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ÅDevelop therapeutic TMS 
protocols for memory 
enhancement in mild 
cognitive impairment 
(MCI)

Å Identify MRI -  and TMS -
based markers to enable 
early identification of AD 
and predict therapeutic 
outcomes
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INTRODUCING TMS
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×TMS operates based on Faraday's electromagnetic 
induction principle
×A changing electric field will produce a magnetic field, 

and vice versa
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Illustrated by Chen (2023)

1. TMS coil Ь Acts as a Magnetic 
Field Generator

2. Creates an intense magnetic 
field ranging from 0.5 to 3 Tesla, 
penetrating the skull to reach 
brain tissues

3. Induces a secondary electric field 
̨̥̙̟̚̚ ̥̙̖ ̣̟̓̒̚Я̤ ̧̠̟̦̥̖̔̔̕̚ 
tissues
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4. Triggers depolarization or 
hyperpolarization of neurons in 
the stimulated region

5. Initiates the spread of neural 
signals through networks of 
connected pathways

Introducing TMS Therapeutic TMSTMS- based Assessment
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TMS PROTOCOLS

Single - Pulse
TMS

Paired - Pulse
TMS Repetitive

TMS
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Introducing TMS

TMS PROTOCOLS

Å Assesses Cortical Excitability and Brain - Behavior Relationships
Å Utilized for Cortical Mapping

Single - Pulse
TMS

Paired - Pulse
TMS Repetitive

TMS

Therapeutic TMSTMS- based Assessment



Introducing TMS

TMS PROTOCOLS

Single - Pulse
TMS

Paired - Pulse
TMS Repetitive

TMS

Therapeutic TMSTMS- based Assessment

Å Comprises a Conditioning and a Test Stimulus
ÅMeasures Intracortical Facilitation/Inhibition

Å Assesses Cholinergic Function



Introducing TMS

TMS PROTOCOLS

Å High - frequency rTMS (> 1 Hz) typically has an excitatory effect
Å Low - frequency rTMS ( > 1 Hz) commonly exhibits inhibitory properties

Å Investigates neural plasticity potential and applied in therapeutic contexts

Single - Pulse
TMS

Paired - Pulse
TMS Repetitive

TMS

Therapeutic TMSTMS- based Assessment



TMS- BASED ASSESSMENT
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Badawy et al., 2012

Protocol Descrption Physiology

Cortical Excitability

Cholinergic Function

Single - pulse TMS

Plasticity Potential

Paired - pulse TMS

Repetitive TMS

Minimum level of intensity 
required to produce a 

defined response

Paired - pulse TMS with 
ISI = 20- 25 ms

Cholinergic circuits 

Conductivity of sodium 
channels

EMG, fMRI, and EEG before 
and after rTMS

LTP- like or LTD- like 
plasticity
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Chou et al., 2022 Ageing 
Research Reviews
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61 TMS studies, 2728 participants (1454 
patients with AD, 163 individuals with MCI, and 

1111 cognitively normal older adults)



Chou et al., 2022 Ageing 
Research Reviews
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AD MCI

?

Cortical Excitability

Cholinergic Function

Plasticity Potential

?

?



Introducing TMS TMS- based Assessment Therapeutic TMS

Labruna  et al., 2023



Sundman, Avila De Vault et al., 
2023 Neurobiology of Aging

Hyperexcitability Hyperexcitability
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Sundman, Avila De Vault et al., 
2023 Neurobiology of Aging

Hyperexcitability Hyperexcitability
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ÅHyperexcitability is characterized 
̪̓ ̟̖̦̣̠̟̤Я ̟̣̖̤̖̔̒̚̕ ̥̠̟̒̔̚ 
potential frequency and lowered 
firing threshold ( Anastacio  et al., 
2022)

ÅDetected in animal models before 
AD symptoms and pathology onset 
( Anastacio  et al., 2022)
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ÅAssociated with memory deficits and 
global cognitive impairment 
( Sundman  et al., 2023) and 
heightened seizure risk in later AD 
stages (Miranda et al., 2014)

ÅControversy over whether 
hyperexcitability is a response to 
amyloid - beta deposits ( Busche  et al., 
2020) or a precursor to AD pathology 
(Kazim et al., 2021)



Hyperexcitability
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Å Treatments aimed at hyperexcitability 
show promise in reducing AD 
pathological markers and enhancing 
memory, highlighting its importance 
in AD research and therapy



Cholinergic System and AD
Å ˴̙̠̝̟̖̣̘̔̚̚ ̤̪̤̥̖̞Я̤ ̣̥̝̔̔̒̚̚ ̣̠̝̖ ̟̚ ̣̟̓̒̚ ̙̠̞̖̠̤̥̤̤̒̚˝ ̟̖̦̣̝̒ 

plasticity, and higher cognitive functions (Auerbach et al., 1996; 
Perry et al., 1999)

Å Early cholinergic lesions in the basal forebrain, such as the 
Nucleus basalis of Meynert , play a significant role in AD 
cognitive decline (cholinergic hypothesis of AD)

Å Cholinesterase inhibitor therapies have provided notable 
symptomatic improvement in patients with AD (Summers et 
al., 1986)

Å Lack of reliable biomarkers for detecting cholinergic system 
deficits in ˲˵Я̤ ̡̤̪̞̥̠̞̥̒̒̔̚ ̤̥̘̖̤̒
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Primary 

motor area The nucleus basalis of 
Meynert (NBM) is a 
pivotal cholinergic 
center, projecting 
widespread 
innervation to the 
primary motor cortex 
and the hippocampus 
(Chen et al., 2023; Liu 
et al., 2015).

The Nucleus Basalis  of Meynert  Pathway 

Introducing TMS TMS- based Assessment Therapeutic TMS



TMS and Cholinergic System 

A specific paired - pulse TMS protocol, called Short - latency 
Afferent Inhibition (SAI), can be used to probe cholinergic function 

(Tokimura  et al., 2000; Turco et al., 2018). 
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Short - Interval Afferent Inhibition (SAI)
ÅPeripheral median nerve stimulation is applied non - invasively 20 - 25 ms  

before a TMS pulse to the primary motor cortex
ÅThe pre - stimulation leads to a suppression of the MEP
ÅThe degree of MEP inhibition serves as an indicator of the functional 

integrity of central cholinergic pathways.
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Figure A

Figure B

TMS 
Only

20- 25 ms

MEP

MEP



SAI and Cholinergic System 

Å There  is strong  evidence  from  TMS- pharmacological  studies  
to  support  the  role  of  acetylcholine  in the  generation  of  SAI 
(a  review  by  Turco  et  al ., 2018) . For example :

Å Muscarinic  antagonists  (e .g ., scopolamine)  reduce  SAI and  
induce  short - term  memory  impairment  in healthy  younger  
adults  (Di  Lazzaro  et  al ., 2000 ) .

Å Acetylcholinesterase  inhibitors  (e .g ., donepezil)  increase  SAI 
(Fujiki et  al ., 2006 ; Di Lazzaro  et  al ., 2005 ) .
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Sundman et al., 2024 Aging Brain

SAI was significantly 
reduced in the MCI group 
compared to both the CN 

older and CN younger 
adults, suggesting 

impaired cholinergic 
function in MCI.

SAI was significantly 
reduced in the MCI group 
compared to both the CN 

older and CN younger 
adults, suggesting 

impaired cholinergic 
function in MCI.
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Significant correlations between diminished SAI and deficits in 
sustained attention, working memory, and episodic memory
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CN MCI
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CN

MCI

The CN group displayed 
a heightened response 

to excitatory rTMS 
relative to the MCI 
group, indicating 
reduced plasticity 

potential in individuals 
with MCI.
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Excitatory rTMS applied to the M1 
significantly enhanced both MEP 

amplitudes and resting - state 
functional connectivity within the 

sensorimotor cortex and the 
supplementary motor area.  
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Increases in MEP amplitude induced by 
excitatory rTMS were found to be positively 
correlated with enhanced interhemispheric 
resting - state functional connectivity after 

excitatory rTMS application. 



Diagnostic Biomarkers Prognostic Biomarkers

Response Biomarkers

Hall et al., 2024 GeroScience
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TMS- base Assessment Research Highlights

ÅTMS can be combined with EMG, fMRI, and EEG to evaluate 
neurophysiological functions in AD and MCI.

ÅTMS- derived parameters have demonstrated correlations with 
cognitive performance.

ÅTMS- based assessment reveals increased cortical excitability, 
diminished cholinergic function, and reduced neuroplasticity 
potential in individuals with AD and MCI compared to cognitively 
normal older adults. 

ÅTMS metrics have the potential to serve as measurable health 
outcomes, augment existing biomarkers, and assist in the early 
identification of AD.



Introducing TMS Interventional TMS

INTERVENTIONAL TMS

Introducing TMS TMS- based Assessment Therapeutic TMS



Timeline of US FDA Milestones for TMS Devices

2008

2009

2013

2017

2020

2021

Major 
Depressive 

Disorder

Migraine with 
Aura

Smoking  
Cessation

Cortical 
Mapping

Obsessive -
Compulsive 

Disorder

Anxiety 
Comorbid with 

MDD
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FDA- Cleared TMS Protocols/Devices

Cotovio et al., 2023
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13 studies, 293 patients with MCI and AD

Active rTMS is more effective than sham rTMS

Effect size = 0.77, p  < .0001
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Active rTMS is more effective than sham rTMS

Effect size = 0.77, p  < .0001

Introducing TMS TMS- based Assessment Therapeutic TMS



̙̪̈ ̟̕̚̕Я̥ ̥̙̖ ̣̖̤̖̣̙̖̣̤̒̔ ̣̖̥̝̪̔̕̚ 
stimulate the hippocampus with TMS?
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Konakanchi et al., 2020
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Starting with the left hippocampus 
as a seed 

Mapping white matter pathways 
or resting-state fMRI connections 
from the left hippocampus to 
cortical surface regions

Pinpointing a personalized 
superficial stimulation site

01

02

03

Introducing TMS TMS- based Assessment Therapeutic TMS



Liu and Sundman et al., 2024 Frontiers in Human 
Neuroscience ς Brain Imaging and Stimulation
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dMRI  (1)Ą dMRI  (2)
fMRI (1) Ą fMRI (2)



DTI- guided strategy is 
more reproducible 

compared to resting -
state fMRI - guided 

strategy

Liu and Sundman et al., 2024 Frontiers in Human 
Neuroscience ς Brain Imaging and Stimulation
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Design and Outcomes

Double-blind Randomized Sham-Controlled Crossover

Test the efficacy of theta burst stimulation (TBS) on memory 
function in 60 individuals with mild cognitive impairment (MCI)  
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Intermittent Theta Burst Stimulation (TBS)

Huang et al., 2005



Rounis et al., 2020
Li et al., 2019
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Excitatory

Inhibitory
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** <0.01; *** < 0.001

iTBS improved 
associative memory 

relative to both cTBS and 
sham TBS



iTBS reduced errors on 
learning  and spatial 

working memory tests 
compared to sham TBS.

Score = ( Post_iTBS  Ь Pre_iTBS ) Ь ( Post_shamTBS  Ь Pre_shamTBS )
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