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[bookmark: _Toc237205593]Supplementary Methodology
[bookmark: _Toc237205594]Supplementary Material 1. PICOS searching strategy
A structured search strategy was developed using combinations of terms aligned with the PICO (Population, Intervention, Comparison, Outcomes) framework. Searches were performed using a combination of controlled vocabulary (e.g., MeSH terms) and free-text keywords, restricted to the title, abstract, and keyword fields as supported by each database.
Population:
Healthy older adults, Aging adults, Senior adults, Preclinical Alzheimer’s Disease, Older people, Subjective Cognitive Decline (SCD) adults, Mild Cognitive Impairment (MCI), Cognitive Frailty, and Preclinical older adults
Intervention 1: 
Repetitive Transcranial Magnetic Stimulation (rTMS), Transcranial Magnetic Stimulation (TMS), Theta Burst Stimulation (TBS), Intermittent Theta Burst Stimulation (iTBS)
Intervention 2: 
Cognitive Training, Cognitive Remediation, Working Memory Training, Cognitive Flexibility Training, Inhibition Training, Multi-Domain Cognitive Training, Computerized Cognitive Intervention
Comparison: 
Sham control
Outcomes: 
Executive functions, Executive Control, Cognitive Flexibility, Task-Switching, Set-Shifting, Mental Flexibility, Reactive Flexibility, Spontaneous Flexibility, Inhibition, Inhibitory Control, Working Memory, Updating.
Boolean operators (AND, OR) were used to combine terms across domains, and syntax was tailored to the requirements of each database. 
[bookmark: _Toc237205595]Supplementary Material 2. Complete Search Strings and Results for Each Database
1. Searching Strategy on PubMed – 208
	Populations – 4,088,461

	#1
	“Health* older adult*” [Title/Abstract]

	#2
	“elder*” [Title/Abstract]

	#3
	“Aged” [MeSH]

	#4
	“Aging” [MeSH]

	#5
	"health* aging"[Title/Abstract]

	#6
	"cognit* normal"[Title/Abstract]

	#7
	"older people"[Title/Abstract]

	#8
	"subjective cognitive decline"[Title/Abstract] OR “SCD” [Title/Abstract]

	#9
	"mild cognitive impairment"[Title/Abstract] OR “MCI” [Title/Abstract]

	#10
	"Cognit* Frailt*” [Title/Abstract]

	#11
	“Sickle Cell Disease” [tiab]

	#12
	#1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10

	#13
	#12 NOT #11

	Interventions (Blocks for NIBS) – 35,130

	#14
	rTMS[Title/Abstract] OR "repetitive transcranial magnetic stimulation"[Title/Abstract]

	#15
	TMS[Title/Abstract] OR "transcranial magnetic stimulation"[MeSH] OR ”Deep Transcranial Magnetic Stimulation”[Title/Abstract]

	#16
	TBS[Title/Abstract] OR "theta burst stimulation"[Title/Abstract]

	#17
	cTBS[Title/Abstract] OR "Continuous theta burst stimulation"[Title/Abstract]

	#18
	iTBS[Title/Abstract] OR "intermittent Theta Burst Stimulation (iTBS)"[Title/Abstract]

	#19
	#14 OR #15 OR #16 OR #17 or #18

	Interventions (Blocks for Cognitive Intervention) – 10,844

	#20
	"cognitive training"[MeSH] OR "cognit* train*" [Title/Abstract]

	#21
	“cognit* interventio*” [Title/Abstract]

	#22
	"working memory train**"[Title/Abstract]

	#23
	"Flexibility train*"[Title/Abstract]

	#24
	"Inhibit* train*"[Title/Abstract]

	#25
	"multi-domain cognitive*"[Title/Abstract]

	#26
	"cognitive remediation"[MeSH] OR "cognitive remedia*"[Title/Abstract]

	#27
	"cognitive stimulat*"[Title/Abstract]

	#28
	"computerized cognit* train*"[Title/Abstract]

	#29
	#20 OR #21 OR #22 OR #23 OR #24 OR #25 OR #26 OR #27 OR #28

	Outcome – 3,158,295

	#30
	“Executive Function” [MeSH] OR “Executive Function*” [Title/Abstract] OR Executive*[Title/Abstract]

	#31
	"working memory"[Title/Abstract]

	#32
	"inhibit* control"[Title/Abstract] OR inhibit*[Title/Abstract]

	#33
	"cognitive flexibility"[MeSH] OR "cognitive flexibility"[Title/Abstract] OR “Set-Shift*”[Title/Abstract] OR “dual-task*”[Title/Abstract]

	#34
	”react* flexibility”[Title/Abstract] OR “spontan* flexibility” [Title/Abstract]

	#35
	#30 OR #31 OR #32 OR #33 OR #34

	#36
	#13 AND (#19 OR  (#19 AND #29)) AND #35 Filters: Full Text, Clinical Trial Sort by: Most Recent


2. Searching Strategy on Cochrane Library: 497
	Populations - 648,079

	#1
	Health* older adult*:ti,ab,kw

	#2
	elder*:ti,ab,kw

	#3
	MeSH descriptor: [Aged] explode all trees

	#4
	MeSH descriptor: [Aging] explode all trees

	#5
	health* ag*:ti,ab,kw

	#6
	cognit* normal:ti,ab,kw

	#7
	older people:ti,ab,kw

	#8
	("Subjective Cognitive Decline" OR "SCD"):ti,ab,kw

	#9
	("mild cognitive impairment" OR "MCI"):ti,ab,kw

	#10
	(“Cognitive Frailty”):ti,ab,kw

	#11
	MeSH descriptor: [Anemia, Sickle Cell] explode all trees

	#12
	#1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10

	#13
	#12 NOT #11

	Interventions (Blocks for NIBS) – 11,421

	#14
	(rTMS OR "repetitive transcranial magnetic stimulation"):ti,ab,kw

	#15
	(TMS OR "transcranial magnetic stimulation"):ti,ab,k

	#16
	(TBS OR "theta burst stimulation"):ti,ab,kw

	#17
	MeSH descriptor: [Transcranial Magnetic Stimulation] explode all trees

	#18
	(iTBS OR “intermittent Theta Burst Stimulation”):ti,ab,kw

	#19
	(cTBS OR "Continuous theta burst stimulation"):ti,ab,kw

	#20
	#14 OR #15 OR #16 OR #17 OR #18 OR #19

	Interventions (Blocks for Cognitive Intervention) – 78,574

	#21
	MeSH descriptor: [Cognitive Training] explode all trees

	#22
	(cognit* train*):ti,ab,kw

	#23
	(cognit* interventio*):ti,ab,kw

	#24
	(working memory train*):ti,ab,kw

	#25
	(Flexibility train*):ti,ab,kw

	#26
	(Inhibit* train*):ti,ab,kw

	#27
	(multi-domain cognitive*):ti,ab,kw

	#28
	MeSH descriptor: [Cognitive Remediation] explode all trees

	#29
	(cognitive stimulat*):ti,ab,kw

	#30
	(computerized cognit* train*):ti,ab,kw

	#31
	#21 OR #22 OR #23 OR #24 OR #27 OR #28 OR #29 OR #30

	Outcome - 4,066,203

	#32
	MeSH descriptor: [Executive Function] explode all trees

	#33
	MeSH descriptor: [Cognitive Flexibility] explode all trees

	#34
	MeSH descriptor: [Memory, Short-Term] explode all trees

	#35
	MeSH descriptor: [Inhibition, Psychological] explode all trees

	#36
	“Cognitive Flexibility”:ti,ab,kw

	#37
	“working memory”:ti,ab,kw

	#38
	“Inhibition”:ti,ab,kw

	#39
	"Inhibitory Control":ti,ab,kw

	#40
	#32 OR #33 OR #34 OR #35 OR #36 OR #37 OR #38 OR #39

	#41
	#13 AND (#20 OR (#20 AND #31)) AND #40



3. Searching Strategy on Embase – 324
	Populations - 8,193,865

	#1
	‘Health* Old* Adult*’:ti,ab,kw

	#2
	‘elder*’:ti,ab,kw

	#3
	‘Age*’:ti,ab,kw or “Aging”/exp

	#4
	’Health* Aging’:ti,ab,kw

	#5
	‘Cognitive* Normal’:ti,ab,kw

	#6
	‘Subjective Cognitive Decline’/exp OR ‘SCD’:ab,ti,kw

	#7
	‘mild cognitive impairment’/exp OR ‘MCI’:ab,ti,kw

	#8
	‘Cognit* Frail*’:ab,ti,kw

	#9
	“Sickle Cell Disease”/exp

	#10
	#1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8

	#11
	#10 NOT #9

	Interventions (Blocks for NIBS) - 59,248

	#12
	"repetitive transcranial magnetic stimulation"/exp or ‘rTMS’:ti,ab,kw

	#13
	"transcranial magnetic stimulation"/exp or ‘TMS’:ti,ab,kw

	#14
	"theta burst stimulation"/exp or ‘TBS’:ti,ab,kw

	#15
	“iTBS” OR “intermittent Theta Burst Stimulation”:ti,ab,kw

	#16
	“cTBS” OR "Continuous theta burst stimulation":ti,ab,kw

	#17
	#12 OR #13 OR #14 OR #15 OR #16

	Interventions (Blocks for Cognitive Intervention) - 18,501

	#18
	‘cognit* train*’:ti,ab,kw or ‘cognitive training’/exp

	#19
	‘cognit* interventio*’:ti,ab,kw

	#20
	‘work* memory train*’:ti,ab,kw

	#21
	‘Flex* Train*’:ti,ab,kw

	#22
	‘Inhibit* Train*’:ti,ab,kw

	#23
	‘cognitive stimulat*’:ti,ab,kw

	#24
	‘computer* cognit* train*’:ti,ab,kw

	#25
	#18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24

	Outcome - 4,066,203

	#26
	“Executive Function”/exp or “Executive Function”:ti,ab,kw

	#27
	‘Cognitive Flexibility’:ti,ab,kw or “cognitive flexibility”/exp

	#28
	‘Working Memory’:ti,ab,kw or “working memory”/exp

	#29
	‘Inhibit*’:ti,ab,kw

	#30
	#26 OR #27 OR #28 OR #29

	#31
	#11 AND (#17 OR (#17 AND #25)) AND #30

	#32
	 #31 AND 'randomized controlled trial'/de 



4. Searching Strategy on APA PsycInfo - 553 
	Populations: S1 - 1,141,914

	tiab(‘Health* Old* Adult*’) OR tiab(‘elder*’) OR tiab(‘Age*’) OR tiab(‘Cognitive* Normal’) OR tiab(‘Subjective Cognitive Decline’ OR ‘SCD’) OR tiab(‘mild cognitive impairment’ OR ‘MCI’) OR tiab(‘Cognit* Frailt*’) NOT tiab(‘Sickle Cell Disease’)

	Interventions (NIBS): S2 - 13,515

	tiab("repetitive transcranial magnetic stimulation" OR “rTMS”) OR tiab("transcranial magnetic stimulation" or “TMS”) OR tiab("theta burst stimulation" OR “TBS”) OR tiab(“iTBS” OR “intermittent Theta Burst Stimulation”) OR tiab( “cTBS” OR "Continuous theta burst stimulation")

	Interventions (Cognitive Intervention): S3 - 6,977

	tiab(“cognit* train*”) OR tiab(“cognit* interventio*”) OR tiab(“work* memory train*”) OR tiab(“Flex* Train*”) OR tiab(“Inhibit* Train*”) OR tiab("cognit* stimulat*") OR tiab("computer* cognit* train*")

	Outcome: S4 - 227,583

	tiab(“Executive Function”) OR tiab(“Cognitive Flexibility”) OR tiab(”Working Memory”) OR tiab(“Inhibit*”) OR tiab("Updating") OR tiab("Spontaneous Flexibility") OR tiab ("Reactive Flexibility")

	[S1] AND ([S2] OR ([S2] AND [S3])) AND [S4] available in English in Human Studies



5. Searching Strategy on Web of Science - 182
	#1 Populations - 7,084,785

	(‘Health* Old* Adult*’)(Topic) or ‘elder*’(Topic) or ‘Age*’(Topic) or ‘Cognitive* Normal’ (Topic) or ‘Subjective Cognitive Decline’ OR ‘SCD’ (Topic) or ‘mild cognitive impairment’ OR ‘MCI’(Topic) OR ‘‘Cognit* Frail*”(Topic) OR NOT ‘Sickle Cell Disease’ (Topic)

	#2 Interventions (NIBS) - 57,034

	("repetitive transcranial magnetic stimulation" OR “rTMS”) (Topic) OR ("transcranial magnetic stimulation" or “TMS”) (Topic) OR ("theta burst stimulation" OR “TBS”) (Topic) or (“iTBS” OR “intermittent Theta Burst Stimulation”) (Topic) or ("Continuous theta burst stimulation" OR “cTBS”)(Topic)

	#3 Interventions (Cognitive Intervention) - 12,700

	“cognit* train*” (Topic) or “cognit* interventio*” (Topic) or “work* memory train*” (Topic) or “Flex* Train*” (Topic) or “Inhibit* Train*” (Topic) or "cognit* stimulat*" (Topic) or "computer* cognit* train*" (Topic)

	#4 Outcome: S4 - 4,129,704

	“Executive Function” (Topic) or “Cognitive Flexibility” (Topic) or ”Working Memory” (Topic) or “Inhibit*” (Topic)

	#1 AND (#2 OR (#2 AND #3)) AND #4 Published in English and within Trials


[bookmark: _Toc237205596]Supplementary Material 3. Eligibility criteria
Inclusion Criteria
Participants
Age ≥ 55 years who had at least one of the following conditions:
· Healthy older adults: Patients with a Montreal Cognitive Assessment (MoCA) score ≥ 26, indicating intact cognition.
· Subjective Cognitive Decline: Diagnosed with Subjective Cognitive Decline (SCD) per Jessen's criteria [1].
· Mild Cognitive Impairment: Diagnosed with MCI per Petersen’s criteria [2], or National Institute on Aging-Alzheimer’s Association (NIA-AA) criteria, or specialist clinical diagnosis.
· Diagnosed with Cognitive Frailty according to IANA/IAGG, with a CDR score of 0.5 among older adults without concurrent Alzheimer's disease (AD) or any other form of dementia [3].
Interventions
Interventions were required to include repetitive Transcranial magnetic stimulation (rTMS or iTBS), with optional inclusion of additional behavioral training.
Comparisons
Each study was required to include appropriate control groups with alternative forms of intervention, such as a cognitive training–only group or a sham stimulation control group.
Outcome Measurements
Included studies were required to report at least one quantitative outcome measure of executive function, as defined by Diamond (2013). Eligible domains encompassed cognitive flexibility (e.g., task switching, set shifting, mental flexibility, spontaneous flexibility, and semantic fluency), inhibitory control, and working memory (updating), reported either as a primary or secondary outcome.
Study Design
This review included RCTs and randomized crossover trials, including pilot studies published in English in a peer-reviewed journal. 
Exclusion Criteria
Participants
· Studies were excluded from the review if they involved participants with established Alzheimer’s disease dementia, other dementias, or neurological conditions associated with cognitive impairment (e.g., traumatic brain injury, stroke, or Parkinson’s disease).
· Studies were also excluded if participants had major psychiatric disorders, such as schizophrenia, major depressive disorder (MDD), or substance use disorders.

[bookmark: _Toc237205597]Supplementary Material 4. Detailed data conversions methodology
The pooled mean and SD were calculated as follows [5]:


Median and interquartile range (IQR) values were converted to mean and SD following the technique in Wan et al. (2014). Reported standard errors of the mean (SEMs) were converted to standard deviations (SDs) using the formula SD = SEM × √n (where n = sample size). For studies presenting results only in bar charts, data were extracted from figures using a plot digitizer (https://plotdigitizer.com/).

[bookmark: _Toc237205598]Supplementary Results
[bookmark: _Toc237205599]Supplementary Material 5. Example studies excluded at full-text review
	Reason for exclusion 
	Study citation
	Reason for exclusion descriptor

	Ineligible Populations
	Blumberger DM, Mulsant BH, Thorpe KE, McClintock SM, Konstantinou GN, Lee HH, Nestor SM, Noda Y, Rajji TK, Trevizol AP, Vila-Rodriguez F, Daskalakis ZJ, Downar J. Effectiveness of Standard Sequential Bilateral Repetitive Transcranial Magnetic Stimulation vs Bilateral Theta Burst Stimulation in Older Adults With Depression: The FOUR-D Randomized Noninferiority Clinical Trial. JAMA Psychiatry. 2022 Nov 1;79(11):1065-1073. doi: 10.1001/jamapsychiatry.2022.2862.
	The study contains another disease (Depression). Therefore, we excluded this study.

	Ineligible Populations
	Buard I, Sciacca DM, Martin CS, Rogers S, Sillau SH, Greher MR, Chen R, Kluger BM. Transcranial magnetic stimulation does not improve mild cognitive impairment in Parkinson's disease. Mov Disord. 2018 Mar;33(3):489-491. doi: 10.1002/mds.27246. 
	The study contains another disease (Parkinson's Disease). Therefore, we excluded this study.

	Ineligible Populations
	Lang S, Gan LS, Yoon EJ, Hanganu A, Kibreab M, Cheetham J, Hammer T, Kathol I, Sarna J, Martino D, Monchi O. Theta-Burst Stimulation for Cognitive Enhancement in Parkinson's Disease With Mild Cognitive Impairment: A Randomized, Double-Blind, Sham-Controlled Trial. Front Neurol. 2020 Dec 21;11:584374. doi: 10.3389/fneur.2020.584374 
	The study contains another disease (Parkinson's Disease). Therefore, we excluded this study.

	Study without a Control Group
	Zhang X, Ren H, Pei Z, Lian C, Su X, Lan X, Chen C, Lei Y, Li B, Guo Y. Dual-targeted repetitive transcranial magnetic stimulation modulates brain functional network connectivity to improve cognition in mild cognitive impairment patients. Front Physiol. 2022 Nov 18;13:1066290. doi: 10.3389/fphys.2022.1066290.
	There was no sham stimulation control group in this trial. Therefore, we excluded this study.

	Study without Executive Functions Outcome Assessments
	Yuan LQ, Zeng Q, Wang D, Wen XY, Shi Y, Zhu F, Chen SJ, Huang GZ. Neuroimaging mechanisms of high-frequency repetitive transcranial magnetic stimulation for treatment of amnestic mild cognitive impairment: a double-blind randomized sham-controlled trial. Neural Regen Res. 2021 Apr;16(4):707-713. doi: 10.4103/1673-5374.295345.
	There are only neuroimaging results in this trial. Therefore, we excluded this study.


[bookmark: _Toc237205600]Supplementary Material 6. Funnel plot of the meta-analysis for the overall effects of rTMS on cognitive flexibility.
[image: ]
Note. Each dot represents the effect size of an individual study plotted against its standard error. The vertical solid line indicates the pooled effect size estimated using the random-effects model.


[bookmark: _Toc237205601]Supplementary Material 7. Funnel plot of the meta-analysis for the overall effects of rTMS on working memory.
[image: ]
Note. Each dot represents the effect size of an individual study plotted against its standard error. The vertical solid line indicates the pooled effect size estimated using the random-effects model. Black dots represent imputed studies estimated using Duval and Tweedie’s trim-and-fill method to correct for potential publication bias.




[bookmark: _Toc237205602]Supplementary Material 8. Sensitivity Analyses after Excluding Fair-Quality and Crossover Design Studies
	Outcome
	Immediate/Follow-Up
	Before
	After

	
	
	K
	Hedges’ 𝒈
[95%CI]
	p (effect)
	I²
	τ2
	K
	Hedges’ 𝒈
[95%CI]
	p
(effect)
	I²
	τ2

	Cognitive Flexibility
	Immediate
	10
	0.312
[0.00, 0.62]
	.049*
	48.60
	0.12
	7
	0.564
[0.04, 1.09]
	.035*
	74.90
	0.36

	
	Follow-Up
	3
	0.333
[0.02, 0.64]
	.036*
	0
	0
	-
	-
	-
	-
	-

	Inhibitory Control
	Immediate
	6
	0.152
[-0.09, 0.39]
	.214
	0
	0
	5
	0.150
[-0.11, 0.41]
	.266
	0
	0

	
	Follow-Up
	1
	-
	-
	-
	
	-
	-
	-
	-
	-

	Working Memory
	Immediate
	11
	0.303
[0.00, 0.60]
	.049*
	44.80
	0.12
	8
	0.395
[-0.03, 0.82]
	.065
	59.19
	0.22

	
	Follow-Up
	3
	0.786
[-0.16, 1.73]
	.104
	74.39
	0.52
	-
	-
	-
	-
	-


· = not applicable

[bookmark: _Toc237205603]
Supplementary Material 9. Sensitivity analyses using different pre-post correlation coefficients
	Outcome
	Immediate/Follow-Up
	Pre-Post Correlation: 0.2
	Pre-Post Correlation: 0.5
	Pre-Post Correlation: 0.8

	
	
	Hedges’ 𝒈
[95%CI]
	p (effect)
	I²
	τ2
	Hedges’ 𝒈
[95%CI]
	p
(effect)
	I²
	τ2
	Hedges’ 𝒈
[95%CI]
	p
(effect)
	I²
	τ2

	CF
	Immediate
	0.272
[0.00, 0.54]
	.047*
	32.65
	0.24
	0.312
[0.00, 0.62]
	.049*
	48.60
	0.12
	0.409
[-0.00, 0.82]
	.052
	70.23
	0.30

	
	Follow-Up
	0.268
[-0.04, 0.58]
	.091
	0
	0
	0.333
[0.02, 0.64]
	.036*
	0
	0
	0.456
[0.04, 0.87]
	.031*
	30.73
	0.04

	IC
	Immediate
	0.129
[-0.11, 0.37]
	.290
	0
	0
	0.152
[-0.09, 0.39]
	.214
	0
	0
	0.227
[-0.04, 0.49]
	.095
	0
	0

	
	Follow-Up
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	WM
	Immediate
	0.253
[-0.00, 0.51]
	.053
	24.72
	0.05
	0.303
[0.00, 0.60]
	.049*
	44.80
	0.12
	0.419
[0.02, 0.82]
	.041*
	67.79
	0.31

	
	Follow-Up
	0.649
[-0.17, 1.47]
	.121
	67.12
	0.35
	0.786
[-0.16, 1.73]
	.104
	74.39
	0.52
	1.070
[-0.08, 2.22]
	.068
	81.20
	0.83


· = not applicable; CF = Cognitive Flexibility; IC = Inhibitory Control; WM = Working Memory


[bookmark: _Toc237205604]Supplementary Material 10. Subgroup analyses of TMS protocol × stimulation target across executive function domains
	Outcome
	Target Region
	Frequency
(High/Low)
	K
	Effect Size
	Heterogeneity

	
	
	
	
	Hedges’ 𝒈
	Lower Limit
	Upper Limit
	p
	I2
	p
	τ2

	Cognitive Flexibility*1
	Overall
	0.312
	0.00
	0.62
	.049*
	48.60
	.041*
	0.12

	
	Left DLPFC
	High
	3
	0.033
	-0.87
	0.94
	.943
	72.02
	.028*
	0.46

	
	Bilateral DLPFC
	High
	2
	0.964
	0.37
	1.56
	.001*
	0
	.663
	0

	Inhibitory Control*1
	Overall
	0.091
	-0.169
	0.351
	.492
	0
	.950
	0

	
	Left DLPFC
	High
	3
	0.339
	-0.052
	0.729
	.089
	0
	.643
	0

	Working Memory*1
	Overall
	
	0.303
	0.00
	0.64
	.049*
	44.80
	.053
	0.12

	
	Left DLPFC
	High
	2
	-0.022
	-0.88
	0.83
	.960
	64.78
	.092
	0.25

	
	Right DLPFC
	High
	2
	0.972
	-0.54
	2.49
	.208
	83.09
	.015*
	0.99

	
	Bilateral DLPFC
	High
	3
	0.390
	-0.21
	0.99
	.201
	44.09
	.167
	0.12


* Abbreviations: DLPFC, dorsolateral prefrontal cortex; mPFC, medial prefrontal cortex; TPJ, temporoparietal junction
* High-frequency rTMS is defined as stimulation at a frequency greater than or equal to 5 Hz, whereas low-frequency rTMS refers to stimulation below 5 Hz.
*1 Data from the rTMS+CT and the rTMS group from Senczyszyn et al. (2023) were pooled together in the subgroup analysis on different target regions.



[bookmark: _Toc237205605]Supplementary Material 11. Exploratory subgroup moderator analyses by intervention format
	Outcome
	rTMS alone
	rTMS Hybrid
	Q_Between
	p

	
	K
	Hedges’ 𝒈
 (95% CI)
	p
	K
	Hedges’ 𝒈
 (95% CI)
	p
	
	

	Cognitive Flexibility- Immediate
	8
	0.332
[-0.22, 0.88]
	.239
	2
	0.595
[0.24, 0.95]
	.001*
	0.618
	.432

	Inhibitory Control - Immediate
	4
	0.428
[0.01, 0.85]
	.047*
	2
	0.059
[-0.26, 0.38]
	.717
	1.868
	.172

	Working Memory - Immediate
	10
	0.411
[-0.04, 0.86]
	.073
	1
	0.678
[-0.12, 1.47]
	.094
	-
	-


*1 Data from the rTMS and the iTBS group from Zheng et al. (2024) were combined in this subgroup analysis as an rTMS-alone approach.
*2 For Senczyszyn et al. (2023), the rTMS + cognitive training and rTMS-alone arms were classified separately according to intervention format; the shared control group was adjusted to avoid double-counting.
*Exploratory subgroup analyses were not formally interpreted when one subgroup contained only one study.
* Abbreviations: rTMS, repetitive transcranial magnetic stimulation 


[bookmark: _Toc237205606]Supplementary Material 12. Exploratory subgroup moderator analyses by diagnostic category
	Outcome
	Healthy Older Adults
	At-Risk Older Adults
	Q_Between
	p

	
	K
	Hedges’ 𝒈
 (95% CI)
	p
	K
	Hedges’ 𝒈
 (95% CI)
	p
	
	

	Cognitive Flexibility - Immediate
	1
	-0.284
[-0.95, 0.39]
	.405
	9
	0.489
[0.04, 0.94]
	.031*
	-
	-

	Inhibitory Control - Immediate
	1
	0.642
[-0.36, 1.65]
	.211
	5
	0.206
[-0.09, 0.50]
	.171
	-
	-

	Working Memory - Immediate
	3
	0.183
[-0.23, 0.60]
	.386
	8
	0.554
[-0.03, 1.14]
	.064
	1.024
	.311


*Exploratory subgroup analyses were not formally interpreted when one subgroup contained only one study.
* Abbreviations: rTMS, repetitive transcranial magnetic stimulation


[bookmark: _Toc237205607]Supplementary Material 13. Exploratory meta-regression of number of stimulation sessions
	Outcome
	K
	Coefficient
	SE
	95% CI
	Z
	p
	τ² residual
	I² residual (%)
	Q

	Cognitive Flexibility-Immediate
	10
	0.038
	0.025
	[–0.01, 0.09]
	1.50
	.134
	0.292
	65.42
	23.14

	Inhibitory Control - Immediate
	6
	-0.017
	0.012
	[-0.04, 0.01]
	-1.43
	.153
	0
	0
	3.82

	Working Memory - Immediate
	11
	0.017
	0.029
	[-0.04, 0.07]
	0.56
	.576
	0.346
	70.06
	30.06


* Abbreviations: rTMS, repetitive transcranial magnetic stimulation


[bookmark: _Toc237205608]Supplementary Material 14. GRADE evidence profile for rTMS effects on executive-function outcomes
	Outcome
	K/n
	Hedges’ g
[95%CI]
	Risk of Bias
	Inconsistency
	Indirectness
	Imprecision
	Publication Bias
	Certainty
	Reason for downgrading

	Cognitive Flexibility - Immediate
	10/349
	0.312
[0.00, 0.62]
	Not Serious
	Not Serious
	Not serious
	Serious
	Not Detected
	Moderate
	Downgraded one level for imprecision because the confidence interval extended from a negligible effect to a moderate benefit.

	Cognitive Flexibility -Follow-up
	3/157
	0.333
[0.02, 0.64]
	Not Serious
	Not Serious
	Not serious
	Serious
	Not Assessable
	Moderate
	Downgraded one level for imprecision because the estimate was based on only three studies with a relatively small total sample and the confidence interval allowed effects ranging from very small to moderate.

	Inhibitory Control - Immediate
	6/265
	0.152
[-0.09, 0.39]
	Not Serious
	Not serious
	Not serious
	Serious
	Not Assessable
	Moderate
	Downgraded one level for imprecision because the confidence interval included both no effect and a potentially meaningful benefit.

	Working Memory -Immediate
	11/324
	0.303
[0.00, 0.60]
	Not Serious
	Not serious
	Not serious
	Serious
	Serious
	Low
	Downgraded one level for imprecision because the confidence interval extended from a negligible effect to a moderate benefit, and one level for publication bias because Egger’s test indicated small-study effects.

	Working Memory -Follow-up
	3/75
	0.786
[-0.16, 1.73]
	Not Serious
	Serious
	Not serious
	Serious
	Not Assessable
	Low
	Downgraded one level for inconsistency because substantial heterogeneity was present (I² = 74.39%), and one level for imprecision because the estimate was based on three studies with a small total sample and a very wide confidence interval spanning no effect and a large benefit.
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	Section and Topic 
	Item #
	Checklist item 
	Location where item is reported 

	TITLE 
	

	Title 
	1
	Identify the report as a systematic review.
	Title page

	ABSTRACT 
	

	Abstract 
	2
	See the PRISMA 2020 for Abstracts checklist.
	Abstract

	INTRODUCTION 
	

	Rationale 
	3
	[bookmark: _Hlk137584096]Describe the rationale for the review in the context of existing knowledge.
	1-3th paragraph of introduction

	Objectives 
	4
	[bookmark: _Hlk137584111]Provide an explicit statement of the objective(s) or question(s) the review addresses.
	4th paragraph of the introduction

	METHODS 
	

	[bookmark: _Hlk137584937]Eligibility criteria 
	5
	[bookmark: _Hlk137584958][bookmark: _Hlk137585399]Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses.
	Method: Eligibility Criteria and Supplementary Material 3

	Information sources 
	6
	[bookmark: _Hlk137585644]Specify all databases, registers, websites, organisations, reference lists, and other sources searched or consulted to identify studies. Specify the date when each source was last searched or consulted.
	Method: Search strategy

	Search strategy
	7
	Present the full search strategies for all databases, registers, and websites, including any filters and limits used.
	Method: Search strategy and Supplementary Materials 1 and 2

	[bookmark: _Hlk137586450]Selection process
	8
	Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each record and each report retrieved, whether they worked independently, and, if applicable, details of automation tools used in the process.
	Method: Search strategy

	[bookmark: _Hlk137586477]Data collection process 
	9
	[bookmark: _Hlk137586438]Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked independently, any processes for obtaining or confirming data from study investigators, and if applicable, details of automation tools used in the process.
	Method: Data extraction

	[bookmark: _Hlk137586577]Data items 
	10a
	[bookmark: _Hlk137586558]List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each study were sought (e.g., for all measures, time points, analyses), and if not, the methods used to decide which results to collect.
	Method: Data extraction 

	
	10b
	[bookmark: _Hlk137586743]List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any assumptions made about any missing or unclear information.
	Method: Data extraction

	Study risk of bias assessment
	11
	[bookmark: _Hlk137636995]Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each study and whether they worked independently, and if applicable, details of automation tools used in the process.
	Method: Risk of bias and certainty of evidence assessment

	[bookmark: _Hlk137639752]Effect measures 
	12
	[bookmark: _Hlk137637357]Specify for each outcome the effect measure(s) (e.g., risk ratio, mean difference) used in the synthesis or presentation of results.
	Method: Data and statistical analysis and Supplementary Material 4

	[bookmark: _Hlk137639815]Synthesis methods
	13a
	Describe the processes used to decide which studies were eligible for each synthesis (e.g., tabulating the study intervention characteristics and comparing against the planned groups for each synthesis (item #5)).
	Method: Data extraction

	
	13b
	[bookmark: _Hlk137638741]Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics or data conversions.
	Method: Data extraction, Data and statistical analysis, and Supplementary Material 4

	
	13c
	[bookmark: _Hlk137639189]Describe any methods used to tabulate or visually display the results of individual studies and syntheses.
	Method: Data and statistical analysis

	
	13d
	[bookmark: _Hlk137639339][bookmark: _Hlk137639440]Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used.
	Method: Data and statistical analysis

	
	13e
	[bookmark: _Hlk137639541]Describe any methods used to explore possible causes of heterogeneity among study results (e.g., subgroup analysis, meta-regression).
	Method: Data and statistical analysis

	
	13f
	[bookmark: _Hlk137639663]Describe any sensitivity analyses conducted to assess the robustness of the synthesized results.
	Method: Data and statistical analysis

	Reporting bias assessment
	14
	Describe any methods used to assess the risk of bias due to missing results in a synthesis (arising from reporting biases).
	Method: Data and statistical analysis

	Certainty assessment
	15
	Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome.
	Method: Risk of bias and certainty of evidence assessment

	RESULTS 
	

	Study selection 
	16a
	Describe the results of the search and selection process, from the number of records identified in the search to the number of studies included in the review, ideally using a flow diagram.
	Results: Search results and study selection, Figure 1. PRISMA flow chart for our selection of studies for review and meta-analysis

	
	16b
	Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded.
	Supplementary Material 5

	Study characteristics 
	17
	Cite each included study and present its characteristics.
	Results: Study characteristics, Table 1 Study characteristics of the included studies

	Risk of bias in studies 
	18
	Present assessments of risk of bias for each included study.
	Results: Quality Assessment, Table 2 PEDro scores of the included studies

	Results of individual studies 
	19
	For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect estimate and its precision (e.g. confidence/credible interval), ideally using structured tables or plots.
	Results: Effects of rTMS on cognitive flexibility, Effects of rTMS on inhibitory control, Effects of rTMS on working memory, Table 3 Intervention effects of rTMS on core executive functions

	Results of syntheses
	20a
	For each synthesis, briefly summarize the characteristics and risk of bias among contributing studies.
	Results: Effects of rTMS on cognitive flexibility, Effects of rTMS on inhibitory control, Effects of rTMS on working memory, Supplementary Material 8

	
	20b
	Present the results of all statistical syntheses conducted. If a meta-analysis was done, present, for each, the summary estimate and its precision (e.g., confidence/credible interval), and measures of statistical heterogeneity. If comparing groups, describe the direction of the effect.
	Results: Effects of rTMS on cognitive flexibility, Effects of rTMS on inhibitory control, Effects of rTMS on working memory, Table 3 Intervention effects of rTMS on core executive functions

	
	20c
	Present the results of all investigations of possible causes of heterogeneity among study results.
	Results: Effects of rTMS on cognitive flexibility, Effects of rTMS on inhibitory control, Effects of rTMS on working memory, Supplementary Materials 10-13

	
	20d
	[bookmark: _Hlk137645344]Present the results of all sensitivity analyses conducted to assess the robustness of the synthesized results.
	Results: Effects of rTMS on cognitive flexibility, Effects of rTMS on inhibitory control, Effects of rTMS on working memory, Supplementary Materials 8 and 9

	Reporting biases
	21
	[bookmark: _Hlk137645367]Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed.
	Results: Effects of rTMS on cognitive flexibility, Effects of rTMS on inhibitory control, Effects of rTMS on working memory, Supplementary Materials 6 and 7

	Certainty of evidence 
	22
	Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed.
	Results: Effects of rTMS on cognitive flexibility, Effects of rTMS on inhibitory control, Effects of rTMS on working memory, Supplementary Material 14

	DISCUSSION 
	

	Discussion 
	23a
	[bookmark: _Hlk137645403]Provide a general interpretation of the results in the context of other evidence.
	Discussion: Overall effects of rTMS on core executive functions

	
	23b
	[bookmark: _Hlk137645414]Discuss any limitations of the evidence included in the review.
	Discussion: Study’s strengths, limitations, future research recommendations

	
	23c
	[bookmark: _Hlk137645455]Discuss any limitations of the review processes used.
	Discussion: Study’s strengths, limitations, future research recommendations

	
	23d
	[bookmark: _Hlk137645463]Discuss implications of the results for practice, policy, and future research.
	Discussion: Study’s strengths, limitations, future research recommendations

	OTHER INFORMATION
	

	Registration and protocol
	24a
	[bookmark: _Hlk137645605]Provide registration information for the review, including the register name and registration number, or state that the review was not registered.
	Method: 1st paragraph

	
	24b
	[bookmark: _Hlk137645932]Indicate where the review protocol can be accessed, or state that a protocol was not prepared.
	Method: 1st paragraph

	
	24c
	[bookmark: _Hlk137645910]Describe and explain any amendments to information provided at registration or in the protocol.
	Supplementary Material 16

	Support
	25
	Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the review.
	Ethics declarations: Funding

	Competing interests
	26
	Declare any competing interests of review authors.
	Author Information: Contributions, Ethics declarations

	Availability of data, code, and other materials
	27
	Report which of the following are publicly available and where they can be found: template data collection forms; data extracted from included studies; data used for all analyses; analytic code; any other materials used in the review.
	Availability of data and materials


From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021; 372: n71. doi: 10.1136/bmj.n71 For more information, visit: http://www.prisma-statement.org/ 


[bookmark: _Toc237205610]Supplementary Material 16. Protocol Deviations from the PROSPERO Registration
Several methodological refinements were made after PROSPERO registration. These changes were introduced to improve the methodological appropriateness, robustness, and transparency of the review. They did not alter the overarching focus of the review on the effects of rTMS on executive functions in healthy and at-risk older adults. All deviations are described below.
	Domain
	PROSPERO
	Final Manuscript
	Rationale
	Manuscript Location

	Title
	The Effects of Transcranial Magnetic Stimulation with or Without Cognitive Training on Executive Functions in Healthy and Pre-Clinical Older Adults: A Systematic Review and Meta-Analysis
	The Effects of Repetitive Transcranial Magnetic Stimulation on Executive Functions in Healthy and At-Risk Older Adults: A Systematic Review and Meta-Analysis
	The revised title is more concise and specifies repetitive transcranial magnetic stimulation as the intervention of interest. The phrase “with or without cognitive training” was removed because behavioral training was treated as a co-intervention rather than the primary focus of the review. In addition, “pre-clinical older adults” was replaced with “at-risk older adults,” as this term more accurately reflects the eligible non-demented populations within the review scope who were at increased risk of cognitive decline, including individuals with subjective cognitive decline or mild cognitive impairment.
	Title

	Review Objectives
	Which intervention protocols (rTMS, iTBS, TMS+CT) yield optimal improvements?
	The planned protocol-level comparison was operationalized as exploratory moderator analyses. Intervention format was examined by comparing standalone and hybrid rTMS-based interventions. Additional exploratory analyses examined diagnostic category (healthy vs. at-risk older adults), and meta-regression assessed the number of stimulation sessions as a continuous moderator of immediate effects.
	The planned protocol-level comparison was revised to reflect the characteristics and availability of the included evidence. iTBS was not analyzed as a separate intervention category because it is a patterned form of rTMS, and the limited number of eligible studies did not support a meaningful comparison between conventional rTMS and iTBS. The original category of TMS combined with cognitive training was broadened to intervention format because the identified hybrid protocols also included other behavioral interventions, such as exercise. Diagnostic category and number of stimulation sessions were additionally examined as exploratory moderators to characterize clinical and dose-related heterogeneity.
	Method: Data and statistical analysis, Supplementary Material 11-13

	Eligibility Criteria
	Interventions
Interventions were required to include transcranial magnetic stimulation, including rTMS, TMS, iTBS, or TBS, with optional inclusion of cognitive training.
	Interventions
Interventions were required to include repetitive transcranial magnetic stimulation, including conventional rTMS or patterned protocols such as iTBS, administered either as a standalone intervention or in combination with additional behavioral training.
	The intervention criterion was refined to focus specifically on repetitive TMS-based protocols and broadened with respect to eligible co-interventions. Although the PROSPERO record listed rTMS, TMS, iTBS, and TBS as separate categories, iTBS was treated in the final review as a patterned form of rTMS rather than as a distinct intervention class. Eligible co-interventions were broadened from cognitive training to additional behavioral interventions because the identified hybrid protocols also included physical exercise. Such interventions may alter the neural state during or around stimulation and potentially influence activity-dependent plasticity or metaplastic responses to rTMS; restricting eligibility to cognitive training would therefore have excluded conceptually relevant hybrid protocols. rTMS remained a required core component of the intervention.
	Method: Eligibility Criteria, Supplementary Material 3
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