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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
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 j theta burst stimulation j mild cognitive impairment j magnetic
resonance imaging j 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 enough to interfere with daily function, people
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 only moderate effects
in reducing clinical symptoms 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 refractory.
Cognitive impairments, especially in the domain of memory function, have been

linked to significant abnormalities in various parts of the hippocampal network (6),
which are among the earliest brain structures to develop neurodegenerative changes in
AD (7). Previous brain imaging studies have shown that hippocampal volume loss (8),
reduced hippocampal metabolism (9), and altered structural and resting-state func-
tional connectivity (RSFC) of the hippocampal network (6, 10–12) are strongly associ-
ated with memory decline in AD. For example, patients with AD exhibit decreased
RSFC between the hippocampus and several brain regions, such as frontal, parietal
(e.g., precuneus), occipital, temporal, and limbic (e.g., cingulate and posterior cingulate
gyrus) areas as well as insula and basal ganglia (e.g., putamen, globus pallidus, and
caudate nucleus), compared to cognitively normal older adults (6, 10). Additionally,
degradation in the hippocampal white matter tracks, as indexed by reduced fractional
anisotropy in the fornix (11), and increased mean diffusivity of the anterior hippocam-
pus (13) have also been reported in AD. Therefore, targeting the hippocampus might
be a logical strategy to enhance memory function in individuals with MCI.
The impact of hippocampal stimulation on memory has been investigated with a

broad variety of neurophysiological tools (14–16). Among those techniques, repetitive
transcranial magnetic stimulation (rTMS) represents one of the most commonly used
noninvasive brain stimulation tools because of its high acceptability in safety, tolerabil-
ity, and efficacy to treat neurological and psychiatric disorders (17–19). However,
rTMS can only directly excite cortical tissue of superficial brain regions. A major chal-
lenge in modulating deep brain regions such as the hippocampus is how to precisely
deliver the magnetic pulses from the superficial stimulation site to the hippocampus.
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Noninvasive theta burst
stimulation (TBS) guided by brain
white matter tractography is a
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resting-state functional
connectivity of the hippocampus
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During the past few years, a number of rTMS studies have
demonstrated that stimulating a superficial brain region (within
the parietal lobe), which is functionally connected to the hippo-
campus, could modulate hippocampal activity and improve
memory function in healthy adults (20, 21). In these studies,
RSFC patterns were used to identify stimulation sites, but
RSFC may not always be applicable for identifying a superficial
stimulation site for older adults with MCI due to their altered
functional connectivity. Here, we plan to leverage white matter
tractography data from each individual with MCI and use the
structural connectivity as a map to identify a superficial brain
region that is anatomically connected with the hippocampus.
The goal of our study was to determine the effects of this

tractography-guided hippocampal theta burst stimulation (TBS)
on memory performance and RSFC in individuals with MCI.
Additionally, we examined whether an excitatory or inhibitory
hippocampal TBS protocol would be more beneficial for the
enhancement of memory function in this population. Each par-
ticipant underwent six TBS sessions: two excitatory intermittent
TBS (iTBS), two inhibitory continuous TBS (cTBS), and two
sham TBS on six different days (Fig. 1). The face–name
(FNAME) associative memory data were collected in three TBS
sessions (iTBS, cTBS, and sham TBS), and RSFC data were
acquired in another three TBS sessions (iTBS, cTBS, and sham
TBS) to prevent the influence of performing memory tasks on
RSFC data. The order of the six sessions was randomized across

participants. There were at least 5 d between TBS sessions to
ensure an adequate washout period. Previous imaging studies
have shown that theta-band oscillations generated by the hippo-
campus are responsible for phase coding, memory, and learning
(22, 23). Therefore, mimicking theta-band oscillations with TBS
has great potential in synchronizing and normalizing the hippo-
campal network and modulating memory function (24). Addi-
tionally, both iTBS and cTBS have been reported to enhance
memory function and hippocampal activity (25, 26). In the cur-
rent study, we hypothesized that iTBS, cTBS, or both active TBS
conditions would improve associative memory performance and
RSFC compared to sham TBS.

Results

Determination of Individual Stimulation Site with Diffusion-
Weighted Imaging (DWI) Tractography Data. With the DWI
tractography data from each participant, an individualized super-
ficial stimulation site that was structurally connected to the cornu
ammonis 1 (CA1), CA3, and dentate gyrus within the left hippo-
campus was identified (Materials and Methods). The superficial
stimulation sites were located at the superior lateral occipital
cortex (n = 6), superior parietal lobule (n = 2), and precuneus
cortex (n = 1) in the left hemisphere (Table 1). These three
superficial regions belong to the hippocampal–cortical network
(27, 28), and each superficial stimulation site was structurally
connected to the CA1, CA3, and dentate gyrus, which play an
essential role in memory formation (29). An example of tractog-
raphy maps with the CA1, CA3, and dentate gyrus as seeds from
a single participant is illustrated in Fig. 2.

Enhancement of Associative Memory with TBS. Associative
memory was assessed with the FNAME task (30) (Fig. 3A).
Total memory score 1 (MTotal1), total memory score 2 (MTo-
tal2), immediate retrieval, and delayed retrieval were measured
by the number of items recalled after TBS minus the number
of items recalled before TBS (Fig. 3B). Pairwise analyses of
these memory scores revealed strong and significant correlations
of MTotal1 and MTotal2 with other measures (r = 0.83 to
0.95, P < 0.0001; SI Appendix, Table S1). Changes in MTo-
tal1 and MTotal2 of each participant following TBS conditions
are reported in Table 2. The average MTotal1 score increased
5 ± 12.6 in iTBS, decreased 1.6 ± 7.6 in cTBS, and increased
0.7 ± 10.1 in sham TBS. The averaged MTotal2 score
increased 4.2 ± 5 in iTBS, decreased 1.1 ± 4.8 in cTBS, and
increased 0.9 ± 5.9 in sham TBS.

The normality assumption was checked by Shapiro–Wilk
test for each data point, verifying an approximately normal dis-
tribution. The change scores of participant 6 were determined
to be outliers by Grubb’s test, Dixon’s test, and Rosner’s test.
As can be seen in the Table 2, all the participants increased
their associative memory scores after iTBS except for partici-
pant 6. Participant 6 decreased associative memory scores fol-
lowing iTBS but increased associative memory scores following
cTBS. Interestingly, while the majority of the superficial stimu-
lation sites from our research participants were located within
the superior lateral occipital or superior parietal regions, the
only exception was from participant 6; the superficial stimula-
tion site determined for participant 6 was within the precuneus
(Table 1). Previous functional MRI (fMRI) studies (31, 32)
have found a negative correlation of activation patterns between
the precuneus and the hippocampus. It is possible that exciting
the precuneus with iTBS resulted in a decrease in hippocampal
activation, and inhibiting the precuneus with cTBS increased

Fig. 1. Experimental design. A total of six TBS sessions were conducted
on six different days with at least 5 d of a washout period between each
TBS session. FNAME was administered in three TBS sessions (iTBS, cTBS,
and sham TBS), and rs-fMRI was performed in another three TBS sessions
(iTBS, cTBS, and sham TBS). The order of sessions was randomized across
participants.
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hippocampal activation. Given that stimulating the precuneus
might have resulted in an opposite effect on the hippocampus,
data were analyzed with and without participant 6. Results of
repeated measures ANOVA for associative memory perfor-
mance and RSFC with the outlier were included in SI
Appendix, Tables S2 and S3 and Fig. S1.
A repeated measures ANOVA revealed that the TBS effects

on MTotal1, MTotal2, immediate retrieval, and delayed
retrieval scores were all significant (Table 3). Post hoc analyses
showed that iTBS had stronger effects than cTBS on both

MTotal2 (i.e., immediate retrieval and delayed retrieval;
P < 0.05) and delayed retrieval (P < 0.05), with multiple test-
ing correction via false discovery rate (FDR) (33). Although the
contrasts of iTBS versus sham TBS did not survive the correc-
tion for multiple comparisons, these effect sizes (Cohen’s d )
were greater than 0.99, which exceeded Cohen’s convention for
large effects.

Increased Functional Connectivity along the Hippocampal
Pathway. We examined the TBS effects on changes in func-
tional connectivity (ΔF) from each participant’s superficial
stimulation site to other brain regions with a one-way repeated
measures ANOVA and post hoc analyses corrected for multiple
comparisons with the FDR.

Repeated measures ANOVA and post hoc analyses revealed a
significant TBS effect on RSFC between the superficial stimula-
tion site and seven brain areas, including the bilateral occipital
fusiform gyrus, the bilateral frontal orbital cortex, the right pos-
terior parahippocampal gyrus, the right temporal pole, and the
right putamen (Table 4). Most of these brain regions are con-
nected to the superficial stimulation site and the hippocampus
through the inferior longitudinal fasciculus (ILF) and corpus cal-
losum (Discussion). In general, iTBS increased functional connec-
tivity, while the changes in functional connectivity following
cTBS were inconsistent across brain regions (Table 4).

Using the whole left or right hippocampus as a region of
interest (ROI) did not reveal a significant TBS effect (P = 0.698
for the left hippocampus and P = 0.623 for the right hippocam-
pus), indicating heterogeneous roles of subfields within the hip-
pocampus. We conducted exploratory analyses with multiple
testing correction via FDR using subfields of the left and right
hippocampi as ROIs and found that, compared to sham TBS, 1)
iTBS increased functional connectivity between the superficial
stimulation site and the left CA1 (P = 0.016) and left hippo-
campal fissure (P = 0.05), and 2) cTBS increased functional
connectivity between the superficial stimulation site and the
right hippocampal fissure (P = 0.033). These findings suggested
that TBS could be used to modulate changes in RSFC between
the superficial stimulation site and the hippocampal subfields in
both hemispheres.

Discussion

The present study aimed to determine whether a single session
of tractography-guided TBS could be used to modulate the
hippocampal network and enhance associative memory func-
tion in individuals with MCI. First, we were able to identify
superficial stimulation sites with the DWI white matter trac-
tography data for each participant. Second, iTBS significantly

Fig. 2. The sagittal (x = �25), coronal (y = �9), and axial (z = �50) views of
diffusion-weighted MRI tractography with the three hippocampal subfields,
CA1 (yellow), CA3 (red), and dentate gyrus (DG, pink) as a seed. The figures
at each row are the same slices with and without tractography. The right
figures illustrate the overlays of three tractography maps of CA1, CA3, and
DG. The yellow arrow in the bottom figure (x = �35) points to the deter-
mined superficial site; A = anterior; L = left; I = inferior; P = posterior;
R = right; S = superior.

Table 1. Individualized superficial stimulation site identified by diffusion-weighted tractography linked to the left
hippocampal subfields

SUB MNI coordinates x, y, z Location Network Coil orientation

1 �16 �68 56 Superior lateral occipital cortex HCN, FPN 75
2 �32 �54 60 Superior parietal lobule HCN, DMN 45
3 �12 �59 61 Superior lateral occipital cortex HCN, FPN 30
4 �22 �78 38 Superior lateral occipital cortex HCN, FPN 0
5 �20 �84 36 Superior lateral occipital cortex HCN, FPN 105
6 �8 �74 48 Precuneus cortex HCN, DMN 105
7 �16 �80 46 Superior lateral occipital cortex HCN, FPN 120
8 �22 �60 68 Superior parietal lobule HCN, DMN 45
9 �20 �59 60 Superior lateral occipital cortex HCN, FPN 30

HCN, hippocampal–cortical network; DMN, default mode network; FPN, face perception network; MNI, Montreal Neurological Institute and Hospital coordinate system; SUB, subject.
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increased associative memory scores compared to cTBS. Third,
relative to sham TBS, iTBS significantly increased the RSFC
between the superficial stimulation site and multiple brain
regions, including the occipital fusiform bilaterally, the frontal
orbital cortex bilaterally, the right putamen, the right posterior
parahippocampal gyrus, the right temporal pole, and several
hippocampal subfields.
The majority of the brain regions that exhibited increased

RSFC with the superficial stimulation site are structurally con-
nected to the hippocampus via the ILF. According to a previ-
ous diffusion tensor imaging study (34), more than 40% of

hippocampal connections to other brain regions pass through
the ILF. The ILF connects the temporal and occipital lobes and
supports functions associated with the ventral visual stream,
such as face recognition, visual memory, object recognition,
and semantic processes (35). The fusiform gyrus connects to
the anterior temporal regions through one of the ILF branches
(35) and plays an important role in face perception (36, 37). In
addition to face perception, the fusiform gyrus is also involved
in the processing of words and names (38). The temporal pole
is located at the anterior part of the ILF and is further con-
nected to the frontal orbital cortex by the uncinate fasciculus

A

B

C D

Fig. 3. The FNAME task and the associative memory results. (A) During the encoding phase, participants were required to memorize 12 sets of faces,
names, and occupations. After each encoding session, they had to retrieve names and occupations by face cues immediately (i.e., learning trial 1
and learning trial 2). Followed by two encoding sessions, 12 faces of famous people were presented (i.e., distractions). After the distractions, participants
were assessed with cued retrieval (i.e., immediate retrieval). After a 30-min break, participants underwent additional retrieval tasks (i.e., delayed retrieval).
(B) The MTotal1 was composed of learning trial 1, learning trial 2, immediate retrieval, and delayed retrieval. The MTotal2 included immediate retrieval and
delayed retrieval. (C and D) The box plots revealed significant TBS effects on associative memory MTotal1 (C) scores (F[2, 14] = 4.47, P = 0.032) and MTotal2
(D) scores (F[2, 14] = 5.93, P = 0.014); I, intermittent TBS; C, continuous TBS; S, sham TBS.
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(35, 39). These anterior portions of the ILF are commonly dis-
rupted in neurodegenerative diseases (40). The temporal pole
involves retrieving and storing proper names (41), allowing the
individual to be identified and remembered. It completes the
process of face recognition by linking representations with
semantic information specific to each individual (42). The fron-
tal orbital cortex is also a face-selective region (43). It is capable
of discriminating face from nonface stimuli (44), classifying
social and emotional reinforcement signals from faces, and
modulating the memory processes of FNAME associations,
which are mediated by the hippocampus (43, 45). The puta-
men is located at the edges of the ILF and the inferior fronto-
occipital fasciculus (46) and is connected to the hippocampus
(34). Activation of the putamen reflects involvement in visual
and orthographic processing as well as language processing
(47). Finally, another anterior termination of the ILF involves
the parahippocampal gyrus (48). Although it is believed that
the parahippocampal gyrus is more important in visuospatial
recognition (e.g., scenes and places) and contextual mnemonic
processes (49), activation of the parahippocampal cortex has
also been found during successful encoding and retrieval of
associative information (50).
In the exploratory analyses using the hippocampal subfields

in both hemispheres as ROIs, our data showed that, compared
to sham TBS, iTBS increased RSFC between the superficial
stimulation site and the left CA1 and hippocampal fissure, and
cTBS increased RSFC between the superficial stimulation site
and the right hippocampal fissure. The CA1 plays several essen-
tial roles in memory formation (51, 52), including serving as a

mismatch detector, comparing current experience with expecta-
tions generated by previously stored data (53, 54). Atrophy/
lesions of the CA1 contribute to memory deficits in AD (55)
and other amnestic disorders (56, 57). The hippocampal fissure
(also known as hippocampal sulcus) separates the CA2, CA3,
and dentate gyrus from the CA1 and subiculum (58), and
impairments in its function have been implicated in AD,
medial temporal lobe atrophy, and other memory disorders
(59, 60). Overall, findings of our study together with previous
evidence suggest that the ILF may be the pathway through
which effective TBS is transmitted down to the hippocampus.
Furthermore, the effect of TBS on FNAME associative memory
may be accounted for by modulated RSFC along the ILF,
although future studies will be needed to elucidate how these
brain regions coordinate and contribute specifically to the asso-
ciative memory capacities engaged by the FNAME task.

The application of TBS is relevant to populations with mem-
ory impairment because theta-band oscillations generated by
the hippocampus appear to be responsible for phase coding,
memory, and learning (23, 24). As such, using TBS to mimic
theta-band oscillations has great potential in synchronizing and
normalizing the hippocampal network. In our study, the major-
ity of participants showed improved memory performance and
increased RSFC following excitatory iTBS. Although three par-
ticipants also increased their memory scores after receiving
inhibitory cTBS, this effect was not significant. Previous TBS
studies stimulating the primary motor cortex have found that
iTBS usually enhances cortical excitability, while cTBS sup-
presses cortical excitability, presumably reflecting long-term
potentiation and long-term depression effects, respectively (61,
62). TBS studies targeting the left parietal lobe observed
increased functional connectivity in cognitive networks follow-
ing iTBS and decreased functional connectivity in response to
cTBS (63). Our study is in agreement with these previous find-
ings and suggests that iTBS might cause memory enhancement
compared to cTBS.

While findings of our study with a small sample size are
encouraging, limitations of the study should also be noted. The
variability in response to the different stimulation regimens is
perplexing (64). Factors such as medication status, exercise/fit-
ness, genotype, stimulation intensity, and number of TBS
sessions warrant systematic examinations in future studies.
Additionally, the effects of iTBS on RSFC did not appear selec-
tive to the hippocampus only and were observed in seven other
brain regions connected to the superficial stimulation site
through the ILF. Although our exploratory analyses using the
hippocampal subfields in both hemispheres as ROIs showed

Table 3. Changes in memory scores following TBS (n = 8): Results of repeated measures ANOVA with multiple
comparisons corrected by FDR

Changes in memory
scores (post–pre)

ANOVA
(F, P)

iTBS
(M ± S)

cTBS
(M ± S)

Sham TBS
(M ± S)

I versus S
(P and effsize)

C versus S
(P and effsize)

I versus C
(P and effsize)

MTotal1 4.5,
0.03*

8.6 ± 6.7 �3.1 ± 6.3 �0.3 ± 10.4 0.12,
1.02

0.45,
�0.34

0.09,
1.80

MTotal2 5.9,
0.01*

5.5 ± 3.4 �2.0 ± 4.2 0.1 ± 5.8 0.07,
1.12

0.36,
�0.42

0.048*,
1.95

Immediate retrieval 3.9,
0.04*

2.8 ± 2.1 �1.0 ± 2.1 �0.1 ± 3.1 0.10,
1.10

0.51,
�0.30

0.10,
1.54

Delayed retrieval 5.9,
0.01*

2.7 ± 2.0 �1.0 ± 2.0 0.3 ± 3.0 0.07,
0.99

0.31,
�0.49

0.046*,
1.88

Effsize, effect size; C, cTBS; I, iTBS; S, sham TBS; M, mean; S, standard deviation.
*P < 0.05

Table 2. Changes of associative memory scores
following excitatory iTBS, inhibitory cTBS, and sham
TBS conditions

MTotal1 MTotal2

SUB MCI/ aMCI iTBS cTBS Sham iTBS cTBS Sham

1 aMCI 11 �9 �3 5 �6 �6
2 aMCI 12 �4 16 10 �4 10
3 aMCI 3 �1 �2 4 0 2
4 aMCI 2 7 7 4 6 1
5 MCI 16 �6 �16 9 �5 �8
6 MCI �24 11 8 �6 6 7
7 aMCI 19 �10 5 9 �5 3
8 aMCI 3 �7 �12 2 �4 �4
9 aMCI 3 5 3 1 2 3

SUB, subject.
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that, compared to the sham TBS, active TBS conditions
increased RSFC between the superficial stimulation site and the
hippocampal subfields, we cannot rule out the possibility that
the observed seven other brain regions might also contribute to
the alteration of associative memory performance following
iTBS. Potential contributions of these brain regions to memory
enhancement following iTBS should be explored further in
future research.
In conclusion, the results of our study support our hypothe-

sis that iTBS is the active TBS condition that has a significant
effect on associative memory and RSFC compared to cTBS and
sham TBS conditions. TBS guided by DWI tractography has
great potential for modulating the hippocampal network via
the ILF and enhancing associative memory in individuals with
MCI. Our experiment shows that excitatory iTBS is more ben-
eficial for associative memory enhancement than inhibitory
cTBS. Our findings can be used to guide future research design
in MCI or AD to leverage the MRI data for planning stimula-
tion sites and monitoring TBS therapeutic effects.

Materials and Methods

Experimental Designs. The aims of the study were to examine TBS effects on
memory and RSFC of the hippocampal network in individuals with MCI. As men-
tioned earlier, there were three conditions: inhibitory cTBS, excitatory iTBS, and
sham TBS. The outcome measures, including associative memory performance
and RSFC, were acquired immediately before and immediately after each TBS
session. The interval between the TBS session and the MRI scanning was 5.0 ±
2.2 min because the MRI scanner was adjacent to the TMS room. The FNAME
associative memory task was administered in three TBS sessions (iTBS, cTBS, and
sham TBS), and resting-state fMRI (rs-fMRI) was performed in another three TBS
sessions (iTBS, cTBS, and sham TBS), yielding a total of six TBS sessions on six dif-
ferent days (Fig. 1). The order of the six sessions was randomized across partici-
pants. There were at least 5 d between TBS sessions to ensure an adequate
washout period. Participants were blinded to the order of TBS sessions.

Participants. Nine right-handed older adults aged between 65 and 74 y old
(70 ± 3 y, five females) participated in our study. Despite self-reported cognitive
issues among the participants, whose average education was 16.7 ± 2.1 y, they
were still able to independently perform daily living activities, such as preparing
food, dressing, and bathing, without assistance. All participants were free from
any other known neurological and psychiatric conditions (e.g., previous seizure
history, Parkinson’s disease, stroke, dementia, or depression). Participants were
classified as individuals with MCI based on testing scores derived from the Uni-
form Data Set version 3 (UDS3) neuropsychological battery. None of them was
taking antipsychotic medications nor had they recently experienced withdrawal
from drugs. Participants were screened for TMS safety with the latest guidelines
(65–68). There were no contraindications to MRI or TMS among the participants.
Participants in the study were native speakers of English. Both auditory and
visual acuity were normal or corrected to normal. This study was approved by the
Institutional Review Board of University of Arizona. Each participant voluntarily
consented to participate and was paid for their participation.

Neuropsychological Examinations. The UDS3 neuropsychological battery,
developed by the National Alzheimer’s Coordinating Center, and the Rey Audi-
tory Verbal Learning Test were administered to measure cognitive function (69,
70). The UDS3 neuropsychological battery is composed of multiple cognitive
domains, including memory, executive functioning, attention, processing speed,
and language. The performance scores were calculated by a regression-based
norms calculator, providing estimated z scores, which were adjusted for age, sex,
and education. Participants were classified as having “MCI” if their z scores were
1.5 SD below the mean of the normative data in any cognitive domain (71, 72).
Participants were further categorized as “aMCI” if they had impairment in the
memory domain.

TMS Protocols. TMS was delivered using the MagVenture MagPro ×100 stimu-
lator (MagVenture Inc.) equipped with figure-of-eight magnetic coils (MagVen-
ture C-B60 and Cool-B65 coils) and an active cooling system. In this study, we
used TBS protocols, which mimic the natural endogenous “theta rhythms” of the
human brain for the modulation of cortical plasticity (24, 62, 73). TBS, a more
efficient and enduring protocol than conventional repetitive TMS, consists of
high-frequency bursts (three pulses at 50 Hz) repeated five times per second

Table 4. Changes in functional connectivity between each participant’s superficial stimulation site and other
brain regions following TBS (n = 8): Results of repeated measures ANOVA with multiple comparisons corrected by
FDR

Connected regions
ANOVA
(F, P)

iTBS
(M ± S)

cTBS
(M ± S)

Sham TBS
(M ± S)

I versus S
(P and effsize)

C versus S
(P and effsize)

I versus C
(P and effsize)

L frontal orbital
cortex

11.7,
0.001*

�0.02 ± 0.17 0.14 ± 0.31 �0.22 ± 0.17 0.004*,
1.18

0.004*,
1.43

0.16,
�0.62

R posterior parahippocampal
gyrus

7.9,
0.005*

0.14 ± 0.15 0.01 ± 0.20 �0.19 ± 0.21 0.009*,
1.86

0.12,
1.01

0.12,
0.77

R putamen 7.0,
0.008*

0.13 ± 0.12 �0.04 ± 0.18 �0.12 ± 0.15 0.02†,
1.83

0.27,
0.48

0.08,
1.13

L occipital fusiform gyrus 6.9,
0.008*

0.02 ± 0.23 �0.05 ± 0.11 �0.31 ± 0.24 0.037†,
1.40

0.037†,
1.36

0.41,
0.42

R temporal pole 4.8,
0.026†

0.07 ± 0.33 �0.07 ± 0.20 �0.27 ± 0.38 0.025†,
0.97

0.16,
0.67

0.31,
0.52

R occipital fusiform gyrus 4.4,
0.034†

0.08 ± 0.20 �0.04 ± 0.24 �0.26 ± 0.34 0.035†,
1.20

0.24,
0.76

0.30,
0.51

R frontal orbital
cortex

4.3,
0.034†

0.01 ± 0.20 0.03 ± 0.30 �0.23 ± 0.18 0.032†,
1.26

0.06,
1.07

0.82,
�0.11

L hippocampal
fissure

4.7,
0.028†

0.02 ± 0.09 �0.11 ± 0.12 �0.26 ± 0.24 0.05†,
1.52

0.21,
0.79

0.05†,
1.18

L CA1 3.4,
0.06

0.19 ± 0.23 �0.01 ± 0.21 �0.07 ± 0.23 0.016†,
1.17

0.60,
0.29

0.23,
0.92

R hippocampal
fissure

4.5,
0.031†

0.07 ± 0.26 0.14 ± 0.26 �0.11 ± 0.11 0.14,
0.91

0.03†,
1.27

0.46,
0.28

The brain regions were defined by the Harvard–Oxford cortical and subcortical structural atlases. The hippocampal subfields were defined by FreeSurfer v6.0 segmentations. Effsize,
effect size; C, cTBS; I, iTBS; S, sham TBS; L, left; R, right.
*P < 0.01.
†P < 0.05.
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(i.e., 30 stimuli within 2 s). There are two types of TBS protocols (i.e., cTBS and
iTBS), and both protocols consisted of 600 stimuli. For the iTBS protocol, the 30
stimuli were applied every 2 s with an 8-s interval between each train (i.e., 20
trains in total taking ∼192 s). For the cTBS protocol, the 30 stimuli were applied
continuously without intertrain intervals (i.e., 20 trains in total taking 40 s). The
iTBS protocol is usually associated with facilitation in neural activity, while the
cTBS protocol typically leads to a suppression of synaptic transmission (24, 62). A
single session of TBS induces transient effects in the targeted brain structures/
networks that tend to last ∼30 to 60 min.

Each participant could have a different level of sensitivity to the magnetic
fields generated by the TMS. Therefore, we used single-pulse TMS to determine
the lowest stimulation intensity required for each participant. Stimulation inten-
sity was adjusted based on each individual’s resting motor threshold (RMT). The
RMT was estimated with the TMS Motor Threshold Assessment Tool 2.0 (http://
www.clinicalresearcher.org/software.htm) that uses maximum-likelihood parame-
ter estimation by sequential testing strategy without the need for a priori infor-
mation (74). The estimated RMT was further verified by eliciting at least three
motor-evoked potentials of 50-μV peak-to-peak amplitude of the right abductor
pollicis brevis muscle measured with an electromyography machine in six con-
secutive stimulations on the hotspot of the left primary motor cortex. Once the
RMT was determined, the stimulation intensity for TBS was set to 70% of individ-
ual RMT (75). Subsequently, we located this preplanned superficial stimulation
target by coregistering the participant’s head, structural T1-weighted MRI image,
and TMS coil in the same space using a TMS stereotactic three-dimensional (3D)
navigation system (LOCALITE). When coregistration was complete, the TMS ste-
reotactic system provided real-time feedback of the coil location and recorded
the coil position and orientation relative to the head. In our sham TBS condition,
we used a sham TMS coil designed for blinding purposes. The sham coil has a
magnetic blockage to block the stimulation but still generates stimulation
sounds and vibrating sensations (76). We followed up-to-date safety guidelines
(65–68) to minimize side effects. Participants wore earplugs to protect their
hearing.

Determination of an Individualized Superficial Stimulation Site. Both
diffusion-weighted and T1 structural MRI data were used to determine the indi-
vidualized superficial stimulation site with the following steps. First, the diffusion
data were preprocessed to reduce artifacts and noise. We removed the Gibbs
ringing artifacts (77) and used FMRIB Software Library (FSL) TOPUP to estimate
and correct susceptibility-induced distortions using reverse encoded DWI data
(78). We then applied FSL’s eddy to correct for eddy current–induced distortions
and head movement (79). The corrected data were denoised using local princi-
pal component analysis (80). The final preprocessing step applied bias field cor-
rection to the dataset using the ANTs package (81). Second, we used FreeSurfer
(https://surfer.nmr.mgh.harvard.edu) for anatomical preprocessing and segmen-
tation of hippocampal subfields. The left hippocampus was segmented into 13
subfields using FreeSurfer 6.0 (82). Among the 13 subfields, the CA1, CA3, and
dentate gyrus within the left hippocampus were selected as the ROIs because
these hippocampal subfields are involved in memory formation (29, 83). Third,
tractography analysis was performed on the preprocessed diffusion data using
MRtrix (https://github.com/MRtrix3) to generate a total of three white matter
tractography maps from each of the ROIs for each participant. Multishell, multi-
tissue constrained spherical deconvolution (MSMT-CSD), one of the high angular
resolution diffusion imaging (HARDI) modeling techniques, was used to resolve
the crossing fibers limitation of standard diffusion tensor imaging. MSMT-CSD
leverages multishell (multiple b value) DWI data to estimate a multitissue orien-
tation distribution function, which takes into account the unique b value depen-
dency of different tissue types, white matter, gray matter, and cerebrospinal fluid
(CSF), in the brain. This procedure produces more reliable white matter/gray mat-
ter/CSF volume fraction maps and significantly raises the precision of fiber orien-
tations (84), leading to more reliable tractography results. MSMT-CSD can be
implemented in MRtrix3 by using the dwi2fod dhollander and dwi2fod
msmt_csd commands. Streamlines were generated using the MRtrix3’s tckgen
command. The tckgen function generated a new streamline at each iteration by
repeatedly sampling from the voxel-wise principal diffusion direction computed
in dwi2fod. The total value of 1,000,000 iterations was executed. Fourth,
three tractography maps were generated and used to determine a superficial
stimulation site for each participant (Fig. 2). The following criteria were used to

determine the optimal superficial stimulation site for each participant: 1) the
superficial site was within 3 cm from the scalp, 2) the superficial site was struc-
turally connected to the CA1, CA3, and dentate gyrus, and 3) the superficial site
was within the parietal and occipital regions. We were able to identify one super-
ficial stimulation site for each participant with these criteria. Once the stimulation
target was determined, we then used SimNIBS 2.1 (http://simnibs.de/start) to
estimate the optimal stimulation orientation (85, 86). Finally, the image data
and the target coordinate were imported to the real-time TMS stereotactic
navigation system (Localite GmbH).

We also performed seed-based functional connectivity analysis with the FSL/
FEAT software for determining the RSFC-guided superficial stimulation site. The
threshold was Z > 3.1 with a corrected cluster threshold of P < 0.001 (87). We
could identify the superficial stimulation sites in seven out of the nine partici-
pants. The hippocampal RSFC to the parietal or occipital regions for participants
4 and 6 was�0.245 ± 0.205 (Z = 2.1) and�0.209 ± 0.085 (Z = 1.2), respec-
tively, which did not survive the correction of multiple comparisons. For these
two participants (4 and 6), although the hippocampus and the superficial stimu-
lation sites were structurally connected (as estimated by the tractography data),
the RSFC between these two regions was very low. Notably, six (1, 3, 5, 7, 8,
and 9) of the remaining seven participants showed consistent results between
RSFC-based and tractography-based strategies. For participant 2, the
tractography-based stimulation site was within the superior parietal lobe, and
the RSFC-guided site was within the superior lateral occipital cortex.

MRI Data Acquisition. MRI images were acquired by a MAGNETOM Skyra 3
Tesla MRI scanner (Siemens Medical Systems) with a 32-channel receiver head
coil. Foam pads were applied to prevent head motion. The structural MRI proto-
col included T1-MPRAGE (a 3D gradient echo pulse sequence, T1-weighted) with
a repetition time (TR) of 2,530.0 ms, echo time (TE) of 3.3 ms, inversion time (TI)
of 1,100 ms, flip angle (FA) of 7°, field of view (FoV) of 256 mm, and parallel
imaging (GRAPPA 2) resolution of 1.0 × 1.0 × 1.0 mm and a T2-FLAIR (a fluid-
attenuated inversion recovery MRI sequence, T2-weighted) with a TR of
6,700.0 ms, TE of 101 ms, TI of 2,500 ms, FA of 120°, FoV of 256 mm, and par-
allel imaging (GRAPPA 2) resolution of 1.0 × 1.0 × 2.5 mm. Diffusion-weight
MRI (single-shot parallel and multiband dual-spin-echo echo-planar imaging
[EPI] pulse sequence) parameters included an FoV of 256 mm; in-plane matrix
size of 128 × 128; in-plane acceleration factor of 2; multiband factor of 2; TE of
119 ms; TR of 3,700 ms; slice thickness of 2 mm; voxel size of 2 mm3; b = 0,
1,000, 2,000, and 3,000 s/mm2 as three shell acquisitions for further HARDI
approach; number of diffusion-encoding directions of 60; and a scan time of 9
min. To reduce susceptibility-induced distortions, two b = 0 images with identi-
cal parameters to the main DWI sequence were acquired but with opposing
phase-encoding polarity. Finally, an rs-fMRI (T2*-weighted gradient-echo EPI
pulse sequence, FoV = 240 mm, TR = 3,000 ms, TE = 36 ms,
FA = 90°, in-plane acquisition matrix size = 160 × 160, voxel size = 1.5 mm3,
and multiband factor = 2; scan time of 8 min) was acquired to evaluate changes
in functional connectivity in response to TBS. During the scans, participants were
asked to stay awake and hold still, keep their eyes focused on a cross hair, and
let their thoughts come and go as they will.

Outcome Measures and Statistical Analyses. Both associative memory and
RSFC were used to determine the individual response to each TBS condition. We
used RSFC to evaluate the deliverability of TMS to the hippocampus (12, 88).
FNAME memory test. The FNAME was designed as an assessment tool for asso-
ciative memory function because it is sensitive to subtle memory changes, and
its score is correlated with early amyloid-β deposition (30, 89). The FNAME is
composed of 12 face-name-occupation pairs, with two learning trials, two imme-
diate recall trials, a short-delayed recall after distraction (identifying 12 famous
celebrities), and a 30-min delayed recall (Fig. 3A). Participants were instructed to
associate a series of unfamiliar faces, common first names, and common occupa-
tions and to recall the name and occupation of each face in the recall trials. In
the long-delayed recall, elements included familiarity assessed by recognizing
the previously presented faces among two other new faces, face cued retrieval,
and 30-min delayed recall (Fig. 3A). We adopted two existing FNAME versions
from a previous study (30) and created four new versions, matching the propor-
tion of genders, ages, races, smile/neutral expressions, and syllable counts of
names and occupations with the previous two versions. Adult faces and names
were obtained from the Face Database (90) and popular baby names from the
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Social Security website. We performed the intraclass correlation coefficient (ICC)
analysis to examine the parallel-forms reliability across the six versions of the
FNAME test. Eleven younger adults (age = 24.6 ± 5.5 y, 36% female) took all
the six versions of the FNAME test in a randomized order. Analysis of the data
using a single-measurement, absolute agreement, two-way mixed-effects model
revealed an ICC of 0.75 (95% confidence interval of 0.55, 0.91), indicating
moderate to good parallel-forms reliability across the six FNAME test versions.

The MTotal1 of FNAME was composed of learning trial 1, learning trial 2,
immediate retrieval, and delayed retrieval (Fig. 3B). The MTotal2 included imme-
diate retrieval and delayed retrieval. The dependent variables (i.e., MTotal1, MTo-
tal2, immediate retrieval, and delayed retrieval) reflect the changes in number
of items recalled following TBS minus the number of items recalled before TBS.
All the data were checked for normality with the Shapiro–Wilk normality test. We
used a one-way repeated measures ANOVA to examine TBS effects on associative
memory performance. Post hoc analyses with pairwise comparisons between
conditions were corrected by the FDR.
fMRI and statistical analyses. The rs-fMRI data were acquired immediately
before and after each TBS session for functional connectivity analysis, which was
performed by CONN toolbox (https://www.nitrc.org/projects/conn) (91). One hun-
dred and six brain regions defined by the Harvard–Oxford cortical and subcortical

structural atlases, 26 (13 × 2 hemispheres) FreeSurfer-segmented hippocampal
subfields, and the superficial stimulation sites were included for the seed-based
ROI-to-ROI functional connectivity analyses. The voxel sizes of our rs-fMRI data
are 1.5 mm3. Unsmoothed preprocessed data were used in the analyses. A
Fisher-transformed correlation coefficient (Z) was calculated to evaluate the
changes of functional connectivity associated with the ROIs. Repeated measures
ANOVAs were used to analyze changes following TBS in RSFC with multiple com-
parisons corrected by the FDR. Statistical analyses were performed using RStudio
(RStudio, Inc.), Python 3, and MATLAB (MathWorks).

Data Availability. Anonymized MRI data that support the findings of this
study are available from the corresponding author, Y.-h.C., upon reasonable
request. All other data are included in the manuscript and/or SI Appendix.
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