Directly Measured Hemodynamic Variability Reveals Network Target Engagement During Prefrontal iTBS
Running title: TMS-fMRI-fNIRS measures variability of BOLD during iTBS
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Supplementary methods
Procedure
[bookmark: OLE_LINK12]During the baseline session, structural MRI scans were acquired for neuronavigation and fNIRS channel registration. Resting motor threshold (rMT) was subsequently determined outside the scanner using the same MR-compatible figure-of-eight coil (MagPro MRI-B91) employed for the subsequent iTBS session, and with the fNIRS cap on. The left primary motor cortex hand area was initially approximated using the C3 position of the international 10-20 EEG system1. The stimulation hotspot was then manually identified following established procedures2, 3. The rMT was defined as the minimum stimulator intensity (dI/dT) required to elicit visible muscle twitches in at least 5 out of 10 consecutive trails in the relaxed right index finger. During the rMT determination, a 7-channel surface radio frequency (RF) coil (4.5 mm)4 was mounted underneath the TMS coil, and participants wore the fully configured fNIRS cap (10 mm). This configuration increased the coil-to-cortex distance (~ 15 mm), resulting in higher measured rMT compared to standard setups. After rMT determination, a test stimulation at 90% rMT5, 6 roughly over the left DLPFC was delivered to assess tolerability. Subsequently, the 3D coordinates of all optodes and fiducial landmarks (nasion, NAS; left ear, LPA; and right ear, RPA) were digitized using a 3D digitizer (PATRIOT, Polhemus) for co-registration with anatomical MRI using NIRSTORM (https://github.com/Nirstorm/nirstorm) (Fig. 1b). 
[image: ]To ensure participant safety during concurrent iTBS-fMRI-fNIRS sessions, physiological parameters, including blood pressure and peripheral oxygen saturation (SpO₂), were monitored before and immediately after the concurrent iTBS-fMRI-fNIRS session. In addition, subjective ratings of pain and fatigue using a verbal analog scale (VAS, from 0 to 10) were collected immediately following the experiment. During the scanning and stimulation, participants were instructed to remain relaxed, awake, and still, while wearing earplugs to protect their hearing and reduce auditory stimulation from TMS pulses and scanner noise.
Supplementary Fig S1: Experimental procedure. The experiment protocol on the bassline and concurrent iTBS-fMRI-fNIRS sessions.


[image: ]
Supplementary Fig S2: Recommended fNIRS cable management for concurrent MR acquisition. (a), (b) Optimal configuration (Recommended). Optode cables are sparsely distributed and systematically routed in parallel (i.e., without crossing) along the cap. Cables are deliberately routed away from the estimated direct contact areas (indicated by yellow shading) of the surface RF coil. Furthermore, cables retain natural slack to maintain a physical distance from the scalp. While adhesive tape is recommended to keep the optodes flush against the scalp to ensure robust fNIRS signal quality throughout the session, the cables themselves should not be taped to the scalp. This arrangement effectively prevents localized signal dropout and preserves the image quality of the functional and structural MR images acquiring during concurrent iTBS-fMRI-fNIRS session. (c) Discouraged configuration. An example of poor cable management where cables are densely clustered and excessively secured (e.g., using adhesive tape) tightly against the scalp. Such configurations, particularly when positioned directly under the RF coil, can result in severe localized signal dropout (i.e., visually missing MR signal in the adjacent cortical regions).
Note: These practical recommendations are specifically based on the hardware and equipment configurations utilized in the current study.


Supplementary results

Safety
No adverse events were observed during or after the concurrent iTBS-fMRI-fNIRS sessions. Physiological measures (blood pressure and SpO₂) remained within normal ranges, and participants reported acceptable levels of pain and fatigue (mean ± SD: VAS = 4.89 ± 2.85 and 4.22 ± 1.99, respectively).



[image: ]
Supplementary Fig S3: Group-level unthresholded raw t-maps of the conventional model and the fNIRS-informed model. Corresponding brain maps (Upper panel: 3D surface renderings; and bottom panel: orthogonal slices centered at the target site, i.e., left DLPFC: x=-38, y=44, z=26) showing no similar sub-threshold target engagement between two models in the target site.
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[bookmark: OLE_LINK3]Supplementary Fig S4: Individual-level results of the conventional model (Model 1, left panel) and the fNIRS-informed model (Model 2, right panel) across the entire cohort (Subjects 1–5 shown, remaining subjects shown in Supplementary Fig S4). Upper graphs: The canonical theoretical boxcar model (grey dashed line) assumes a uniform temporal response. In contrast, individualized fNIRS-HbO trajectories (red solid lines) reveal highly subject-specific time courses, profoundly deviating from canonical expectations. Bottom panels: Corresponding brain maps (3D surface renderings and orthogonal slices) showing voxel-wise t-statistics (cluster-level PFWE < 0.05.), centered at the target site (Left DLPFC: x=-38, y=44, z=26).


[image: ]
Supplementary Fig S5: Individual-level results of the conventional model (Model 1, left panel) and the fNIRS-informed model (Model 2, right panel) across the entire cohort (Subjects 6–9 shown). Upper graphs: The canonical theoretical boxcar model (grey dashed line) assumes a uniform temporal response. In contrast, individualized fNIRS-HbO trajectories (red solid lines) reveal highly subject-specific time courses, profoundly deviating from canonical expectations. Bottom panels: Corresponding brain maps (3D surface renderings and orthogonal slices) showing voxel-wise t-statistics (cluster-level PFWE < 0.05.), centered at the target site (Left DLPFC: x=-38, y=44, z=26).


[image: ]
Supplementary Fig S6: Individual-level results (uncorrected P < 0.001) of the conventional model (Model 1, left panel) and the fNIRS-informed model (Model 2, right panel) across the entire cohort (Subjects 1–5 shown, remaining subjects shown in Supplementary Fig S2). Corresponding brain maps (3D surface renderings and orthogonal slices) showing voxel-wise t-statistics (uncorrected P < 0.001.), centered at the target site (Left DLPFC: x=-38, y=44, z=26). The results remained consistent with corrected voxel-wise t-statistics (cluster-level PFWE < 0.05, see Supplementary Fig. S3), confirming the absence of sub-threshold target activation in the conventional model.
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[bookmark: OLE_LINK7]Supplementary Fig S7: Individual-level results (uncorrected P < 0.001) of the conventional model (Model 1, left panel) and the fNIRS-informed model (Model 2, right panel) across the entire cohort (Subjects 6–9 shown). Corresponding brain maps (3D surface renderings and orthogonal slices) showing voxel-wise t-statistics (uncorrected P < 0.001), centered at the target site (Left DLPFC: x=-38, y=44, z=26). The results remained consistent with corrected voxel-wise t-statistics (cluster-level PFWE < 0.05, see Supplementary Fig. S4), confirming the absence of sub-threshold target activation in the conventional model.


	Supplementary Table S1 Individual and group level local target engagement.

	Subject
	Conventional iTBS Model (Boxcar)
	fNIRS-informed Model

	
	Local target engagement (Y/N)
	Peak MNI* [mm]
	t-value
	Minimum Euclidean distance between the DLPFC cluster edge and the target site (mm)
	Analyzed channel#
	Local target engagement (Y/N)
	Peak MNI* [mm]
	t-value
	Minimum Euclidean distance between the DLPFC cluster edge and the target site (mm)

	Sub-01
	N
	--
	--
	--
	CH 7
	Y
	-32, 48, 18
	6.90
	0.00

	Sub-02
	Y
	-40, 44, 36
	6.35
	6.00
	CH 7
	Y
	-38, 40, 38
	6.84
	8.25

	Sub-03
	N
	--
	--
	--
	CH 2
	Y
	-46, 36, 30
	4.14
	6.32

	Sub-04
	N
	--
	--
	--
	CH 7
	Y
	-36, 42, 22
	4.69
	0.00

	Sub-05
	Y
	-38, 46, 26
	7.56
	0.00
	CH 7
	Y
	-38, 50, 26
	7.29
	0.00

	Sub-06
	N
	--
	--
	--
	CH 2
	Y
	-42, 52, 20
	3.47
	0.00

	Sub-07
	N
	--
	--
	--
	CH 7
	Y
	-34, 44, 30
	3.98
	2.00

	Sub-08
	N
	--
	--
	--
	CH 7
	N
	--
	--
	--

	Sub-09
	N
	--
	--
	--
	CH 7
	N
	--
	--
	--

	Group-level
	N
	--
	--
	--
	--
	Y
	-36, 44, 18
	6.00
	3.46

	Peak MNI *: the MNI coordinates of the nearest local maximum to the target site (-38, 44, 26).
Chosen channel#: the channel nearest to the stimulation target, from which the HbO signal was derived for analysis.
Y/N = Yes/No; CH = channel.
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