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Background: Studies have shown the clinical effects of repetitive transcranial 
magnetic stimulation (rTMS) on depression in Alzheimer’s disease (AD). However, 
the underlying mechanisms remain poorly understood. The measurement of 
brain activation links neurobiological and functional aspects but is challenging 
in patients with dementia. This study investigated the influence of rTMS on 
cortical activation in patients with AD and depressive symptoms, measured 
using functional near-infrared spectroscopy (fNIRS) during a verbal fluency task.

Methods: In this randomized, double-blind study, patients with AD and 
depression received either active rTMS (n = 17) or sham-rTMS (n = 16). Patients 
received 4 weeks of bilateral standard rTMS (1 Hz rTMS delivered to the right 
dorsolateral prefrontal cortex (DLPFC) and 10-Hz rTMS delivered to the left 
DLPFC).

Results: No significant changes were found in the Mini-Mental State Examination 
(MMSE) and Modified Barthel Index (MBI); however, significant changes were 
found for the 17-item Hamilton Depression Rating Scale (HAMD-17) and the 
depression score of the Neuropsychiatric Inventory (NPI-depression; p < 0.05). 
The results showed a decrease in the concentration of oxygenated hemoglobin, 
as measured with fNIRS, from baseline to week 4  in CH41 (in right DLPFC; 
p = 0.0047, FDR-corrected). There was a negative correlation between the 
improvement in HAMD-17 severity in these patients and reduced oxygenated 
hemodynamic response of CH41 (r = − 0.504, p = 0.039).

Conclusion: The results indicated a positive effect of rTMS on depression in 
patients with AD. The underlying cortical changes were imaged using fNIRS. 
Prefrontal activation measured by fNIRS is a potential biomarker for monitoring 
the response of patients with depression in AD to rTMS treatment.
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1 Introduction

Alzheimer’s disease (AD) is a primary neurodegenerative disease 
characterized by a progressive decline in short-term memory during 
its early stages. As AD progresses, cognitive function and daily social 
skills are further impaired (Botto et  al., 2022). Behavioral and 
psychological symptoms in dementia (BPSD) have been suggested by 
the International Psychiatric Association to describe the spectrum of 
non-cognitive and non-neurological symptoms of dementia, such as 
agitation, aggression, mental illness, depression, and apathy (Padovani 
et al., 2023). Patients with AD have a higher incidence of BPSD than 
do older individuals without dementia (Lee and Lyketsos, 2003). 
Almost all patients with AD (97%) have BPSD (Takemoto et al., 2020). 
Depression is one of the most common forms of BPSD, affecting 
approximately 30–50% of patients (Teng et  al., 2008). Typical 
depressive symptoms in patients with AD include insomnia, social 
withdrawal, reduced purpose-oriented behavior, loss of interest in 
once-enjoyable activities and hobbies, guilt, hopelessness, and sadness 
(Cimadamore et al., 2021). Depression not only exacerbates cognitive 
impairment in patients but also significantly impairs their daily living 
abilities, leading to a decrease in quality of life and increased risk of 
hospitalization and death. Conversely, treating the symptoms of 
depression that appear over the course of a neurodegenerative process 
can help delay the progression of dementia (Aguera-Ortiz et al., 2021).

Antidepressants are the main drugs used to treat depression in 
patients with AD. However, the efficacy of antidepressants for treating 
depression in patients with AD remains controversial (Orgeta et al., 
2017). Additionally, older people have a higher risk than young people 
of adverse events when using antidepressants (Coupland et al., 2011). 
Therefore, comprehensive interventions, including noninvasive 
physical therapy, should be performed to treat depression in AD.

Transcranial magnetic stimulation (TMS) is a painless and 
non-invasive treatment that acts on the central nervous system, 
regulating the action potential of neurons, and affecting metabolism 
and neurophysiological activities in the brain. According to different 
TMS stimulation pulses, TMS can be divided into three stimulation 
modes: single-pulse TMS, paired-pulse TMS, and repetitive TMS 
(rTMS). rTMS is one of the most commonly used TMS approaches in 
clinical practice. Low frequency (≤1 Hz) stimulation can reduce 
cortical excitability, while high frequency (>1 Hz) stimulation can 
increase cortical excitability. Several studies have demonstrated 
therapeutic effects of rTMS on senile depression (Cappon et al., 2022). 
Additionally, rTMS not only improves cognition (Lin et al., 2019; 
Chou et al., 2020; Yan et al., 2023) but also prevents BPSD, especially 
depression, in patients with AD (Ahmed et al., 2012; Teselink et al., 
2021; Zhang et al., 2022; Yang and Zhou, 2023).

Regional cerebral blood flow can serve as a biological marker to 
distinguish between patients with and without depression (Li et al., 
2021), suggesting that functional near-infrared spectroscopy (fNIRS), 
a functional neuroimaging tool that investigates cerebral 
hemodynamic changes in the cerebral cortex, might be useful for 
evaluating the efficacy of rTMS for depression in patients (Gao et al., 
2019; Xiong et  al., 2023). For the underlying neuropathological 

association, the depression score was found to be correlated with brain 
regional tau deposition, especially in the temporal cortex including 
the entorhinal cortex and middle temporal cortex (Zhou, 2020).

In summary, in the current study, fNIRS was used as a detection 
technique, with cortical hemodynamics of the prefrontal and temporal 
cortices as clinical observation indicators, to explore whether the two 
cortices of patients with AD and depression have a specific response 
to rTMS treatment.

2 Materials and methods

2.1 Participants

This pilot feasibility study was a single-site, prospective, double-
blind study in which patients and assessors were blinded, randomized, 
parallel-arm, and sham-controlled for rTMS treatment of depression 
in older adults with AD.

Patients were recruited from the Hospital Department of the 
Affiliated Kangning Hospital of Ningbo University from November 1, 
2021, to November 4, 2022. Experienced research psychiatrists 
recommended that potential participants receive further study. 
Participants were randomized in a 1:1 ratio to either the active or 
sham-rTMS group using a computer-generated sequence. Allocation 
concealment was maintained by using sealed opaque envelopes. 
Participants received 20 consecutive 30-min applications of active/
sham TMS from Monday to Friday for 4 weeks. A participant’s 
allocated intervention during the trial was revealed by the principal 
investigator at the end of the study. The trial results were 
communicated by the study coordinators when requested.

Inclusion criteria were as follows: (1) Participants who meet the 
criteria of probable AD defined by National Institute of Neurological 
and Communicative Diseases and Stroke-Alzheimer’s Disease and 
Related Disorders Association research criteria (McKhann et  al., 
1984); (2) Participants who met the criteria for depression in AD 
defined by the National Institute of Mental Health criteria (Teng et al., 
2008); (3) Adequate visual and auditory abilities to perform all aspects 
of the cognitive and functional assessments, and sufficient mobility to 
allow transportation and participation in all planned interventions.

Exclusion criteria were as follows: (1) Life-threatening somatic 
diseases; (2) History of other mental disorders; (3) Alcohol or other 
substance abuse; (4) Disturbed consciousness, central nervous system 
infection, stroke, brain tumor, and other neurological diseases, or a 
history of diseases that may limit the use of rTMS or medical 
treatment devices, such as placement of cardiac pacemakers, 
intracranial metal, and aneurysm clips; and (5) Use of drugs or 
substances that affect cerebral perfusion, such as caffeine, alcohol, and 
acetazolamide within the day fNIRS was performed (Hernandez-
Garcia et al., 2019). Prior to the study, all participants provided written 
informed consent. This study was approved by the Ethics Committee 
of the Hospital Department of the Affiliated Kangning Hospital of 
Ningbo University (Approval no.: NBKNYY-2021-LC-40) on 
November 1, 2021, and registered in the Chinese Clinical Trials 
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Registry (registration no. ChiCTR2100053538) on November 
24, 2021.

2.2 rTMS procedures (bilateral standard 
rTMS)

Participants received 20 consecutive 30-min applications of 
active/sham rTMS from Monday to Friday for 4 weeks (a total of 
20 sessions). A figure-eight coil (Coil-D70-air film coil, Magstim) 
was placed over the left and right dorsolateral prefrontal cortex 
(DLPFC) lobes, which were determined using the MNI coordinates 
(MNIx,y,z = 44, 40, 29; Fox et al., 2012) in the neuronavigation 
Brainsight system (Rogue Research Inc., Montreal, Canada). 
Referring to the standard sequence of bilateral rTMS (Blumberger 
et  al., 2022), the parameters of our research consisted of 1-Hz 
stimulation (120% resting motor threshold, 900 pulses over 
15 min) to the right DLPFC, followed by standard FDA-cleared 
10-Hz stimulation (120% resting motor threshold, 900 pulses over 
15 min) to the left DLPFC. The sham treatments used a MAGSTIM 
pseudo-stimulus coil placed over the left and right DLPFC that 
transmitted no stimulation. The rTMS machine was a MAGSTIM 
Rapid2 model (Magstim Ltd., Oxford, UK). Patients in both groups 
experienced the same sound during the rTMS treatment. 
Participants were unaware of their assignation to sham or 
treatment group.

2.3 Neuropsychological assessment

All participants received neuropsychological and clinical 
evaluation, and data were collected via assessments that were 
implemented at baseline, and 2 weeks and 4 weeks after the end 
of treatment.

The primary outcome measure was the assessment of depression 
in AD. To reduce the error associated with using a single scale to 
evaluate depression in AD, this experiment used two scales: the 
Hamilton Depression Rating Scale (HAMD-17) and the 
Neuropsychiatric Inventory (NPI-depression; Cummings, 1997). A 
HAMD-17 score  <  7 indicated no depression, with depression 
considered present for scores ≥7. The NPI is a proxy-reported scale 
developed to assess 12 neuropsychiatric disturbances that are common 
in dementia, of which depression is an important dimension.

Secondary outcome measures included the Mini-Mental State 
Examination (MMSE) and the Modified Barthel Index (MBI). The 
MMSE (Folstein et al., 1975) was used to assess general cognitive 
function. The MBI (Alsubiheen et al., 2022) was used to compare the 
level of ADL performance, with MBI scores ranging from 0 to 23.

Neuropsychological assessment was performed face-to-face by 
experienced psychiatrists blinded to the group allocation. During the 
interviews, demographic information, body weight, and height were 
measured and recorded. All assessors were trained at a 
monthly workshop.

2.4 Activation task (verbal fluency task)

The task procedure used in the present study was a Chinese-
language phonological verbal fluency task (VFT) developed by Quan 
et  al. for Chinese participants (Quan et  al., 2015). The VFT was 
executed during the daytime. The VFT consisted of a 30-s pre-task 
baseline, 60-s task period, and 60-s post-task baseline. During the pre- 
and post-task baseline periods, participants were asked to repeat 
counting from 1 to 5 following voice prompts from the fNIRS 
machine. During the task period, participants were required to 
construct as many phrases as possible using three commonly used 
characters, such as “蓝” (blue), “大” (big), and “天” (sky). Participants 
were instructed to generate as many words as possible, beginning with 
the same syllable. All participants were given the same syllable cues, 
and no changes were made to the order of presentation. We provided 
all participants with a practice session before formal testing to ensure 
that they fully understood the tasks. The three characters were 
changed every 20 s during the task period to reduce the time during 
which participants were silent (see Figure 1).

2.5 NIRS measurement

Participants were seated comfortably in a quiet room. Hemoglobin 
concentrations were measured using a multichannel near-infrared 
optical imaging system (NirScan, Danyang Huichuang Medical 
Equipment Co., Ltd., China). The sampling frequency was 11 Hz, with 
major wavelengths of 730 and 850 nm, and 808 nm as the isotopic 
wavelength for correction. We  used the FPz channel (10/20 
International System) as the center of the middle probe; 31 SD probes 
(consisting of 15 sources and 16 detectors) with a fixed 3-cm 

FIGURE 1

The VFT protocol used for near-infrared spectroscopy. Each trial consisted of a 30 s pre-task rest period, a 60 s task period subdivided into three 20 s 
task s and finally, a 60 s post-task rest period.
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inter-probe distance were placed to cover each participant’s bilateral 
PFC and temporal cortices, with the lowest probes positioned along 
the Fp1-Fp2 line (Figure  2). A total of 48 NIRS channels 
were established.

2.6 Data processing and analysis

2.6.1 NIRS data analysis
The toolbox HOMER2, a MATLAB-based graphical user interface 

program, was used to analyze NIRS data (Huppert et al., 2009). Data 
were preprocessed using the following steps: motion artifacts were 
corrected using moving SD and cubic spline interpolation methods. 
A 0.01–0.20 Hz bandpass filter was used to remove physiological noise 
(e.g., respiration, cardiac activity, and low-frequency signal drift). The 
modified Beer–Lambert law was used to convert optical densities into 
changes in oxygenated hemoglobin (oxy-Hb) and deoxygenated 
hemoglobin (deoxy-Hb) concentrations. We  used oxy-Hb as our 
primary indicator in the following analysis because the change in 
oxy-Hb could better reflect cortical activity, as it is assumed to more 
directly respond to cognitive task-related brain activation and more 
strongly correlate with blood oxygenation level-dependent signals 
measured by fMRI (Strangman et al., 2002). We used the final 10 s of 
the pre-task rest period as the baseline. The VFT block waveforms 
were calculated using a block range set of 0–125 s, pre-baseline range 
set of 0–10 s, and post-baseline range set of 70–125 s. We used a 60-s 
task period to construct the time window to analyze the mean oxy-Hb 
changes. Linear fitting was applied to the data of the two baselines. 
According to the waveforms of individuals in all 48 channels, the 
average waveforms of oxy-Hb and deoxy-Hb changes in all 
participants in the two groups were obtained.

2.6.2 Statistics
Statistical analyses were conducted using SPSS 22.0 (IBM Corp., 

NY, USA). The NirSpark software package and GraphPad Prism 8 
were used to generate figures and graphs, respectively. Data normality 
was tested using the Shapiro–Wilk test. The demographic and clinical 
data were analyzed using a chi-squared test, t-test, or Mann–Whitney 
U test to compare the rTMS and sham-rTMS groups. We  used a 
two-way mixed ANOVA with different groups (rTMS group vs. 

sham-rTMS group) as the between-participants factor and time (pre 
vs. post) as the within-participants factor to analyze the effect of rTMS 
intervention on neuropsychological assessment. The sphericity of the 
set of variables was evaluated using the Mauchly test, and, when it was 
violated, the Greenhousee-Geisser correction was used. The effect size 
of the mixed-design ANOVA was determined using partial eta 
squared (η2). Pairwise multiple comparisons between follow-up time 
points and baseline were conducted within each group and adjusted 
with Bonferroni procedure. To analyze our fNIRS data, independent 
samples t-tests were used to compare oxy-Hb values during the VFT 
for each channel between the rTMS and sham-rTMS at baseline and 
4 weeks. The differences in oxy-Hb values during the VFT for each 
channel were compared between pre- and post-treatment, using 
paired t-tests. In case of non-normal data, non-parametric Mann 
Whitney U test and Wilcoxon signed-rank test were used as 
appropriate. Cohen’s d effect size was used to measure the magnitude 
of the difference between groups. The statistical results were corrected 
for multiple comparision across channels by using the false discovery 
rate (FDR) controlling procedure. Pearson’s correlation coefficient was 
performed to determine the relationship between oxy-Hb change 
values (post-pre) and HAMD and NPI-depression change scores 
(post-pre). Statistical significance was defined as p < 0.05, two-tailed.

3 Results

In total, 60 patients with AD were recruited, of whom 22 were 
excluded (12 did not meet the inclusion criteria, 7 declined to participate 
and 3 had unstable medical conditions). The remaining 38 individuals 
were randomly divided into two groups (19 in the rTMS group and 19 in 
the sham-rTMS group). During the experiment, five individuals were 
lost (two from the rTMS group and three from the sham-rTMS group). 
Screening, enrollment, and participation are shown in Figure 3. The final 
33 patients completed the 2-week intervention and the 4-week follow-up.

3.1 Demographic and clinical 
characteristics

Patient baseline characteristics are detailed in Table 1. Mean patient 
age was 73.76 ± 3.882 and 72.63 ± 6.752 years old in the rTMS Group 
and Sham-rTMS Group, respectively. There were 7/10 (41.2%) and 7/9 
(43.8%) males/females in the rTMS Group and Sham-rTMS Group, 
respectively. There were no significant differences between the two 
groups in terms of demographics, concomitant medications, 
or comorbidities.

3.2 Clinical outcomes

3.2.1 Primary outcomes
Figure 4 shows the primary results. Tables 2, 3 shows the two-way 

repeated-measures ANOVA results for the HAMD and 
NPI-depression scores in the two groups.

Repeated measures analysis revealed a significant time × group 
interaction (F = 14.07, p < 0.01) and an effect of time (F = 141.12, 
p < 0.01) on HAMD scores in patients. However, there was no significant 
difference in HAMD scores between the two groups (F = 1.236, 

FIGURE 2

The position of channels.
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p = 0.275). Simple effects analyses revealed that the HAMD scores in the 
rTMS group were significantly lower than those in the sham-rTMS 
group at week 4 (p = 0.031). Multiple comparisons showed that the 
HAMD scores in the rTMS and sham-rTMS groups were significantly 
reduced at weeks 2 and 4, respectively, compared to baseline.

Repeated measures analysis revealed a significant time × group 
interaction (F = 7.784, p = 0.004) and an effect of time (F = 61.046, 
p < 0.01) on NPI-depression scores in patients. Similarly, there was no 
significant difference in NPI-depression scores between the two 
groups (F = 1.297, p = 0.264). Additionally, NPI-depression scores in 
the rTMS group were significantly lower than those in the sham-rTMS 
group at week 4 (p = 0.015). The NPI-depression scores in the rTMS 
and sham-rTMS groups were significantly reduced at weeks 2 and 4, 
respectively, compared with baseline.

3.2.2 Secondary outcomes
The secondary outcomes are presented in Table  4. Repeated-

measures analysis revealed that no effects were significant (time × 
group, F = 0.400, p = 0.599; time, F = 2.653, p = 0.099; group, 

F = 0.233, p = 0.633) on MMSE scores in patients. Repeated measures 
analysis revealed a significant effect of time (F = 6.610, p = 0.006) on 
MBI scores in patients. Multiple comparisons showed that the MBI 
scores in the TMS and sham-TMS groups were significantly reduced 
at weeks 4 compared to baseline (p = 0.019). The time by group 
interaction (F = 0.549, p = 0.533) and the difference between the two 
groups (F = 0.260, p = 0.614) were not significant.

3.3 Effects of rTMS on oxy-Hb signals 
during VFT task

The mean baseline oxy-Hb concentrations for CH 41 were not 
significantly different between the rTMS and sham-rTMS groups 
(p = 0.496, FDR-corrected). We found a lower mean oxy-Hb signal in 
the rTMS group than in the sham-rTMS group at week 4 (p = 0.0155, 
FDR-corrected; Cohen’s d = 0.228; Figure 5). The rTMS group showed 
a significant difference after 4 weeks of treatment (p = 0.0047, 
FDR-corrected), whereas no changes were found in the sham-rTMS 

FIGURE 3

CONSORT flow diagram of participants through the trial.
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FIGURE 4

The HAMD score (A) and NPI-depression score (B) of patients at baseline, and weeks 2 and 4 after treatment.

group after 4 weeks of treatment (p = 0.583, FDR-corrected; Cohen’s 
d = 0.230). We simultaneously analyzed the other 47 channels and 
found no significant differences in the concentrations of oxy-Hb 
between the rTMS and sham-rTMS groups.

3.4 Correlation between primary outcomes 
change and oxy-Hb change

Figure 6 shows that there was a negative correlation between 
the improvement in HAMD severity in these patients and reduced 
oxy-Hb concentrations of CH41 (r = −0.504, p = 0.039). A 
non-significan correlation between the improvement in 
NPI-depression severity and reduced oxy-Hb concentrations was 
observed (r = −0.426, p = 0.0878).

3.5 Adverse events

The procedure was safe and well-tolerated. Five participants 
reported adverse events, four in the rTMS group and one in the 

sham-rTMS group. All events were mild and mostly resolved on the 
day of occurrence with either minor or no action (mild headache, 
n = 3; scalp/skin discomfort, n = 3; neck pain/stiffness, n = 1; fatigue, 
n = 1). Details of adverse events are listed in Table 5.

4 Discussion

This study found that patients with depression in AD who 
received rTMS treatment showed significant improvement in 
depression compared to the sham-TMS group. A small number of 
RCT have been performed of rTMS applied to patients with 
depression in AD. Ahmed et al. showed that high-frequency rTMS 
applied bilaterally to the DLPFC improved Geriatric Depression 
Scale scores in patients with AD (Ahmed et al., 2012). Lee et al. 
found that the Geriatric Depression Scale score did not improve 
significantly in a rTMS-COG (rTMS combined with cognitive 
training) treatment group (Lee et al., 2016). The main reason for 
this is likely that the treatment parameters (especially brain 
regions stimulated) of rTMS differ significantly from those in 
our trial.

TABLE 1 Baseline patients’ demographic and clinical characteristics.

Variables rTMS Group (n = 17) Sham-rTMS Group (n = 16) X2/z/t p-value

Age, years, mean (SD) 73.76 (3.882) 72.63 (6.752) 1.140 0.267

Gender, male/female 7/10 7/9 0.036 0.849

BMI, kg/m2, mean (SD) 23.565 (4.5958) 21.737 (2.4309) 1.439 0.163

Education, years, median (interquartile range, IQR) 9 (6) 9 (3) −0.379 0.705

Years since diagnosis of Alzheimer’s disease, median (IQR) 2.0 (2.0) 2.0 (3.0) −0.391 0.695

Concomitant medications

Acetylcholinesterase Inhibitors, n (%) 13 (76.5%) 12 (75%) 0.010 0.922

Memantine, n (%) 12 (70.6%) 11 (68.8%) 0.013 0.909

Antidepressants, n (%) 11 (64.7%) 11 (68.8%) 0.061 0.805

Complications (diabetes, hypertension, or both), n (%) 10 (58.8%) 11 (68.8%) 0.351 0.554
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Many studies have shown that the PFC affects individuals’ 
emotions and behaviors, and a significant relationship exists 
between abnormal PFC function and cognitive defects in patients 
with depression (Akiyama et  al., 2018; Gao et  al., 2022). For 
instance, significant connection between dorso-lateral prefrontal 
cortex (DLPFC) and depression score has been reported in a general 
clinical population including multiple sclerosis (MS) patients 
(Zhou, 2019). Some studies have found that significantly reduced 
frontotemporal activation, including the left DLPFC, is the key to 
the onset of depression (Akiyama et al., 2018; Tsujii et al., 2021). 
Others have indicated that the right PFC plays a key role in the 
development of depression (Cao et al., 2013; Tsujii et al., 2021). It 
is generally believed that high-frequency TMS of the left DLPFC or 
low-frequency TMS of the right DLPFC can be  used to treat 
depression (Cao et al., 2013).

Currently, most studies have used rTMS to stimulate the left 
DLPFC to treat AD; however, there are relatively few reports on its 
therapeutic effects on depression in AD (Xue et al., 2024). Thus, a 
single stimulus target may not be effective for treating depression in 
patients with AD. Standard bilateral rTMS (high-frequency rTMS 
stimulation of the left DLPFC combined with low-frequency rTMS 
stimulation of the right DLPFC) has been shown to be efficacious in 
multiple clinical trials, and is one of the most effective rTMS protocols 
according to network meta-analyses (Mutz et al., 2019). One study 
found superior remission rates with bilateral stimulation (40%) 
compared with both left-unilateral (0%) and sham (0%) stimulation 
in older patients with TRD (Trevizol et al., 2019). Ahmed et al. found 
that high-frequency stimulation of the left and right DLPFC improved 
cognition and depression in patients with AD (Ahmed et al., 2012). 
Although that study suggests that bilateral DLPFC stimulation can 
improve depression in patients with AD, the patients were not treated 
with standard bilateral rTMS. Therefore, the current study is the first 

to use standard bilateral rTMS to treat depression in AD and to 
explore its possible cortical activation mechanism.

Our research found that the cognitive ability of patients with AD 
who received MMSE assessment showed little or no significant 
improvement after 4 weeks of rTMS treatment compared with the 
sham group, which is consistent with the results of a meta-analysis 
(Dong et  al., 2018). The main reasons include the following: the 
MMSE is relatively less sensitive for cognitive assessment of AD, and 
some subtle cognitive improvements cannot be  detected. The 
ADAS-Cog score and other scales are more precise than is the MMSE 
for exploring cognitive function (Dong et al., 2018). The duration of 
rTMS intervention was only 4 weeks; if it reaches 6 weeks or more, 
the improvement may be statistically significant. The purpose of this 
intervention was more inclined toward improving depression, and 
there are differences in the parameters of the TMS intervention in 
this experiment. Patients with severe dementia are not suitable for 
rTMS treatment (Sabbagh et al., 2020). Some patients in this trial had 
severe dementia, which may have affected the rTMS 
treatment outcomes.

No significant improvement in MBI was observed among patients 
with AD in this study after treatment, and the differences between the 
treatment and sham groups were not significant. This is consistent 
with the results of several studies (Dong et al., 2018). The most likely 
reason for this is that the MBI is not well-adapted to the assessment of 
ADL in patients with AD.

Studies have found a significant relationship between changes in 
hemodynamics in the right DLPFC and the severity of depressive 
symptoms (Noda et al., 2012). Arai et al. found lower activation of the 
bilateral frontal and parietal lobes in patients with AD during a VFT 
(Arai et al., 2006). Yap et al. observed lower and relatively delayed 
activation of the left PFC during a VFT in patients with AD (Yap et al., 
2017). Metzger et al. showed hypoactivation of frontoparietal areas 

TABLE 2 Primary outcomes.

Scales rTMS Group (n = 17) Sham-rTMS Group (n = 16) Time Group Time × Group

Baseline 2 weeks 4 weeks Baseline 2 weeks 4 weeks P, F, η2 P, F, η2 P, F, η2

HAMD, 

mean (SD)

18.59 (6.315) 14.35 (5.454) 9.82 (5.09) 18.56 (6.314) 16.69 (5.618) 14 (5.538) <0.01, 

141.126, 

0.823

0.275, 1.236, 

0.038

<0.01, 14.07, 0.312

NPI-

depression, 

mean (SD)

6.94 (3.288) 3.88 (1.799) 2.24 (1.251) 6.63 (3.304) 5.44 (2.756) 3.81 (2.167) <0.01, 

61.046, 

0.803

0.264, 1.297, 

0.04

0.004, 7.784, 0.202

TABLE 3 Pairwise multiple comparison results related to the primary outcomes.

Scales Groups Times, mean (SD) 2 weeks vs. Baseline 4 weeks vs. Baseline

Baseline 2 weeks 4 weeks Mean 
(2 weeks − baseline)

95% CI p Mean 
(4 weeks − baseline)

95% CI p

HAMD TMS Group 18.588 

(1.531)

14.353 

(1.342)

9.824 (1.288) −4.235 −5.342 to 

−3.128

<0.001 −8.765 −10.639 

to −6.890

<0.001

Sham-rTMS 

Group

18.563 

(1.579)

16.688 

(1.383)

14.000 

(1.328)

−1.875 −3.016 to 

−0.734

0.001 −4.563 −6.494 to 

−2.631

<0.001

NPI-

depression

TMS Group 6.941 (0.799) 3.882 (0.561) 2.235 (0.426) −3.059 −4.016 to 

−2.102

<0.001 −4.706 −5.933 to 

−3.478

<0.001

Sham-rTMS 

Group

6.625 (0.824) 5.438 (0.578) 3.813 (0.439) −1.188 −2.174 to 

−0.201

0.014 −2.813 −4.078 to 

−1.547

<0.001

All the p-values are adjusted with Bonferroni procedure.
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(such as the DLPFC) during the VFT in AD (Metzger et al., 2016). 
Herrmann et  al. found reduced DLPFC and less locally specific 
activation during the VFT in patients with AD (Yap et al., 2017).

Compared to more well-known technologies, such as magnetic 
resonance imaging and positron emission tomography, fNIRS has 
multiple practical advantages: it is noninvasive, easy to use, 
low-cost, and portable. Another important advantage of fNIRS is 
its relatively low sensitivity to motion, which permits the adoption 
of more ecologically effective tasks. This is particularly important 
for patients with dementia who cooperate poorly with data 
collection. Therefore, NIRS has great potential for the diagnosis 
and evaluation of neurocognitive and motor dysfunctions (Pinti 
et al., 2020).

Many of the aforementioned studies combined the VFT paradigm 
with fNIRS technology and found that the activation patterns in the 
left DLPFC are closely related to both AD and depression (Yap et al., 
2017; Akiyama et al., 2018; Tsujii et al., 2021), whereas the activation 
patterns in the right DLPFC are closely related to depression (Noda 
et al., 2012).

Interestingly, this study’s results showed that, compared with the 
sham-TMS group, the average hemoglobin concentration of channel 
41 in the TMS group decreased significantly after 4 weeks of treatment; 
this channel was located in the right DLPFC (Li et al., 2024). The 
decrease in channel 41 activation from baseline to post treatment 
negatively correlated with the improvement in depressive symptoms. 
Compared with other studies, this study did not detect activation of 
the DLPFC in either hemisphere (Burke et al., 2022; Huang et al., 
2022).The right DLPFC itself is related to negative emotions such as 

depression. Low-frequency TMS can improve depression by reducing 
cerebral blood flow in the right DLPFC and other brain areas (Kito 
et al., 2008; Kito, 2012).

The relative maintenance of cognitive function, along with 
greater hemodynamic responses (hyperactivation) following fNIRS, 
suggests the involvement of compensatory mechanisms (Clement 
and Belleville, 2010). However, failure of neural compensation 
(reduced hemodynamic responses and hypoactivation) is 
predominantly observed in the more severe stages of 
neurodegeneration (Niu et al., 2013). Patients with AD are prone to 
complete interruption of compensatory responses due to their 
inability to cope with excessive cognitive load and may have difficulty 
activating brain function during a VFT. Short-term, low-intensity 
rTMS combined with drug stimulation may cause difficulty in 
achieving statistically significant cognitive improvement and 
increased left DLPFC activation.

Our study provides the first evidence of a correlation between 
reduced fNIRS activation in the specific right DLPFC region and 

TABLE 4 Secondary outcomes.

Scales rTMS Group (n = 17) Sham-rTMS Group (n = 16) Time Group Tim × Group

Baseline 2 weeks 4 weeks Baseline 2 weeks 4 weeks P, F, η2 P, F, η2 P, F, η2

MMSE, 

mean (SD)

17.65 (4.197) 17.88 (4.196) 17.94 (4.451) 17.06 (3.043) 17.31 (3.092) 17.19 (3.487) 0.099, 

2.653, 

0.079

0.633, 

0.233, 0.007

0.599, 0.400, 0.013

MBI, mean 

(SD)

82.35 (13.477) 82.94 (12.382) 84.12 (11.757) 85.00 (17.795) 85.94 (16.147) 86.25 (15.759) 0.006, 

6.610, 

0.176

0.614, 

0.260, 0.008

0.533, 0.549, 0.017

FIGURE 5

Comparing the difference of concentration of HbO in rTMS group 
and the sham-rTMS group in channel 41. The statistical threshold 
was set at p < 0.05. *p < 0.05.

FIGURE 6

Correlation Between HAMD score change and oxy-Hb change.

TABLE 5 Adverse events by relationship to study device and study group.

Adverse events rTMS Group 
(n = 17)

Sham-rTMS 
Group (n = 16)

Headache 2 1

Scalp/skin discomfort 2 1

Neck pain/stiffness 1 0

Fatigue 0 1
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improvement in depressive symptoms in patients during rTMS 
treatment. fNIRS can be used to monitor the therapeutic response of 
rTMS treatment in patients with AD and depression. Our observations 
support the potential mechanism by which rTMS improves depression 
in AD, which is to reduce metabolic activity and blood flow perfusion 
in specific regions of the right DLPFC.

4.1 Limitations

The current study has some limitations. Our sample size was small, 
and future studies with larger sample sizes are required to confirm these 
preliminary findings. We did not evaluate behavioral performance on the 
VFT. Some patients with AD have difficulty completing the VFT owing 
to poor cognition, which could affect the NIRS assessment results. 
Additional paradigms may be  required in the future to improve the 
results’ accuracy and reliability. Participants were all hospitalized patients 
and, therefore, it would have been difficult to require patients to return to 
the hospital for follow-up after discharge. Hence, the patients were not 
further followed up after the end of the study; hence, we cannot know the 
long-term effects of the treatment in this trial, and given the progressive 
course of AD, it is likely that symptoms worsened again once the 
interventions were stopped. Having more frequent fNIRS measurements 
(e.g., weekly) in longitudinal studies may permit better understanding of 
brain dynamics and minimize the influence of confounding factors.

5 Conclusion

In summary, an effect of TMS was observed in a small sample 
of patients with AD. Using fNIRS technology, we  found that 
patients with depression in AD had significantly reduced right 
DLPFC-specific brain activation during the VFT period after 
bilateral standard rTMS. There was a correlation between the 
improvement in depression severity in these patients and the 
reduced oxy-Hb rresponse of specific brain regions in the right 
DLPFC. These results indicate that using fNIRS to measure the 
hemodynamic response in the PFC to a VFT is a potential 
biomarker for monitoring patients’ response to rTMS. Improving 
cognition, depression, and brain function in AD and predicting 
patient prognosis are important issues that require 
further exploration.
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