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INTRODUCING TMS
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+TMS operates based on Faraday's electromagnetic
iInduction principle

< A changing electric field will produce a magnetic field,
and vice versa

© Encyclopaedia Britannica, Inc.
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. TMS coil — Acts as a Magnetic |
Field Generator R BN agnetc e

. ) I}
Electric current———— I

Parietal lob

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

3. Induces a secondary electric field

within the brain’s conductive
tissues

lllustrated by Chen (2023)
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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
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| TMS PROTOCOLS |

Single-Pulse

TMS :
Paired-Pulse

TMS Repetitive
TMS

- Assesses Cortical Excitability and Brain-Behavior Relationships
- Utilized for Cortical Mapping
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| TMS PROTOCOLS |

Single-Pulse

TMS :
Paired-Pulse

TMS Repetitive
TMS

« Comprises a Conditioning and a Test Stimulus
- Measures Intracortical Facilitation/Inhibition
- Assesses Cholinergic Function
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| TMS PROTOCOLS |

Single-Pulse

TMS .
Paired-Pulse

TMS Repetitive
TMS

- High-frequency rTMS (> 1Hz) typically has an excitatory effect
- Low-frequency rTMS (> 1Hz) commonly exhibits inhibitory properties
« Investigates neural plasticity potential and applied in therapeutic contexts
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TMS-BASED ASSESSMENT
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. . ne Minimum level of intensity
Cortical Excitablility Single-pulse TMS required to produce a
defined response

Conductivity of sodium
channels

Paired-pulse TMS with

Cholinergic Function Paired-pulse TMS Cholinergic circuits

ISI = 20-25 ms
e . .. EMG, fMRI, and EEG before LTP-like or LTD-like
Plasticity Potential Repetitive TMS Sl Gy s olasticity

Badawy et al., 2012
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Cortical Excitability

Cholinergic Function

Plasticity Potential

Chou et al,, 2022 Ageing
Research Reviews
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Letter to the editor

The (hyper)excitable brain: what can a
ubiquitous TMS measure reveal about

cognitive aging?

Dear Editor,

In their insightful work, Zadey et al. (2021) undertook a dis-
cerning re-examination of auxiliary resting motor threshold (rMT)
data from previous Transcranial Magnetic Stimulation (TMS) trials
encompassing a cognitively normal control group (n = 26), a dis-
covery AD cohort (n = 22), and a larger validation Alzheimer's dis-
ease (AD) cohort (n = 129). Despite its well-described physiological
relevance, rMT data are commonly overlooked as a constituent ele-
ment of subsequent TMS protocols given its essential function as a
calibration parameter for the determination of individualized TMS
intensity. The obligatory ubiquity of this parameter has generated a
sizeable cache of rMT data, and the authors have leveraged this
underutilized data to establish a consistent finding across both their
discovery and validation cohorts. Specifically, global cognitive dys-
function was significantly associated with reduced rMT, which re-
flects increased cortical excitability. This finding was exclusive to AD
patients and was particularly robust in relation to memory impair-
ment. Zadey et al.’s work serves as a compelling prompt for fellow
researchers to similarly examine repositories of previously untapped
rMT data to reveal insights into the neurobiological features of
cognitive aging. In this short communication, we will briefly (1)
contextualize their findings in the broader body of literature; (2)
illuminate the neural components interrogated by rMT; and (3)
share corroborative findings from our own data.

Though the primary motor cortex (M1) is not characteristically
involved in the pathophysiology of AD, the findings reported by
Zadey and colleagues fit into a mature corpus of M1-TMS literature
that characterizes aberrant cortical excitability in the AD continuum.
We recently published a meta-analysis comprising 2728 individuals,
in which we reported that a wide array of single- and paired-pulse
M1-TMS measures reflect hyperexcitability in AD (Chou et al., 2022).
Specific to rMT, this parameter was significantly reduced both in
patients with probable AD (effect size d = 1.05, p < 0.0001) and mild
cognitive impairment (MCI) (effect size d = 039, p < 0.005)
(Chou et al., 2022). Notably, however, the majority of reports among
the 56 studies that reported rMT included the data as an ancillary
measure (Chou et al., 2022). Zadey et al.’s work stands out for its
deeper, more intentional examination of rMT data.

Abbreviations: AD, Alzheimer's disease; CN, cognitively normal adults; GABA,
gamma-aminobutyric acid; M1, primary motor cortex; MCI, mild cognitive impair-
ment; MoCA, Montreal Cognitive Assessment; NACC UDS, National Alzheimer's
Coordinating Center Uniform Data Set; rMT, resting motor threshold; TMS, tran-
scranial magnetic stimulation; VGSC, Voltage-Gated Sodium Channel

0197-4580/© 2023 Elsevier Inc. All rights reserved.
https:/{doi.org/10.1016(j neurobiolaging 2023 08,007

tMT is the minimum TMS intensity necessary to elicit a twitch ina
targeted muscle at rest, which is operationally defined as a motor
evoked electromyographic potential > 50 pV in at least 50% of trials.
Foundational work from Di Lazzaro and colleagues evaluated TMS-
evoked descending volleys in patients with chronically implanted
epidural electrodes to elucidate the cortical elements targeted by TMS
stimuli. In sharp contrast to electrical stimulation that directly sti-
mulate pyramidal tract axons, they concluded that peri-threshold
TMS stimuli indirectly activate pyramidal tract neurons via synaptic
inputs (Di Lazzaro et al, 2004). More specifically, subsequent in-
vestigations reached the consensus that inhibitory interneurons and
presynaptic terminals are the cortical elements with the lowest
threshold for TMS stimuli (Siebner et al, 2022; Spampinato et al,
2023). The cumulative input from these cortical elements can trans-
ynaptically depolarize pyramidal tract neurons, which propagates to
evoke a motor response. When controlling for anatomical factors (e.g.,
skull thickness, cortical atrophy, etc.), a reduction in rMT implies a
lowered energy requirement to transynaptically depolarize pyramidal
tract neurons and reflects increased cortical excitability. Further de-
lineating the neurobiological foundation of rMT, converging lines of
evidence suggest that the parameter is an indirect proxy for neuronal
membrane excitability. Pharmacologic-TMS data reveals that rMT is
distinctly modulated by anti-epileptic drugs targeting voltage-gated
sodium channels (VGSCs), which are crucial in regulating axonal ex-
citability (Ziemann et al, 2015). Multiple trials report a dose-depen-
dent relationship whereby rMT linearly increases with an increase in
serum levels of lamotrigine, a VGSC antagonist designed to suppress
neuronal membrane excitability (Tergau et al,, 2003). Congruent with
this inferred physiological relevance, rMT is notably insensitive to
acute pharmacologic modulation of cortical excitability through drugs
targeting gamma-aminobutyric acid-ergic signaling and neuromo-
dulating neurotransmitter systems (e.g., dopamine, acetylcholine,
etc.) (Paulus et al., 2008).

This proposed neurobiological underpinning of tMT is fitting in
the context of AD, as neurcnal hyperexcitability is a well char-
acterized pathophysiological feature of the disease. While preclinical
models report that hallmark AD pathology increases the density of
VGSC expression (Wang et al., 2016), axonal hyperexcitability may
also be derivative of unrelated pathophysiological changes. Ac-
cording to the size principle, for example, reduced neuronal cell sizes
observed in AD could also increase excitability (Sosulina et al., 2021).
Alternatively, other preclinical work suggests that metabolic deficits
may be a causal factor leading to an increase in cortical excitability
(Macauley et al, 2015). Though mechanistically nonspecific, neu-
ronal hyperexcitability is also more crudely observed in clinical
populations, where epileptiform activity is approximately ten times
more common in AD than age-matched controls and reportedly
corresponds with exacerbated cognitive dysfunction (Voglein et al,
2020). This is congruent with the findings of Zadey et al,, as their
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Figure 1: rMT and Global Cognition
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Figure 2: rMT and Memory
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Figure 1: rMT and Global Cognition Figure 2: rMT and Memory
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Hyperexcitability is characterized
by neurons’ increased action
potential frequency and lowered
firing threshold (Anastacio et al.,
2022)

« Detected in animal models before
AD symptoms and pathology onset
(Anastacio et al., 2022)
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+ Associated with memory deficits and
global cognitive impairment
(sundman et al., 2023) and
heightened seizure risk in later AD
stages (Miranda et al., 2014)

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

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

« Cholinergic system’s critical role in brain homeostasis, neural
plasticity, and higher cognitive functions (Auerbach et al, 1996;
Perry et al,, 1999)

« 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)

« Cholinesterase inhibitor therapies have provided notable

symptomatic improvement in patients with AD (Summers et
al., 1986)

« Lack of reliable biomarkers for detecting cholinergic system
deficits in AD's asymptomatic stages
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The Nucleus Basalis of Meynert Pathway

Primary .
The nucleus basalis of
e Meynert (NBM) is a

' pivotal cholinergic
center, projecting
. widespread
. A Innervation to the
|~ primary motor cortex
and the hippocampus
(Chen et al,, 2023; Liu
et al, 2015).

Frontal cortex

Septum pellucidum
Nucleus basalis
of Meynert

Amygdala

Hippocampus

Entorhinal cortex
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TMS and Cholinergic System

A specific paired-pulse TMS protocol, called Short-latency
Afferent Inhibition (SAl), can be used to probe cholinergic function
(Tokimura et al., 2000; Turco et al,, 2018).
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Short-Interval Afferent Inhibition (SAI)

Peripheral median nerve stimulation is applied non-invasively 20-25 ms

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

integrity of central cholinergic pathways.

. EP| Figure A

Nerve I
stimulus

SAl Nerve e

stmulus | ____________ -
% ‘ /\/—MEPI Figure B

™S

20-25 ms
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SAl and Cholinergic System

« 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:

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

+ Acetylcholinesterase inhibitors (e.g., donepezil) increase SAl
(Fujiki et al., 2006; Di Lazzaro et al., 2005).
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Worse cognitive performance

Therapeutic TMS

TMS-based Assessment

Sustained Attention Working Memory Episodic Memory
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Transcranial magnetic stimulation reveals
diminished homoeostatic metaplasticity in
cognitively impaired adults
Mark H. Sundman,I Koeun Lim,I Viet Ton That,I Jack-Morgan Mizell,I Chidi Ugonna,z'?‘
{®Rudolph Rodl’iguez,I Nan-Kuei Chen,z’?‘ Andrew ). Fuglevand,"’5 Yilin Liu,l
(®Robert C. Wilson,I Jean-Marc FeIIous,"2 Steven Rapcsaku’ and ®Ying-Hui Chou'’ EMG

amplifier

Homoeostatic metaplasticity is a neuroprotective physiological feature that counterbalances Hebbian forms of plasticity to prevent
network destabilization and hyperexcitability. Recent animal models highlight dysfunctional homoeostatic metaplasticity in the

pathogenesis of Alzheimer’s disease. However, the association between homoeostatic metaplasticity and cognitive status has not

been systematically characterized in either demented or non-demented human populations, and the potential value of homoeostatic
metaplasticity as an early biomarker of cognitive impairment has not been explored in humans. Here, we report that, through pre-
conditioning the synaptic activity prior to non-invasive brain stimulation, the association between homoeostatic metaplasticity and
cognitive status could be established in a population of non-demented human subjects (older adults across cognitive spectrums; all
within the non-demented range). All participants (#=40; age range, 65-74, 47.5% female) underwent a standardized neuro-

psychological battery, magnetic resonance imaging and a transcranial magnetic stimulaton protocol. Specifically, we sampled
motor-evoked potentials with an input/output curve immediately before and after repetitive transcranial magnetic stimulation to +

assess neural plasticity with two experimental paradigms: one with voluntary muscle contraction (i.e. modulated synaptic activity \

history) to deliberately introduce homoeostatic interference, and one without to serve as a control condition. From comparing [re—
neuroplastic responses across these experimental paradigms and across cohorts grouped by cognitive status, we found that (i) hom-
oeostatic metaplasticity is diminished in our cohort of cognitively impaired older adults and (i) this neuroprotective feature remains 1
intact in cognitively normal participants. This novel finding suggests that (i) future studies should expand their scope beyond just
Hebbian forms of plasticity that are traditionally assessed when using non-invasive brain stimulation to investigate cognitive ageing
and (ii) the potential value of homoeostatic metaplasticity in serving as a biomarker for cognitive impairment should be further
explored.

Department of Psychology, University of Arizona, Tucson, AZ 85721, USA L on g- Te m
Department of Biomedical Engineering, University of Arizona, Tucson, AZ 85721, USA

Department of Medical Imaging, University of Arizona, Tucson, AZ 85721, USA = ’
Department of Physiology, College of Medicine, University of Arizona, Tucson, AZ 85721, USA P Ot en t’ On 'I ’ k e
Department of Neuroscience, College of Medicine, University of Arizona, Tucson, AZ 85721, USA

Department of Neurology, University of Arizona, Tucson, AZ 85721, USA P ,a st ’C' ty
Evelyn F. McKnight Brain Institute, Arizona Center on Aging, and BIOS Institute, University of Arizona, Tucson, AZ 85721, USA .
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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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> Brain Connect. 2023 Feb;13(1):39-50. doi: 10.1089/brain.2021.0180. Epub 2022 Jun 27.

Association Between Responsiveness to Transcranial
Magnetic Stimulation and Interhemispheric
Functional Connectivity of Sensorimotor Cortex in
Older Adults

Yilin Liu 1, Koeun Lim 1, Mark H Sundman ', Chidi Ugonna ! 2, Viet Ton That ',
Stephen Cowen ' 3, Ying-Hui Chou ' 3

Affiliations + expand
PMID: 35620910 PMCID: PMC9942174 (available on 2024-02-01)
DOI: 10.1089/brain.2021.0180 Paperpile

Abstract

Introduction: Repetitive transcranial magnetic stimulation (rTMS) is a promising therapeutic
technique, and is believed to accomplish its effect by influencing the stimulated and remotely
connected areas. However, responsiveness to rTMS shows high interindividual variability, and this
intersubject variability is particularly high in older adults. It remains unclear whether baseline
resting-state functional connectivity (rsFC) contributes to this variability in older adults. The aims
of this study are to (1) examine rTMS effects over the primary motor cortex (M1) in older adults, and
(2) identify baseline network properties that may contribute to the interindividual variability.
Methods: We tested response to intermittent theta burst stimulation (iTBS), an effective rTMS
protocol, over M1 by using both electromyography and resting-state functional magnetic resonance
imaging in older adults. Outcome measures included motor-evoked potential (MEP) elicited by
single-pulse transcranial magnetic stimulation and rsFC before and after an iTBS session. Results:
iTBS significantly increased MEP amplitudes and rsFC between the stimulation site, sensorimotor
cortex, and supplementary motor area (SMA) in older adults. iTBS-induced changes in MEP
amplitude were positively correlated with increases in interhemispheric rsFC after iTBS.
Furthermore, older adults with lower baseline interhemispheric rsFC between sensorimotor cortex
and SMA exhibited stronger MEP response after iTBS. Discussion: Findings of the study suggest
that different levels of interhemispheric communication during resting state might contribute to the
response heterogeneity to iTBS in older adults. Interhemispheric rsFC may have great potential
serving as a useful marker for predicting iTBS responsiveness in older adults. ClinicalTrials.gov ID:
1707654427 Impact statement Factors contributing to interindividual variability of the responsive to
repetitive transcranial magnetic stimulation (rTMS) in older adults remain poorly understood. In this
study, we examined the effects of rTMS over the primary motor cortex in older adults, and found
that response to rTMS is associated with prestimulation interhemispheric connectivity in the
sensorimotor and premotor areas. Findings of the study have great potential to be translated into a
connectivity-based strategy for identification of responders for rTMS in older adults.

Left M1 stimulation - iTBS

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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Left M1 - Right S1

Left M1 - Right M1

Therapeutic TMS

Left S1 - Right S1
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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.
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TMS-base Assessment Research Highlights

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

- TMS-derived parameters have demonstrated correlations with
cognitive performance.

- TMS-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.

- TMS metrics have the potential to serve as measurable health
outcomes, augment existing biomarkers, and assist in the early
identification of AD.
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Timeline of US FDA Milestones for TMS Devices
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FDA-Cleared TMS Protocols/Devices

TMS-based Assessment

Therapeutic TMS

Ses. Pulses Schedule Target Examples of TMS Manufacturers Ses. Pulses Schedule Target Examples of TMS Manufacturers
Disorder Frequency Disorder Frequency
(Duration) (No Ses.) Region (Coils) (Duration) (No Ses.) Region (Coils)
NeuroStar 20Hz r'TMS
Brainsway (H1 coil)
L-DLPEC 1980 1t 1/d (20 d) BL-DLPFC
= H
& (20" 12") 2nd: 2/w (12 w) | (L-DLPFC) m
With —
Magstim (e.g,, HORIZON® Coils) 25 20s
Comorbid
10Hz rTMS L-DLPFC t . 10Hz rTMS NewroS
P ief euroStar
3000 D N, kd 3000 1 1/d (30 d)
WHW—WHH‘N 1/d (20-30d) L-DLPFC
(18’ 48" to 37" 30™) Brainsway (H1 coil) (18" 48") 20d: ~2/w (3 w) ' /
—_— BL-DLPEC T Y
I 1126 45 11-26s
Major (L-DLPFC)
Brainsway (H7 coil)
Depressive
Magventure (e.g., B65 coil) 20Hz rTMS ACC/mPFC
Episode Obsessive
L-DLPFC 2000
* Compulsive H 1/day (29 d)
(18) Magventure (DB-80 coil)
Disorder ‘2—"—'
Intermittent Theta Burst 0 NeuroStar | Magstim | Magventure s 20s ACC/mPFC &
1/d 20-30d) | L-DLPFC a *
39 5 X
(397) 3 Dy, 10Hz rTMS
Brainsway (H4 coil)
Magventure (B65 coil) Smoking 1800 1st: 1/d (15d) BL-IPFC
18000 Accelerated:
L-DLPFC Cessation (17’ 48”) 20 1/w (3w) | BL-Insula m
927 10/d (54 [ PE—
s 8s @27 G * 3s 155

Cotovio et al., 2023
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13 studies, 293 patients with MCl and AD
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Review
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heterogeneity of previous trials. The purpose of the meta-analysis was to systematically characterize the
effectiveness of various combinations of rTMS parameters on different cognitive domains in patients
with MCI and AD. Thirteen studies comprising 293 patients with MCI or AD were included in this
analysis. Random-effects analysis revealed an overall medium-to-large effect size (0.77) favoring active
rTMS over sham rTMS in the improvement of cognitive functions. Subgroup analyses revealed that (1)
high-frequency rTMS over the left dorsolateral prefrontal cortex and low-frequency rTMS at the right
dorsolateral prefrontal cortex significantly improved memory functions; (2) high-frequency rTMS tar-
geting the right inferior frontal gyrus significantly enhanced executive performance; and (3) the effects
of 5—30 consecutive rTMS sessions could last for 4—12 weeks. Potential mechanisms of rTMS effects on
cognitive functions are discussed.

© 2019 Elsevier Inc. All rights reserved.

Favors Control

Favors Treatment

Active rTMS is more effective than sham rTMS

Effect size = 0.77, p <.0001
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Repetitive transcranial magnetic stimulation (rTMS), a noninvasive brain stimulation technique, has
emerged as a promising treatment for mild cognitive impairment (MCI) and Alzheimer’s disease (AD).
Currently, however, the effectiveness of this therapy is unclear because of the low statistical power and
heterogeneity of previous trials. The purpose of the meta-analysis was to systematically characterize the
effectiveness of various combinations of rTMS parameters on different cognitive domains in patients
with MCI and AD. Thirteen studies comprising 293 patients with MCI or AD were included in this
analysis. Random-effects analysis revealed an overall medium-to-large effect size (0.77) favoring active
rTMS over sham rTMS in the improvement of cognitive functions. Subgroup analyses revealed that (1)
high-frequency rTMS over the left dorsolateral prefrontal cortex and low-frequency rTMS at the right
dorsolateral prefrontal cortex significantly improved memory functions; (2) high-frequency rTMS tar-
geting the right inferior frontal gyrus significantly enhanced executive performance; and (3) the effects
of 5—30 consecutive rTMS sessions could last for 4—12 weeks. Potential mechanisms of rTMS effects on
cognitive functions are discussed.

© 2019 Elsevier Inc. All rights reserved.

Active rTMS is more effective than sham rTMS
Effect size = 0.77, p <.0001
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Why didn’t the researchers directly
stimulate the hippocampus with TMS?
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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
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MRI Preprocessing and whole-brain segmentation using T1w, T2, FLAIR, DTI, RsfMRI

' 4

FC-guided Personalized Stimulation SC-guided Personalized Stimulation
& v
Vozel-wive send soainis with Vaowl-wiwe probutilabic traciograpty
the ppo-tody a8 3 weed weing Kileoen usng Proteracex from hippo-bocy

4

[/

' dMRI (1) dMRI (2)
A} fMRI (1) > fMRI (2)

LPC Mask
& ® ReIMRI Strategy: Stimulation Site {}.

@ D7 Strategy: Simulation Sile

Clustering and Threshoiding
Liu and Sundman et al" 2024 Frontiers in Human Selecting the center of the cluster and creating a RCI to serve as
Neuroscience — Brain Imaging and Stimulation optimal superficial stimulation site
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Intra-Individual Distance (mm) Group Comparison between 5C- and FC-Guided Strategies
(1)
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o

& é
AN

FC-Guided

Intra-Individual Distance (mm)
s

SC-Guided

DTI-guided strategy is
more reproducible
compared to resting-
state fMRI-guided
strategy

FC-Guided

Liu and Sundman et al., 2024 Frontiers in Human
Neuroscience — Brain Imaging and Stimulation
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Diffusion MRI-guided theta burst stimulation enhances | «
memory and functional connectivity along the inferior &
longitudinal fasciculus in mild cognitive impairment

Yu-Chin Chen?2, Viet Ton That?, Chidi Ugonna?, Yilin Liu® Lynn Nadel®® @, and Ying-hui Chou®P<"

RESEARCH ARTICLE

Figure 1

Contributed by Lynn Nadel; received July 27, 2021; accepted April 16, 2022; reviewed by Isabelle Buard, Joy Taylor, and Anthony Wagner
Posterior cingulate
cortex

T
" e Hippocampus

Mild cognitive impairment (MCI) during aging is often a harbinger of Alzheimer’s dis-
ease, and, therefore, early intervention to preserve cognitive abilities before the MCI
symptoms become medically refractory is particularly critical. Functional MRI-guided

Significance

transcranial magnetic stimulation is a promising approach for modulating hippocampal
functional connectivity and enhancing memory in healthy adults. Here, we extend these
previous findings to individuals with MCI and leverage theta burst stimulation (TBS)
and white matter tractography derived from diffusion-weighted MRI to target the hip-
pocampus. Our preliminary findings suggested that TBS could be used to improve asso-
ciative memory performance and increase resting-state functional connectivity of the
hippocampus and other brain regions, including the occipital fusiform, frontal orbital
cortex, putamen, posterior parahippocampal gyrus, and temporal pole, along the infe-
rior longitudinal fasciculus in MCI. Although the sample size is small, these results
shed light on how TBS propagates from the superficial cortex around the parietal lobe
to the hippocampus.

transcranial magnetic stimulation | theta burst stimulation | mild cognitive impairment | magnetic
resonance imaging | memory

Mild cognitive impairment (MCI) lies somewhere between the expected cognitive
decline of normal aging and Alzheimer’s disease (AD). Although cognitive changes in
individuals with MCI are not severe en()ugh to interfere with daily function, pe()ple
with MCI are at an increased risk of developing AD. Approximately 10 to 15% of
individuals with MCI convert to AD every year (1). Individuals with amnestic MCI
(aMCI), a subtype of MCI with memory impairment, have an even higher rate of con-
version (1-3). Currently, pharmacological approaches are the mainstream of therapy
for AD and MCI, and those interventions have demonstrated ()nly moderate effects
in reducing clinical symproms for relatively short periods (4, 5). Therefore, we need
nonpharmacological approaches, particularly treatment for memory dysfunction, for
individuals with MCI before the cognitive impairments become medically refracrory.

Noninvasive theta burst
stimulation (TBS) guided by brain
white matter tractography is a
promising approach to strengthen
resting-state functional
connectivity of the hippocampus
and increase associative memory
performance in individuals with
mild cognitive impairment. With
this approach, our findings add
insight into how TBS propagates
from the superficial stimulation
site to the hippocampus along the
inferior longitudinal fasciculus.
Results of this study provide an
innovative platform for developing
a noninvasive hippocampal
stimulation protocol that has great
potential in enhancing memory
function in mild cognitive
impairment.



Introducing TMS TMS-based Assessment Therapeutic TMS

s

e \ -
Design and Outcomes

= o A AL

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)

20 trains x 30 TBS pulses = 600 pulses

(" N\

1 2 3 TommTomTmos oo s s s 17 18 19 20
- I
I I | I [ ] | |
0 10 20 160 170 180 190 200 sec

30 TBS pulses for 2 seconds No TBS pulses for 8 seconds
A A

4 Y4 I

e l

1 1 L L L L L 1 1 1
0 0.20.4 141618 2 2224 9.4 9.6 9.8 10 sec

Huang et al., 2005
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Informed Consent, Interview, and Neuropsychological Assessment

!

Randomization

v v v v

Baseline MRI to Plan for Individual Stimulation Site
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TMS-based Assessment

Therapeutic TMS

Day 0 Screening for Eligibility: Interview and

Neuropsychological Assessment (2 hours)

Day 1

MRI (60 mins)

Day 8

MRI (60 mins) + Cognitive Tasks (1 hour)

_LVLRLY S 1) oily TBS condition A (15 mins)

oLV EMEHEE oy TBS condition A (15 mins)

Day 19 MRI (60 mins) + Cognitive Tasks (1 hour)

Day 50

I 10x Excitatory TBS

B 10x inhibitory TBS

- 10x Sham TBS

s Evaluation

MRI (60 mins) + Cognitive Tasks (1 hour)

Days 50-54 BTN e

SLVEEIIM 11 TBS condition B (15 mins)

Day 61 MRI (30 mins) + Cognitive Tasks (1 hour)

Day 92

MRI (60 mins) + Cognitive Tasks (1 hour)

LVARPLE i TBS condition C (15 mins)

Days 99-103 By e Y T N L,

Day 103 MRI (60 mins) + Cognitive Tasks (1 hour)




Introducing TMS TMS-based Assessment Therapeutic TMS

| & *kk

- , 03 ok

-
-
—

4

0.2 1

01 4

>
<
£
iTBS improved :
o o m A
associative memory = e
relative to both cTBS and £ o1
sham TBS g
E -0.2 e
Q
=
-0.3 - e
** <0.01; *** < 0.001
-04

iTBS cTBS Sham
Stimulation Protocol



Introducing TMS

iTBS reduced errors on
learning and spatial

working memory tests
compared to sham TBS.

TMS-based Assessment

Paired Associates Learning

10 1

0.5 -

0.0 1

- — e — e —

- =f Mean: -0.50

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

Total iErrors

10 1

0.5 -

0.0

Therapeutic TMS

Spatial Working Memory

Mean: -0.54
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Figure 1
8.5 min 8 min 8.5 min 36 min
e
} 1 1
0 10 20 30 40 50 60 min
B 8 min 200 sec g 200 sec g in 200 sec o .- 36 min
e T I =========== T | T T T i
oR 0 10 20 70 80 130 140 150 160 170 min
DAY 2 8 min 200 sec g nin 200 sec g min 200sec g .o 36 min
: T I ~==========- T T ===========
0 10 20 70 80 130 140 150 160 170 min
8 min 36 min
DAY 3 RSfMRI Memory Task fMRI
0 10 20 30 40 50 min

Note. DWMRI = diffusion-weighted MRI; RSfMRI = resting-state fMRI; StrucMRI = structural T1 MPRAGE and T2 FLAIR MRI; TBS =
theta burst stimulation
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I HIPPOCAMPUS - TARGET BRAIN REGION
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Medial Temporal Network (MT) Posterior Medial Network (PM)
° ° Dose-Response Relationship on Functional Connectivity Dose-Response Relationship on Functional Connectivity
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The changes in
functional connectivity
induced by iTBS were

positively linked to
improvements in
memory.

D1_diff

Medial Temporal Network (MT)

01 02
L_hippo to MTN

D1_diff

Posterior Medial Network (PM)

01 02
L_hippo to PMN
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Accelerated intermittent TBS Protocol

3 50Hz pulses

A 0
- —— 2sec 20ms 8seC —

Pulses per block: 600 iTBS

4 Preparation

| Repeat x20

o — = Total pulses: 1800 iTBS; ~30 spTMS
4 Cognitive Task s I
ognitive las Block 1 Block 2 Block 3 Cognitive Task
15 min. 6 min. 3 min. 6 min. 50 min 6 min. 3 min. 6 min. 50 min 6 min. 3 min. 6 min. 15 min. >/
4 iti k . )
Cognitive Tas Block 1 Block 2 Block 3 Cognitive Task

|TBS/ |TBS/ |TBS/
Sha m Sha m Sha m

15 min. 6 min. 3 min. 6 min. 50 min 6 min. 3 min. 6 min. 50 min 6 min. 3 min. 6 min. 15 min.
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Effects of Repetitive Transcranial Magnetic Stimulation

on Motor Symptoms in Parkinson Disease
A Systematic Review and Meta-analysis

Ying-hui Chou, ScD; Patrick T. Hickey, DO; Mark Sundman, BS; Allen W. Song, PhD; Nan-kuei Chen, PhD

IMPORTANCE Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive
neuromodulation technique that has been closely examined as a possible treatment for
Parkinson disease (PD). However, results evaluating the effectiveness of rTMS in PD are
mixed, mostly owing to low statistical power or variety in individual rTMS protocols.

OBJECTIVES To determine the rTMS effects on motor dysfunction in patients with PD and to
examine potential factors that modulate the rTMS effects.

DATA SOURCES Databases searched included PubMed, EMBASE, Web of Knowledge, Scopus,
and the Cochrane Library from inception to June 30, 2014.

STUDY SELECTION Eligible studies included sham-controlled, randomized clinical trials of
rTMS intervention for motor dysfunction in patients with PD.

DATA EXTRACTION AND SYNTHESIS Relevant measures were extracted independently by
2 investigators. Standardized mean differences (SMDs) were calculated with random-effects
models.

MAIN OUTCOMES AND MEASURES Motor examination of the Unified Parkinson’s Disease
Rating Scale.

RESULTS Twenty studies with a total of 470 patients were included. Random-effects analysis
revealed a pooled SMD of 0.46 (95% Cl, 0.29-0.64), indicating an overall medium effect size
favoring active rTMS over sham rTMS in the reduction of motor symptoms (P < .001).
Subgroup analysis showed that the effect sizes estimated from high-frequency rTMS
targeting the primary motor cortex (SMD, 0.77; 95% Cl, 0.46-1.08; P < .001) and
low-frequency rTMS applied over other frontal regions (SMD, 0.50; 95% Cl, 0.13-0.87;

P = 008) were significant. The effect sizes obtained from the other 2 combinations of rTMS
frequency and rTMS site (ie, high-frequency rTMS at other frontal regions: SMD, 0.23; 95%
Cl, -0.02 to 0.48, and low primary motor cortex: SMD, 0.28; 95% Cl, -0.23 to 0.78) were not
significant. Meta-regression revealed that a greater number of pulses per session or across
sessions is associated with larger rTMS effects. Using the Grading of Recommendations,
Assessment, Development, and Evaluation criteria, we characterized the quality of evidence
presented in this meta-analysis as moderate quality.

CONCLUSIONS AND RELEVANCE The pooled evidence suggests that rTMS improves motor
symptoms for patients with PD. Combinations of rTMS site and frequency as well as the
number of rTMS pulses are key modulators of rTMS effects. The findings of our meta-analysis
may guide treatment decisions and inform future research.

Supplemental content at
Jjamaneurology.com

Author Affiliations: Brain Imaging
and Analysis Center, Duke University
Medical Center, Durham, North
Carolina (Chou, Sundman, Song,
Chen); Department of Psychiatry and
Behavioral Sciences, Duke University
Medical Center, Durham, North
Carolina (Chou); Department of
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Effect of Repetitive Transcranial Magnetic Stimulation
on fMRI Resting-State Connectivity
in Multiple System Atrophy

Ying-hui Chou? Hui You? Han Wang,* Yan-Ping Zhao?* Bo Hou? Nan-kuei Chen!® and Feng Feng®

Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive neuromodulation technique that has been
used to treat neurological and psychiatric conditions. Although results of rTMS intervention are promising, so
far, little is known about the rTMS effect on brain functional networks in clinical populations. In this study,
we used a whole-brain connectivity analysis of resting-state functional magnetic resonance imaging data to un-
cover changes in functional connectivity following rTMS intervention and their association with motor symp-
toms in patients with multiple system atrophy (MSA). Patients were randomized to active rTMS or sham
rTMS groups and completed a 10-session 5-Hz rTMS treatment over the left primary motor area. The results
showed significant rTMS-related changes in motor symptoms and functional connectivity. Specifically, (1) sig-
nificant improvement of motor symptoms was observed in the active rTMS group, but not in the sham rTMS
group; and (2) several functional links involving the default mode, cerebellar, and limbic networks exhibited pos-
itive changes in functional connectivity in the active rTMS group. Moreover, the positive changes in functional
connectivity were associated with improvement in motor symptoms for the active rTMS group. The present find-
ings suggest that rTMS may improve motor symptoms by modulating functional links connecting to the default
mode, cerebellar, and limbic networks, inferring a future therapeutic candidate for patients with MSA.

Key words: cerebellar network; default mode network; limbic network; Monte-Carlo simulation; multiple
system atrophy; repetitive transcranial magnetic stimulation; resting-state functional connectivity; Unified Mul-
tiple System Atrophy Rating Scale

Introduction stimulation site and how these changes correlate with im-
provement of symptoms.

EPETITIVE TRANSCRANIAL MAGNETIC STIMULATION

(rTMS) is a noninvasive neuromodulation technique
that has been closely examined as a possible treatment
for neurodegenerative diseases (Chou et al., 2015; Nardone
et al,, 2012). It delivers repeated magnetic pulses through a
stimulation coil placed over the scalp to generate a relatively
focal electromagnetic field capable of triggering action po-
tentials in neurons (Barker et al., 1985; Rothwell, 1991).
Although accumulating evidence suggests that rTMS can

Resting-state functional connectivity measured by func-
tional magnetic resonance imaging (fMRI) has played an
essential role in understanding brain functional networks
and diseases (Fox and Greicius, 2010). Measures of rest-
ing-state functional connectivity refer to temporal correla-
tions of fMRI signals between spatially distinct brain
regions when participants are not performing a perceptual
or behavioral task (Biswal et al., 1995). Neuroimaging stud-
ies have identified functional networks, such as the default
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Excitatory rTMS over the primary
motor cortex improved motor Primary motor
symptoms in patients with
Parkinson’s disease (Chou etal.,
2015; ES = 0.77)

Excitatory rTMS targeting the
primary motor cortex led to
improvement in motor symptoms
for patients with Multiple System
Atrophy (Chou et al., 2015)
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Efficacy of repetitive transcranial magnetic stimulation in treating stroke | M)
aphasia: Systematic review and meta-analysis i
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TMS up to 12 months.

Stroke ®
Aphasia

Neurorehabilitation ABSTRACT

Meta-analysis

Systematic review Objective: This meta-analysis examined the effectiveness of repetitive Transcranial Magnetic Stimulation

(rTMS) in treating post-stroke aphasia with a goal to identify parameters that are associated with suc- (]
Kielar et al., 2022
Methods: Following PRISMA guidelines, ten electronic databases were searched from inception till June ® ’
4th 2020. A total of 24 studies (out of 1971 records) with 567 participants met selection criteria and were
included in the meta-analysis.
Results: The overall pooled meta-analysis revealed a significant medium effect size in favor of r'TMS treat-
ment: Standard mean difference (SMD) of 0.655 (95% CI = [0.481, 0.830], z = 7.369, p < 0.001). Moderator
subgroup analyses indicated that participants’ clinical characteristics and rTMS parameters moderated
treatment effects. The strongest effects were observed for naming, followed by speech production, repe-
tition and comprehension. The results indicate that with 10 to 15 sessions of 1-Hz rTMS administered 20-
40 min per day over right BA45 (Brodmann's area 45), significant language improvements can be
observed for up to 12 months.
Conclusions: Our findings suggest that the rTMS technique can enhance rehabilitation of language skills
in post-stroke aphasia when administered according to the established safety parameters.
Significance: Our results have implications for treatment of post-stroke aphasia. In subacute aphasia, low
frequency rTMS over right BA45 improved naming, repetition, speech fluency and writing but not com-
prehension, whereas in chronic aphasia naming and speech production improved, but repetition and
comprehension showed smaller gains.

© 2022 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Stroke to the perisylvian brain regions often causes aphasia.

* Comesponding author at: Department of Speech, Language and Hearing Aphasia is dehllltatAlng because it can affect spegch pquctlnn
Sciences, University of Arizona, 1131 E 2nd St, Tucson, AZ 85719, USA. and/or comprehension as well as reading and writing. Persistent
E-mail address: akiel ar@email.arizona.edu (A. Kielar), language impairments prevent return to work, and lead to social
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Improving Sleep with Continuous Theta Burst Transcranial Magnetic Stimulation (TMS)
of the Default Mode Network

William D. S. Killgore, Samantha Jankowski, Kimberly Henderson-Arredondo, Lindsey

Hildebrand, Christopher Trapani, Heidi Elledge, Daniel A. Lucas, Emmet J. Suckow, Melissa - ’
Reich-Fuehrer, Gabriela Franca, Deva Reign, Alisa Huskey, Yu-Chin Chen, Ying-Hui Chou, & Qv i
Natalie S. Dailey N
p
'University of Arizona, Tucson, AZ e

Objective: Nearly one in three Americans struggle with chronic insomnia, a disorder associated
with increased cognitive arousal. Insomnia is also associated with activation/connectivity within
the default mode network (DMN) of the brain, consistent with the hyperarousal theory. We
hypothesized that suppression of the DMN with a type of repetitive transcranial magnetic
stimulation (rTMS) known as continuous theta burst stimulation (cTBS) would lead to improved
overnight sleep.

Methods: Twenty participants (12 female; age=26.9, SD=6.6 years) meeting criteria for
insomnia/sleep disorder completed a counterbalanced sham-controlled crossover design in which
they served as their own controls on two separate nights of in-laboratory polysomnography
(PSG) monitored sleep on separate weeks. Sessions included two resting state functional
magnetic resonance imaging (fMRI) sessions separated by a brief 40 second cTBS rTMS session
applied over an easily accessible cortical surface node of the DMN located at the left inferior
parietal lobe. After scanning/stimulation, participants were allowed an 8-hour sleep opportunity
from 2300 to 0700 monitored with PSG.

Results: One session of active cTBS produced a significant alteration of functional connectivity
(p<.05, FDR corrected) within the DMN, while the sham condition produced no changes in
functional connectivity from pre- to post-treatment. After controlling for age and IQ, active
treatment was associated with significant (p<.05) improvements in PSG measured Total Sleep
Time (TST; np?=.28), latency to Slow Wave Sleep (SWS; np2=.23), Sleep Efficiency (SE;
np?=.28), and a lower Arousal Index (np®=.22). Overall, individuals obtained 16 minutes more
sleep after active cTBS compared to sham. Moreover, changes in brain connectivity following
cTBS significantly (p<.05) predicted sleep outcomes, including TST, sleep latency, SE, minutes
of wake, SWS, number of awakenings, arousals, and arousal index.

Conclusions: Findings suggest that brief targeted 40-second stimulation with cTBS can alter
DMN brain functioning and was associated with improved PSG measured sleep outcomes during
the night following stimulation. The effect sizes often exceed those observed for other
established treatments such as cognitive behavioral therapy for insomnia or hypnotic sleep
medications. Further work involving multiple stimulations over several days or weeks will be
necessary to demonstrate the potential utility of this approach as a treatment for insomnia.
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Abstract: This pilot feasibility study aimed to evaluate the effects of transcranial magnetic stimulation
(TMS) on chemotherapy-related cognitive impairment (CRCI), and we report here on the first patient.
Background: Deleterious cognitive changes due to chemotherapy or CRCI are commonly referred
to as “chemo brain”. With the increasing survival of cancer patients, this poorly understood and
inadequately treated condition will likewise have an increasing toll on individuals and society. Since
there is no approved treatment for chemo brain, we have initiated a therapeutic trial using transcranial
magnetic stimulation (TMS5), a non-invasive brain stimulation technique approved in many countries
for the treatment of neurologic and psychiatric conditions like migraine and depression. Case
presentation: A 58-year-old woman, diagnosed 7 years prior with left breast cancer, underwent
partial mastectomy with sentinel lymph node biopsy. She then received four cycles of adjuvant
chemotherapy followed by radiation therapy. Afterwards, she was on tamoxifen for 4 years and then
switched to aromatase inhibitors. The patient's CRCI started during chemotherapy and severely
impaired her quality of life for an additional two years. In the third year after chemotherapy, the
CRCI partially cleared to stabilize to the level at the time of presentation for this trial. The patient
continues to have memory difficulties and decreased concentration, which makes multi-tasking
very difficult to impossible. She is reliant on memory aids at work and at home. The participant
underwent 10 consecutive sessions of TMS during weekdays for 2 weeks. Stimulation was directed to
the left dorsolateral prefrontal cortex. After TMS, the participant significantly improved in memory
function on neuropsychological testing. While she reported no subjective differences in concentration
or memory, she did report an improvement in her sleep. Functional magnetic resonance imaging of
the brain before and after TMS showed increased resting-state functional connectivity between the
stimulation site and several brain regions. Remarkably, after 6 years of chemo brain and remaining
in the same position at work due to her inability to concentrate and multi-task, she applied for and
received a promotion 5-6 months after her TMS treatments. Conclusions: This first patient in the
phase 1 clinical trial testing of TMS for the treatment of “chemo brain” provided important lessons
for feasibility and insights into mechanisms of potential benefit.
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Therapeutic TMS Research Highlights

« Multiple TMS devices have received FDA clearance for the
treatment of depression, migraine, OCD, and smoking cessation.

- Evidence suggests diffusion MRI-guided TMS improves memory
and bolsters parietal-hippocampal network functional
connectivity.

« Multiple TMS sessions daily may yield more sustained memory
enhancement benefits.

- TMS can be used to induce neuroplasticity and holds promise as a
treatment for conditions such as MCI, AD, stroke aphasiq,
chemobrain, and insomnia.
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