz precuneus stimulation for 10 days will lead to episodic
memory improvement followed by general cognitive enhancement. Our single case data, that were
obtained throughout the baseline phases presented great variability, making the visual inspection and
the detection of the treatment effect unclear. Stable performance in baseline is necessary in single case
designs to allow for safe conclusions (Kratochwill et al., 2010). Even in the absence of stability, improved
immediate recall was observed for three participants by the increased mean level and the PCI index.
Additionally, PND and NAP scores indicated statistically significant treatment effect on the two patients'
attention skills as evaluated by the Trail Making Test A', while a visually observed, but not statistically
significant, effect was evident in Patient 4.
Furthermore, our results demonstrated an effective immediate treatment effect in all patients' ADAScog scores, which was maintained and improved further at 3 months post-treatment. Our neuropsychological data suggest that at 3 months post-treatment, gamma TMS intervention induced an average increase
of 1.6 immediate recalled items in logical memory test, and .6 delayed recalled items. Patients' attention
improvement, was also evident in the neuropsychological evaluation, as indicated by time reduction in
three of the patients. Finally, gamma TMS improved patients' phonemic verbal fluency and led to anxiety
and neuropsychiatric symptoms alleviation. Overall, the results of our study show a wide and long lasting
positive effect of precuneus gamma stimulation on AD patients' cognitive function, while indicated its
safety and tolerability.
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F I G U R E 5 Visual analysis of the single case data of the Trail Making Test A'.
Note: (a) Two-standard deviation band around the mean. (b) Immediacy of the effect by comparing changes in mean levels of the
last three data points of the baseline conditions with the last three of the treatment conditions.

A noteworthy observation is the response of Patient 3 in the TMS treatment in comparison with
the other three patients. Specifically, Patient 3 presented very limited signs of improvement, in both
the neuropsychological evaluations (with exception their ADAS-cog performance) and the assessments
during the single case phases. As Patient 3 had similar clinical characteristics to the other three patients,
a possible explanation is that the TMS protocol was applied in lower intensity in this patient (i.e., 65%
of the maximal machine output). It is possible that the stimulation was not strong enough to stimulate
the precuneus at the same extent as for the other three patients. This observation allows to conclude
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TA B L E 5

Phases' characteristics for the Semantic Associations and the Naming Tasks

Patient

Baseline condition (weeks)
and total assessments

Number of assessments
on the treatment phase

1

1 (3)

6

Semantic associations

Naming

BM (SD)

TM (SD)

BM (SD)

TM (SD)

2.6 (2.3)

2 (1)

10.3 (1.2)

11.7 (.5)

2

3 (6)

6

3.5 (1.2)

3.8 (1.4)

10.6 (1.2)

11.2 (1.2)

3

4 (8)

6

1 (1.3)

1.2 (2.85)

13.5 (.75)

13.3 (1)

4

5 (10)

6

4.6 (2.3)

5 (1.4)

8.7 (1.7)

9 (1.5)

Note: The score on the semantic association task refers to the number of errors made in both the verbal and the visuospatial subtests.
Abbreviations: BM, baseline phase mean; SD, standard deviation; TM, treatment phase mean.

TA B L E 6

Phases' characteristics for the Corsi Block, Forward and Backwards Tasks
Corsi block task
Forward

Backwards

Patient

Baseline condition (weeks)
and total assessments

Number of assessments on
the treatment phase

BM (SD)

TM (SD)

BM (SD)

TM (SD)

1

1 (3)

6

7.3 (1.2)

6 (.6)

3.3 (1.2)

4.6 (1)

2

3 (6)

6

5.8 (1.5)

6.3 (1.4)

3.3 (1.5)

4.6 (1.2)

3

4 (8)

6

3.6 (.9)

4 (.9)

3.1 (1.2)

3.3 (.8)

4

5 (10)

6

5.7 (1)

4.8 (1.9)

3.8 (.9)

2.5 (1.7)

Abbreviation: SD, standard deviation.

that, given the absence of universal golden standard protocols in the application of TMS for neurorehabilitation, even small deviations in some parameters may have significant impact to the therapy's
effectiveness.
Disturbances in gamma oscillations have been observed in several neurological and psychiatric diseases,
such as chronic pain (e.g., Mussigmann et al., 2021) and depression (e.g., Fitzgerald & Watson, 2018).
Therefore, the effects of gamma frequency stimulation protocols are being investigated in both healthy
(Traikapi et al., 2022) and neurological patients (Benninger et al., 2012), in an attempt to develop effective
treatments. On that basis, gamma entrainment therapy in AD has gained scientific interest and recent
evidence suggests that it may have the potential to reduce brain atrophy, improve gamma brain activity
and functional connectivity and to improve general cognitive function in AD patients (for a review see
Traikapi & Konstantinou, 2021). The effect of 40 Hz brain stimulation in AD patients has been previously investigated through sensory stimulation (e.g., Chan et al., 2021; He et al., 2021) and non-invasive
techniques such as transcranial alternating current stimulation (tACS; e.g., Benussi et al., 2021; Kehler
et al., 2020), reporting encouraging results. To our knowledge, our study is only the second one to investigate 40 Hz stimulation in AD via TMS (Liu et al., 2022) but the first to provide evidence about the safety
and the cognitive effects of this specific protocol. Our results are in line with the previous studies reporting patients' improvement in the ADAS-cog (e.g., Liu et al., 2022), but we have further investigated in
more depth the effect on patients' cognitive function, which indicated a wider positive effect. Our results,
reinforce the evidence that TMS at gamma frequency is safe and tolerable and provide further evidence
and support of the view that TMS could represent a promising and effective non-pharmacological
intervention for improving cognitive impairment in AD (e.g., Koch et al., 2018; Liu et al., 2022; Rabey
et al., 2013; Zhao et al., 2017).
While the exact mechanisms underlying TMS-induced cognitive changes were not investigated
here, recent evidence suggests that gamma stimulation through TMS has the potential to increase
local, long-range, and dynamic connectivity within the brain, while it can modulate gamma-band
oscillations and prevent grey matter volume loss (Liu et al., 2022). Future work can investigate
whether our TMS protocol, applied bilaterally to the precuneus, enhanced gamma brain activity and
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F I G U R E 6 ADAS-cog scores in pre-treatment, post-treatment and follow up phases.
Note: The ADAS-cog score is based on errors made in each subtest. The highest score (i.e., 80) indicates severe impairment while
the least impairment is indicated by the minimum score (i.e., 0). Therefore, drop in score indicates cognitive improvement. (α)
Patients' ADAS-cog total scores at the three phases. (b) Differences in the average ADAS-cog scores of the four patients on each
phase.
TA B L E 7

Neuropsychological assessment at pre-treatment and follow-up
Neuropsychological test

Average pre-treatment
score

Average follow
up score

Cognitive status

Mini mental state examination

20

21

Memory

Logical memory
2.25

3.87

Cognitive domain

Immediate recall

Attention
Working memory

Delayed recall

0

.63

Rey osterrieth complex figure immediate recall

3.25

4.13

Delayed RECALL

2.37

3.5

Trail making test A'

204.5

152.75

Digit span forward

7

7

Digit span backwards

4.25

5

Visuospatial Abilities/Praxis

Rey osterrieth complex figure test - Copy

24

24

Executive functions

Phonological verbal fluency

16.75

20.25

Frontal assessment battery

12.25

12.25

Mood/Psychiatric symptoms

Trail making B′

-

-

Geriatric depression scale −15

4.75

3.75

Beck anxiety inventory

4.75

1.5

Neuropsychiatric inventory

10

7.25

Note: The table shows the average scores and standard deviation of patients' performance, obtained by neuropsychological testing before the study
and 3 months after the two-week Transcranial Magnetic Stimulation intervention. The interval between the two neuropsychological assessments was
between 5 and 6 months, depending on the patients' baseline condition. The Trail Making Test B′ was not completed by any patient.

connectivity within the DMN leading to cognitive improvement. Similar findings have been reported
recently by He et al. (2021), who investigated the efficacy of audiovisual 40 Hz stimulation in AD
patients and indicated improved functional connectivity in the DMN. Similarly, Chan et al. (2021)
reported reduced functional connectivity loss, less brain atrophy and cognitive improvement in the
AD patients who received 40 Hz audiovisual stimulation for 3 months, in relation to the control
group.
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This study was subject to some limitations. First, the clinical diagnosis of AD was not supported
using the well-known biomarkers making the diagnosis of AD in the enrolled participants uncertain.
Second, while alternative forms of equal difficulty were developed for patients' assessments during the
baseline and treatment phases, the exact level of difficulty was not assessed. Therefore, it is possible that
patients' performance was affected by some difficulty deviations. However, the used alternative forms of
ADAS-cog were standardized and their equality in difficulty had been examined and established before
the study. Third, the obtained single case data failed to establish stable patients' performance during the
baseline conditions, making the comparison between phases unsafe. With this possibility in mind, our
study's protocol involved neuropsychological evaluations, with a relatively acceptable interval between
them. Finally, neuroimaging techniques were not employed post-treatment to detect the underling neurophysiological changes caused by the TMS treatment. Therefore, there is no evidence to support brain
physiological changes caused by the stimulation and hence, the extent to which the observed cognitive
improvements were affected by factors such as practice effect or anxiety and/or psychiatric symptoms
alleviation, cannot be determined. Despite these limitations, our findings support a positive effect of
40 Hz TMS over the precuneus on AD patients' cognitive function.
In conclusion, this study offers preliminary evidence that gamma brain stimulation, through TMS,
may have the potential to alleviate cognitive function in patients with mild to moderate probable AD.
Stimulating bilaterally the precuneus at 40 Hz, can improve patients' cognitive function for up to 3 months.
Our findings provide evidence regarding the efficacy of TMS as an effective non-invasive technique in
neurorehabilitation.
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