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A B S T R A C T

Background: The instantaneous neural response to prefrontal theta burst stimulation (TBS) may serve as predictive marker for antidepressant treatment success. This 
study aimed to (1) assess whether baseline theta burst stimulation (TBS)-induced prefrontal hemodynamic responses can predict treatment outcome of four weeks of 
TBS in adults with major depressive disorder (MDD); (2) assess the test-retest reliability of TBS-induced hemodynamic responses.
Methods: Forty-four MDD participants were recruited and underwent two consecutive-day concurrent TBS/functional near-infrared spectroscopy (fNIRS) measure
ments. Participants then received four weeks intermittent TBS (iTBS) treatment. An additional 45 healthy controls (HCs) were recruited for the test-retest reliability 
analysis. Baseline TBS-induced hemodynamic responses were utilized to classify treatment responders via logistic regression and supervised machine learning. 
Intraclass correlation coefficients (ICCs) were calculated using a two-way mixed-effects model with absolute agreement to assess the test-retest reliability of TBS- 
induced hemodynamic responses.
Results: A logistic regression model distinguished responders from non-responders (R2 

= 0.617, p < 0.001) and a support-vector machine classifier achieved an 
accuracy of 82.9% and an AUC of 0.902 in identifying responders. The test-retest reliability of TBS-induced prefrontal hemoglobin responses (Single Measures ICCs) 
ranged from 0.301 to 0.752, suggesting poor to excellent reliability.
Conclusions: TBS-induced prefrontal hemodynamic response provides valuable information for predicting antidepressant treatment response, highlighting its po
tential as predictive imaging marker. The reliability of TBS-induced prefrontal response is comparable to previous neuroimaging marker studies, although better 
control of external factors is needed to enhance reliability.

1. Introduction

Repetitive transcranial magnetic stimulation (rTMS) targeting the 

left dorsolateral prefrontal cortex (DLPFC) has been established as an 
effective treatment for treatment resistant major depressive disorder 
(MDD) (Hsu et al., 2024; Milev et al., 2016; Perera et al., 2016). 
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Intermittent theta burst stimulation (iTBS), a patterned form of rTMS, 
has shown comparable effects on depressive symptoms in a significant 
shorter daily treatment time compared to conventional high-frequency 
rTMS (3 vs 37.5 mins) (Blumberger et al., 2018). Despite these ad
vancements, the response and remission rates of iTBS are still not 
satisfying, standing at 49% and 32%, respectively (Blumberger et al., 
2018). This indicates that a substantial number of patients do not 
significantly benefit from this treatment. The lack of response not only 
imposes economic burden and wastes resources (Smith, 2011), but also 
diminishes patients’ confidence in future treatments. Hence, the devel
opment of a reliable and robust predictive marker for assessing rTMS 
treatment response in depression is crucial.

Significant progress has been made in identifying markers for pre
dicting rTMS treatment outcomes using electroencephalography (EEG) 
or magnetic resonance imaging (MRI). Our recent meta-analysis 
revealed that classification models based on neurophysiological and 
neuroimaging data could effectively differentiate between antidepres
sant rTMS treatment responders (R) and non-responders (NR), yielding a 
pooled AUC of 0.87 across studies (Jin et al., 2024). However, the lack of 
interpretability of these predictive imaging marker candidates hinders 
our understanding of the underlying neural mechanisms of rTMS 
treatment. Regarding the closest to a proof-of-concept predictive 
marker, frontal theta cordance, studies have shown that cognitive task- 
induced frontal theta activity holds greater predictive potential than 
resting state EEG data (Li et al., 2016). This suggests that, compared to a 
resting state, an excited brain – such as one stimulated by a task or 
external perturbation – may more effectively reveal pathophysiological 
changes and the brain’s potential for recovery, making it a stronger 
predictor of treatment response.

Similarly, acute cortical hemodynamic responses evoked by a stan
dard daily iTBS session (i.e., 600 pulses) provide immediate feedback on 
the neurophysiological effects of therapeutic stimulation. Thus, these 
real-time responses may serve as ideal prognostic markers for depression 
treatment responses of iTBS. In recent years, TBS-evoked acute cortical 
hemodynamic responses have been assessed using interleaved func
tional MRI (fMRI) (Chang et al., 2024a; Chang et al., 2024b). However, 
the high cost and sophisticated designs that are necessary for TBS/fMRI 
limits its clinical application. In contrast, functional near-infrared 
spectroscopy (fNIRS) is a cost-effective imaging method for assessing 
cortical activation, offering a more affordable alternative to fMRI. It 
seamlessly integrates with TMS because the far-infrared light in fNIRS 
and the magnetic field generated by TMS do not interfere with each 
other. FNIRS has been employed in multiple studies to examine the as
sociation between changes in frontal lobe activation and symptom 
improvement in depression following rTMS treatment (Chou et al., 
2023; Lin et al., 2025; Tsuji et al., 2025). Notably, these investigations 
primarily assessed frontal cortex activation during cognitive task per
formance, which may not accurately capture the neural activity specif
ically modulated by therapeutic rTMS. In contrast, direct measurements 
of rTMS-induced activation in the frontal lobe may provide a more 
precise and clinically relevant neuroimaging marker for evaluating the 
antidepressant efficacy of rTMS.

Yet, another concern is the large variability observed in TMS-induced 
brain activation, as reported in numerous studies (Hordacre et al., 2017; 
Pell et al., 2011). The high inter- and intra-individual variability in TBS- 
induced prefrontal responses were also observed in our previous con
current TBS/fNIRS studies (Kan et al., 2023; Kan et al., 2024). This 
variability presents a critical challenge in identifying reliable and 
reproducible neuroimaging markers. Therefore, assessing the test-retest 
reliability of TBS-induced prefrontal hemoglobin response changes is 
equally essential. Test-retest reliability refers to the consistency or 
reproducibility of a measurement when repeated under the same con
ditions over time (Koo and Li, 2016). High test-retest reliability ensures 
that neuroimaging markers reflect stable physiological responses rather 
than being influenced by external noise or random fluctuations.

Summarized, the present study had two key aims: (1) to determine 

whether TBS-induced prefrontal hemoglobin responses (i.e., the 
response occurring during and immediately after TBS) before treatment 
can serve as a predictor of treatment response following four weeks of 
antidepressant iTBS therapy, and (2) to assess the test-retest reliability of 
TBS-induced brain activation, as measured by fNIRS.

2. Methods and materials

2.1. Study design

This study was an open-label trial. Participants were recruited from 
March 2023 to April 2024. The study conformed with the Declaration of 
Helsinki. Ethical approval was obtained from the Institutional Review 
Board of The Hong Kong Polytechnic University 
(HSEARS20200120005) and of the University of Hong Kong Hospital 
Authority Hong Kong West Cluster (UW 22-326). Consent forms have 
been obtained from all participants. This report presents the prognostic 
potential of concurrent TMS/fNIRS for antidepressant treatment success 
of iTBS therapy. Further aims and outcomes of this study will be re
ported separately. The study protocol was preregistered at ClinicalT 
rials.gov (identifier: NCT04526002) and published (Kan et al., 2022).

2.2. Participants

Participants with MDD were recruited for the study. Inclusion 
criteria were diagnosed with unipolar depression according to DSM-5 
criteria by a psychiatrist and were further screened using the 17-items 
Hamilton Depression Rating Scale (HAMD-17), with a cut-off score of 
18 (Rush Jr et al., 2009). Patients with comorbid personality disorders 
or psychotic features were excluded from the study. Other exclusion 
criteria were active suicidal intent, severe somatic comorbidities, or a 
history of seizures. Patients were either treatment naïve or on stable 
psychopharmacological medication for at least 4 weeks before study 
inclusion, in which case they were required to maintain the same 
medication throughout the study period.

Additionally, a group of healthy control (HCs) participants were 
recruited to be included in the test-retest reliability analysis. For HCs, 
individuals were excluded if they had a current or previous diagnosis of 
any psychiatric or neurological disorder or if they had first-degree rel
atives with a history of psychiatric disorders. None of the participants 
had any contraindications to TMS (Rossi et al., 2021). For details, see the 
published protocol (Kan et al., 2022).

2.3. Study procedure

For MDD patients, basic demographic information and clinical data 
were collected. Each MDD patient underwent two sessions of concurrent 
TBS/fNIRS measurements over two days (Kan et al., 2023; Kan et al., 
2024). On each of the two days, iTBS was applied to the left DLPFC 
(MNI: -38, +44, +26) using neuronavigation system, followed one hour 
later by cTBS applied to the right DLPFC (MNI: +38, +44, +26) with 
neuronavigation, see Figure 1. FNIRS measurements were conducted 
concurrently with TBS, recording hemoglobin concentrations in the 
DLPFC during stimulation, lasting either 3 minutes and 8 seconds (i.e., 
iTBS) or 40 seconds (i.e., cTBS), as well as during pre- and post- 
stimulation periods, each lasting 3 minutes. To this end, the fNIRS 
probe was placed directly below the TMS coil on the DLPFC, separated 
by a 3D-printed polylactic acid bridge (Kan et al., 2024) (also see Sup
plementary figure S1 the concurrent setup). For stimulation, a figure-of- 
eight cooling coil (Cool-B65) and the MagPro magnetic stimulator 
(MagVenture, Denmark) were used. TBS was delivered at 90% of each 
participant’s resting motor threshold (rMT) given that subthreshold 
intensity is more tolerable for TMS-naïve individuals, and 90% rMT is 
sufficient to induce individualized brain responses to therapeutic rTMS 
(Huang et al., 2005). The intensity was adjusted to account for the 
increased distance between the TMS coil and the skull due to the fNIRS 
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optode beneath the coil (Stokes et al., 2007). Throughout the concurrent 
TBS/fNIRS sessions, participants remained seated comfortably in a chair 
to ensure optimal conditions for accurate data collection.

After completing the concurrent TMS/fNIRS measurements, MDD 
patients underwent a standard course of daily neuronavigated iTBS 
targeting the left DLPFC (MNI: -38, +44, +26). The treatment was 
administered at an intensity of 120% (FDA approved standard stimu
lation intensity) of each individual’s rMT over a four-week period, 
consisting of five sessions per week for a total of 20 sessions (Blumberger 
et al., 2018). Psychometric evaluations were conducted by an experi
enced rater, including the HAMD-17 to evaluate symptom severity for 
inclusion criteria, in line with most clinical trials. The Montgomery- 
Asberg depression rating scale (MADRS) was used to measure symp
tom changes over time, as it is considered more sensitive to treatment- 
related changes (Montgomery and Asberg, 1979). The MADRS was 
administered at baseline, mid-treatment and post-treatment. Response 
rate was defined as a minimum 50% reduction in MADRS score by the 
end of the 4-week treatment. For MDD participants who completed the 
treatment, the same concurrent TBS/fNIRS measurements were con
ducted again, also twice on consecutive days. See Figure 1.

HC participants received the same two-session concurrent TBS/ 
fNIRS measurement as described above.

2.4. fNIRS measurement

The concurrent TBS/fNIRS setup utilized a frequency-domain NIRS 
system (OxiTs; ISS Inc, Champaign, Illinois USA) to measure the abso
lute concentrations of oxyhemoglobin (HbO) and deoxyhemoglobin 
(HbR) at the stimulation site, for details see (Kan et al., 2023; Kan et al., 
2024). Absolute hemoglobin concentrations were calculated based on 
the absolute properties (absorption and reduced scattering coefficients) 
by measuring the change in the intensity modulation and phase shift 
(Fantini and Sassaroli, 2020). The data were collected at 25 Hz, where 
the manufacturer’s software downsampled the signals to 0.5 Hz; the 
downsampled data at 0.5 Hz was then used for analysis. The down
sampling method effectively mitigated high-frequency noise (e.g., 
heartbeat), while for low-frequency noise (e.g., signal drift), bad signals 
were artificially eliminated. The fNIRS probe consisted of eight emitters 
at two wavelengths (687 nm & 830 nm) and one detector (for details, see 
Supplementary figure S2 NIRS geometry). The emitters were 2.0 to 3.5 
cm from the detector. Experiments on gelatin-based models have 
demonstrated that frequency-domain NIRS with emitter-detector dis
tances between 1.5 and 4.5 cm pick up signals representative of the 
underlying block when the superficial layer is thinner than 0.4 cm 
(Franceschini et al., 1998). Thus, while superficial muscle or blood are a 
common source of noise in conventional fNIRS data acquisition, the 

frequency-domain NIRS used in this study is less affected by such con
founding effects. Stimulation-induced oxygen-hemoglobin concentra
tion responses (ΔHbO, ΔHbR) during and after TBS served as the 
primary imaging endpoints and were calculated by subtracting the 
corresponding mean of the absolute baseline values (Kan et al., 2023).

2.5. Statistical analyses

For objective 1, baseline stimulation-induced responses in HbO and 
HbR during and after stimulation, as well as demographic information 
and clinical data (e.g., age, episodes), were used as predictive features 
(for details, see Supplementary 1.3), while the four-week treatment 
response was categorized into responders (R) and non-responders (NR). 
To simplify classification, the Least Absolute Shrink and Selection 
Operator (LASSO) method was applied to identify the most relevant 
features. Final features were examined for collinearity using the vari
ance inflation factor and correlation analyses to ensure they were sta
tistically independent. Following our protocol (Kan et al., 2022), a 
binary logistic regression was conducted first to examine whether these 
final features could predict treatment response following iTBS therapy. 
Subsequently, machine learning analyses were performed by employing 
multiple algorithms and cross-validation procedures to maximize pre
dictive accuracy and generalizability (see supplementary 1.3 for de
tails). Additionally, a straightforward descriptive comparison was made 
between R and NR in terms of significant features. This analysis served 
to complement the prediction model by providing additional insights 
into the characteristics of TBS-evoked prefrontal activation. The com
bined approach aimed to achieve a more comprehensive assessment of 
its effectiveness in classifying individuals as responders or non- 
responders to TBS treatment.

For objective 2, the test-retest reliability of absolute prefrontal he
moglobin concentrations (HbO, HbR) during and after stimulation were 
first assessed using the interclass correlation coefficient (ICC) analysis, 
applying a two-way mixed-effects model with absolute agreement and 
average measurements (Koo and Li, 2016). Only when excellent reli
ability was achieved for the absolute values at each phase (i.e., before 
stimulation, during stimulation, after stimulation) was the test-retest 
reliability of TBS-induced prefrontal responses (ΔHbO, ΔHbR) further 
assessed. This approach ensured that no additional variability was 
introduced when assessing the reliability of TBS-induced prefrontal re
sponses. We followed the ICC classification criteria proposed by Li et al. 
(Li et al., 2015), where ICC value < 0.40 was considered as “poor”, 0.40 
to 0.59 as “fair”, 0.60 to 0.74 as “good”, and > 0.75 as “excellent”. For 
the test-retest reliability of TBS-induced prefrontal responses, ICCs were 
calculated using a two-way mixed-effects model with absolute agree
ment. Single Measures ICCs were reported, as each session provided an 

Figure 1. Schematic diagram of the study. After recruitment (A), participants underwent two consecutive days of concurrent TBS/fNIRS measurements (B). This 
was followed by four weeks of iTBS treatment for MDD participants (C), and for MDD participants who completed the treatment, the same concurrent TBS/fNIRS 
measurements were repeated post-treatment (D).
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independent measurement (Koo and Li, 2016). In the context of 
stimulus-induced cortical hemoglobin changes measured by fMRI or 
fNIRS, an ICC of fair level (≥0.4) is generally considered as acceptable 
reliability (Huang et al., 2017; Li et al., 2015). Furthermore, the 
reproducibility of TBS-induced prefrontal hemoglobin responses 
(ΔHbO, ΔHbR) was evaluated using Pearson’s correlation coefficients 
(Huang et al., 2017). Statistical significance was set at p < 0.05. For the 
identification and handling of potential outliers, please refer to sup
plementary 1.4. All statistical analyses were performed using SPSS 
Version 26.

3. Results

3.1. Participants

Of the 44 MDD participants initially enrolled, 40 received iTBS 
treatment. Among them, 34 completed the full 4-week treatment pro
tocol (for dropout details, see Supplementary 2.1). One additional 
participant, classified as an early responder, discontinued treatment 
after 2 weeks due to an unrelated fall. In total, data from 35 patients 
were included in the treatment outcome prediction analysis (Aim 1), 
with 24 classified as responders (R) and 11 as non-responders (NR). To 
assess the impact of including this early responder, we conducted a 
sensitivity analysis (see Supplementary 2.1). For the test-retest reli
ability analysis (Aim 2), a total of 119 datasets from both MDD partic
ipants and HCs were included. For details, see supplementary 2.1. 
Additionally, the demographic and clinical information of all partici
pants is provided in Table 1 and Supplementary Table S1.

3.2. The utility of baseline TBS-induced prefrontal hemodynamic 
responses in predicting treatment response

Four baseline features including age, the ΔHbO after iTBS, the ΔHbO 
during cTBS and family history of a psychiatric disorder, were selected 
after performing LASSO. No collinearity was observed among the 
selected features. The overall model of the binary logistic regression was 
statistically significant, χ2(4) = 20.25, p < 0.001, indicating that these 
predictors reliably distinguished between R and NR. The model 
explained 61.7% of the variance in treatment response (Nagelkerke R2 =

0.617) and correctly classified 85.7% of cases (sensitivity: 91.7%; 
specificity: 72.7%). Age, the ΔHbO after iTBS, and family history were 
statistically significant predictors (p < 0.05). Results were consistent in 
the sensitivity analysis after excluding the early responder (n=34, see 
Supplementary 2.1). For more details, see Supplementary 2.6.2 and 
Figure 2A.

Using MATLAB’s Machine Learning toolbox, linear SVM was deter
mined to be the most effective classification model, achieving an accu
racy of 82.9% (sensitivity: 91.7%; specificity: 63.6%) and an AUC of 
0.902 (see Figure 2B). The descriptive comparison between R and NR 
showed that patients who exhibit greater decrease in HbO change 
following iTBS indicated a better treatment response (R: -0.5 ±
1.238μM; NR: 0.308 ± 1.195μM). Furthermore, older individuals and 
those without a family history of psychiatric disorders were more likely 
to respond positively to four weeks iTBS treatment. Detailed results from 
the descriptive comparison between the R and NR can be found in 
Table 2.

3.3. Test-retest reliability

Due to missing data or poor signal quality, the final datasets included 
in the test-retest reliability analysis of prefrontal hemoglobin concen
trations comprised 112 iTBS-related datasets and 104 cTBS-related 
analysis (see Supplementary 2.3).

The test-retest reliability results for absolute prefrontal hemoglobin 
concentrations (HbO, HbR) at three phases (before, during and after 
stimulation) are presented in Supplementary Table S2. The ICC values 

ranged from 0.874 to 0.973 (mean = 0.918), indicating excellent test- 
retest reliability. For the test-retest reliability of TBS-induced prefron
tal activation (ΔHbO, ΔHbR), the Single Measures ICC ranged from 
0.301 to 0.752 (mean = 0.477), suggesting poor to excellent reliability 
(see Table 3). Notably, the significant hemodynamic predictor (i.e., 
ΔHbO after iTBS) demonstrated acceptable reliability (ICC = 0.469).

Pearson’s correlation coefficients for TBS-induced prefrontal re
sponses across two days are displayed in Supplementary (Figure S4). 
Significant correlations were observed in all eight paired comparisons 
(all p < 0.05), with correlation coefficient ranging from 0.264 to 0.703, 
indicating negligible to strong correlations.

4. Discussion

This study examined whether baseline stimulation-induced pre
frontal hemoglobin responses could predict treatment response after 

Table 1 
Demographics and clinical information for all participants.

A Participants (All) Statistics

All (n = 89) 
mean (SD)

MDD (n = 44) 
mean (SD)

HC (n =
45) 
mean (SD)

Demographics
Age (years) 39.65 (11.37) 38.82 (10.52) 40.47 

(12.22)
p = 0.497

Sex, M: F (% 
Female)

31:58 
(65.17%)

13: 31 
(70.45%)

18:27 
(60%)

p = 0.375

Education (years) 15.39 (2.89) 14.45 (2.33) 16.31 
(3.10)

p = 0.002 ⃰

RMT (%MSO) 51% (0.11) 51% (0.12) 52% (0.11) p = 0.712

B MDD Participants with completed iTBS 
treatment

All (n = 35) Responders (n 
= 24)

Non- 
responders (n 
= 11)

Demographics
Age (years) 39.23 

(9.92)
41.83 (8.90) 33.55 (10.01) p =

0.019*
Sex, M: F (% Female) 13:22 

(62.86%)
9:15 
(62.50%)

4:7 (63.64%) p =
0.950

Education (years) 14.6 (2.35) 14.58 (2.41) 14.64 (2.34) p =
0.952

Job, Full: Part: no (% 
Full)

19: 6: 10 
(54.29%)

11: 5: 8 
(45.83%)

8: 1: 2 
(72.73%)

p =
0.197

RMT(%MSO) 51% (0.13) 51% (0.13) 49% (0.08) p =
0.639

Clinical 
characteristics

Onset age of the first 
episode (years)

32.54 
(8.99)

34.46 (7.97) 28.36 (10.03) p =
0.061

Illness duration since 
first episode 
(years)

6.77 (7.69) 7.5 (8.27) 5.18 (6.29) p =
0.416

Episodes (no.) 1.51 (1.17) 1.63 (1.35) 1.27 (0.65) p =
0.417

Comorbidities (no.) 0.83 (0.66) 0.79 (0.66) 0.91 (0.70) p =
0.634

Family history, yes: 
no (% yes)

17: 18 
(48.57%)

10: 14 
(41.67%)

7: 4 (63.63%) p =
0.240

Clinical symptoms
Pre MADRS 28.11 

(7.62)
28.25 (8.71) 27.82 (4.77) p =

0.879
Post MADRS 11.89 

(6.86)
8.42 (4.79) 19.45 (3.91) p <

0.001 ⃰

RMT: Resting motor threshold; MSO: Maximum Stimulator Output.
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four weeks of daily iTBS in MDD and assessed the test-retest reliability of 
TBS-induced prefrontal hemoglobin responses. The results indicated (1) 
that two imaging features from baseline TBS/fNIRS measurements and 
two demographic features together can reliably distinguish responders 
from non-responders to four weeks of iTBS treatment; (2) TBS-induced 
prefrontal hemoglobin responses demonstrated a range of reliability, 
from poor to excellent.

4.1. Predicting treatment response by baseline TBS-induced hemoglobin 
responses

Based on the above-mentioned imaging and demographic features, 
logistic regression accounted for 61.7% of the variance in the classifi
cation of individuals as R and NR following four weeks of iTBS treat
ment. Furthermore, a SVM model achieved an accuracy of 82.9%. This is 

comparable to previous published classifiers using prefrontal theta 
cordance as a feature derived from EEG data (Erguzel et al., 2015; 
Hasanzadeh et al., 2019; Jin et al., 2024). Given that demographic, as 
well as imaging characteristics were selected as features in our study, the 
differential contribution of these features in predicting antidepressant 
outcomes requires further investigation. A recent study involving 518 
MDD patients utilized pretreatment symptoms and EEG features to 
predict antidepressant treatment outcomes. The findings indicated that 
the baseline symptom score was the most crucial predictive feature, 
while EEG features showed smaller but still meaningful associations 
with specific symptom improvements (Rajpurkar et al., 2020). In our 
study, the prediction based on both fNIRS and demographic features 
achieved an accuracy of 82.9%, higher than the prediction based solely 
on fNIRS or on demographic features (see supplementary 2.6.1), justi
fying our decision to include both kinds of features. Moreover, we argue 
that TBS-induced brain activity changes, with TBS being an objective 
stimulus, may provide additional information on the brain’s capacity for 
neuroplasticity, beyond the disease-related brain activity observed 
during resting state or cognitive tasks. Future replication studies are 
needed to clarify whether demographic features, internal brain activity, 
external (objective) stimulus-induced cortical activation, or a combi
nation of these will prove to be a better predictor of treatment outcomes.

The descriptive comparison results together with additional explor
atory analysis (see supplementary 2.6.2) suggest that patients whose 
brains showed a greater decrease in HbO following iTBS had a better 
treatment response, in line with previous fMRI-BOLD findings (Smith 
et al., 2014). Previous fNIRS studies assessing task-evoked frontal lobe 
activation in both pre- and post rTMS treatment have demonstrated that 

Figure 2. Baseline TBS-induced prefrontal hemodynamic response predicts treatment response. (A) Baseline ΔHbO after iTBS was a significant predictor of 
antidepressant response. A greater decrease in prefrontal HbO after iTBS was associated with better treatment response (i.e., larger reduction in symptom severity 
scores). (B) Receiver operating characteristic (ROC) curve analysis. The linear SVM model, based on four selected baseline features, achieved an area under the curve 
(AUC) of 0.902 in predicting clinical response to iTBS treatment for depression.

Table 2 
Descriptive comparison between Responders and Non-responders.

Features Participants (MDD)

All 
(n = 35) 
mean (SD)

Responders 
(n = 24) 
mean (SD)

Non- 
responders 
(n = 11) 
mean (SD)

iTBS_post_HbO (μmol/L) -0.24 (1.27) -0.50 (1.24) 0.31 (1.20)
Age (years) 39.23 (9.92) 41.83 (8.9) 33.55 (10.01)
Family history, yes: no (% 

yes)
17: 18 
(48.57%)

10: 14 
(41.67%)

7: 4 (63.63%)

Table 3 
Test-retest reliability of TBS-induced prefrontal hemoglobin responses (ΔHbO, ΔHbR) across two consecutive days.

Measures Day 1 
(mean ± SD)

Day 2 
(mean ± SD)

ICC (95% CI) 
(single measures)

P value

iTBS (n=112) ΔHbO (μmol/L) During -0.23±1.00 -0.16±0.94 0.622 (0.494, 0.723) P<0.001
Post -0.29±1.12 -0.22±1.09 0.469 (0.311, 0.602) P<0.001

ΔHbR (μmol/L) During 0.38±0.48 0.21±0.47 0.439 (0.267, 0.582) P<0.001
Post 0.25±0.46 0.12±0.54 0.397 (0.231, 0.541) P<0.001

cTBS (n=104) ΔHbO (μmol/L) During -0.35±1.33 -0.18±1.00 0.362 (0.185, 0.518) P<0.001
Post -0.16±1.04 0.07±0.84 0.301 (0.120, 0.464) P=0.001

ΔHbR (μmol/L) During 0.63±0.94 0.56±0.91 0.752 (0.655, 0.825) P<0.001
Post 0.23±0.43 0.13±0.38 0.402 (0.230, 0.550) P<0.001
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increased frontal lobe activity is associated with improvements in 
depressive symptoms (Chou et al., 2023; Lin et al., 2025). However, 
whether TBS-induced hemodynamic responses similarly increase 
following treatment remains to be elucidated and warrants further 
investigation. Additionally, our analysis shows that particularly older 
patients, as well as patients without a family history of psychiatric dis
orders are more likely to respond to the treatment. This aligns with 
earlier studies that reported a higher likelihood of response to TMS 
treatment among elderly individuals (Fitzgerald et al., 2016; Hopman 
et al., 2021).

4.2. Test-retest reliability of TBS-induced prefrontal hemoglobin responses

We observed excellent test-retest reliability for absolute prefrontal 
hemoglobin concentrations (HbO, HbR). However, for TBS-induced 
prefrontal activation (ΔHbO, ΔHbR), the reliability ranged from poor 
to excellent reliability (based on Single Measures ICC). This result was 
expected, as change scores tend to have lower variance and accumulate 
measurement error from both conditions, thereby reducing reliability. 
Our findings align with previous fMRI studies, which have reported 
large variability in reliability, ranging from poor to excellent (Holiga 
et al., 2018; Plichta et al., 2012; Zuo and Xing, 2014). Additionally, task- 
based fMRI measures generally exhibit lower reliability compared to 
resting-state fMRI, and reliability outcomes tend to be task-dependent 
(Elliott et al., 2020; Holiga et al., 2018). Interestingly, studies have 
found that greater task-induced activation magnitudes are associated 
with higher reliability (Holiga et al., 2018; Korucuoglu et al., 2020), a 
pattern that is also reflected in our results (see Table 3). Similarly, in 
EEG-based reliability studies, including those involving resting-state 
EEG measurements and TMS-induced brain activation assessed via 
EEG, the findings have been variable, with good reliability only 
observed in some specific features (Bertazzoli et al., 2025; Hirano et al., 
2020; Kerwin et al., 2018; Tang et al., 2025).

Importantly, the sample size used for reliability validation in our 
study was significantly larger than in previous neuroimaging reliability 
studies, where typical sample sizes ranged from 10 to 30 participants. 
This larger sample size strengthens the robustness of our findings. 
However, many previous studies have demonstrated that certain 
external factors, such as sleep, caffeine intake, and time-of-day, influ
ence neuroimaging reliability (Kan et al., 2023; Wang et al., 2017). 
Unfortunately, in current study, due to logistical constraints, a tightly 
scheduled laboratory shared with other research groups, we were unable 
to systematically control for these external factors, which may have 
influenced the reliability of our findings. Future studies investigating 
neuroimaging markers should be implement strictly controlled condi
tions to minimize these potential confounds.

4.3. Limitations

There were several limitations in our study. First, the sample size of 
the MDD group was relatively small. Although the study provides 
important preliminary evidence supporting the use of stimulation- 
evoked hemoglobin responses as predictive factors, larger studies are 
needed to validate and extend these findings. In particular, the small 
number of participants may increase the risk of overfitting in machine 
learning models. Second, the sensor of ISS NIRS only covered a small 
brain area, restricting the investigation to local hemodynamic effects 
and preventing an assessment of functional connectivity between the 
prefrontal cortex and other brain regions. Thirdly, potential confound
ing factors that could influence TBS-induced hemoglobin concentration 
responses were not adequately controlled.

4.4. Conclusion

In conclusion, this study assessed the test-retest reliability of TBS- 
induced prefrontal hemoglobin responses and found that its reliability 

was comparable to previous studies on neuroimaging markers. Howev
er, future research should aim to better control external factors to 
enhance reliability. Additionally, our study showed baseline TBS- 
induced hemodynamic responses were found to predict antidepressant 
treatment outcomes. However, given the relatively small sample size of 
the MDD group, these predictive results should be interpreted with 
caution. Further studies with larger sample size are needed to validate 
and expand upon these findings.
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Cincotta, M., Chen, R., Daskalakis, J.D., Di Lazzaro, V., Fox, M.D., George, M.S., 
Gilbert, D., Kimiskidis, V.K., Koch, G., Ilmoniemi, R.J., Lefaucheur, J.P., Leocani, L., 
Lisanby, S.H., Miniussi, C., Padberg, F., Pascual-Leone, A., Paulus, W., Peterchev, A. 
V., Quartarone, A., Rotenberg, A., Rothwell, J., Rossini, P.M., Santarnecchi, E., 
Shafi, M.M., Siebner, H.R., Ugawa, Y., Wassermann, E.M., Zangen, A., Ziemann, U., 
Hallett, M., 2021. Safety and recommendations for TMS use in healthy subjects and 
patient populations, with updates on training, ethical and regulatory issues: Expert 
Guidelines. Clin. Neurophysiol. 132, 269–306. https://doi.org/10.1016/j. 
clinph.2020.10.003.

Rush Jr., A.J., First, M.B., Blacker, D., 2009. Handbook of psychiatric measures. 
American Psychiatric Pub.

Smith, K., 2011. Trillion-dollar brain drain. Nature 478, 15. https://doi.org/10.1038/ 
478015a.

Smith, R., Allen, J.J.B., Thayer, J.F., Fort, C., Lane, R.D., 2014. Increased association over 
time between regional frontal lobe BOLD change magnitude and cardiac vagal 
control with sertraline treatment for major depression. Psychiatry Res. 
Neuroimaging 224, 225–233. https://doi.org/10.1016/j.pscychresns.2014.08.015.

Stokes, M.G., Chambers, C.D., Gould, I.C., English, T., McNaught, E., McDonald, O., 
Mattingley, J.B., 2007. Distance-adjusted motor threshold for transcranial magnetic 
stimulation. Clin. Neurophysiol. 118, 1617–1625. https://doi.org/10.1016/j. 
clinph.2007.04.004.

R.L.D. Kan et al.                                                                                                                                                                                                                                Journal of Aϱective Disorders 405 (2026) 121631 

7 

https://doi.org/10.1016/j.jad.2026.121631
https://doi.org/10.1016/j.jad.2026.121631
https://doi.org/10.1016/j.clinph.2025.01.002
https://doi.org/10.1016/j.clinph.2025.01.002
https://doi.org/10.1016/s0140-6736(18)30295-2
https://doi.org/10.1016/j.neuroimage.2024.120596
https://doi.org/10.1016/j.neuroimage.2024.120596
https://doi.org/10.1016/j.bpsc.2024.08.009
https://doi.org/10.1016/j.bpsc.2024.08.009
https://doi.org/10.3389/fpsyt.2023.1235713
https://doi.org/10.3389/fpsyt.2023.1235713
https://doi.org/10.1177/0956797620916786
https://doi.org/10.4306/pi.2015.12.1.61
https://doi.org/10.4306/pi.2015.12.1.61
https://doi.org/10.3389/fnins.2020.00300
https://doi.org/10.3389/fnins.2020.00300
https://doi.org/10.1002/da.22503
https://doi.org/10.1364/ao.37.007447
https://doi.org/10.1016/j.jad.2019.05.070
https://doi.org/10.1016/j.jad.2019.05.070
https://doi.org/10.3389/fpsyt.2020.00876
https://doi.org/10.1371/journal.pone.0206583
https://doi.org/10.1016/j.jad.2021.04.081
https://doi.org/10.1016/j.brs.2016.12.001
https://doi.org/10.1016/j.neubiorev.2024.105704
https://doi.org/10.1016/j.neubiorev.2024.105704
https://doi.org/10.1117/1.Jbo.22.1.016011
https://doi.org/10.1117/1.Jbo.22.1.016011
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neubiorev.2024.105695
https://doi.org/10.1016/j.neubiorev.2024.105695
https://doi.org/10.1016/j.brs.2023.09.015
https://doi.org/10.1136/bmjopen-2021-053896
https://doi.org/10.1016/j.ajp.2024.104043
https://doi.org/10.1016/j.brs.2017.12.010
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.neuroimage.2020.116759
https://doi.org/10.1016/j.neuroimage.2020.116759
https://doi.org/10.1093/cercor/bhu191
https://doi.org/10.1117/1.Jbo.20.5.050801
https://doi.org/10.1111/pcn.13890
https://doi.org/10.1111/pcn.13890
https://doi.org/10.1177/0706743716660033
https://doi.org/10.1192/bjp.134.4.382
https://doi.org/10.1016/j.pneurobio.2010.10.003
https://doi.org/10.1016/j.pneurobio.2010.10.003
https://doi.org/10.1016/j.brs.2016.03.010
https://doi.org/10.1016/j.brs.2016.03.010
https://doi.org/10.1016/j.neuroimage.2012.01.129
https://doi.org/10.1016/j.neuroimage.2012.01.129
https://doi.org/10.1001/jamanetworkopen.2020.6653
https://doi.org/10.1001/jamanetworkopen.2020.6653
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.clinph.2020.10.003
http://refhub.elsevier.com/S0165-0327(26)00482-9/rf0180
http://refhub.elsevier.com/S0165-0327(26)00482-9/rf0180
https://doi.org/10.1038/478015a
https://doi.org/10.1038/478015a
https://doi.org/10.1016/j.pscychresns.2014.08.015
https://doi.org/10.1016/j.clinph.2007.04.004
https://doi.org/10.1016/j.clinph.2007.04.004


Tang, X., Wang, S., Xu, X., Luo, W., Zhang, M., 2025. Test-retest reliability of resting- 
state EEG intrinsic neural timescales. Cereb. Cortex 35. https://doi.org/10.1093/ 
cercor/bhaf034.

Tsuji, A., Nishida, K., Imazu, S.I., Kawabata, Y., Toyoda, K., Matsumoto, K., Onishi, N., 
Kubo, Y., Yamane, T., Kinoshita, S., Nishizawa, Y., Kanazawa, T., 2025. 
Hemodynamic characteristics at baseline and following repeated transcranial 
magnetic stimulation treatment. J. Affect. Disord. 381, 459–466. https://doi.org/ 
10.1016/j.jad.2025.03.168.

Wang, J., Han, J., Nguyen, V.T., Guo, L., Guo, C.C., 2017. Improving the Test-Retest 
Reliability of Resting State fMRI by Removing the Impact of Sleep. Front. Neurosci. 
11, 249. https://doi.org/10.3389/fnins.2017.00249.

Zuo, X.N., Xing, X.X., 2014. Test-retest reliabilities of resting-state FMRI measurements 
in human brain functional connectomics: a systems neuroscience perspective. 
Neurosci. Biobehav. Rev. 45, 100–118. https://doi.org/10.1016/j. 
neubiorev.2014.05.009.

R.L.D. Kan et al.                                                                                                                                                                                                                                Journal of Aϱective Disorders 405 (2026) 121631 

8 

https://doi.org/10.1093/cercor/bhaf034
https://doi.org/10.1093/cercor/bhaf034
https://doi.org/10.1016/j.jad.2025.03.168
https://doi.org/10.1016/j.jad.2025.03.168
https://doi.org/10.3389/fnins.2017.00249
https://doi.org/10.1016/j.neubiorev.2014.05.009
https://doi.org/10.1016/j.neubiorev.2014.05.009

	Utilizing stimulation-evoked hemodynamic activity to predict antidepressant response to intermittent theta-burst stimulatio ...
	1 Introduction
	2 Methods and materials
	2.1 Study design
	2.2 Participants
	2.3 Study procedure
	2.4 fNIRS measurement
	2.5 Statistical analyses

	3 Results
	3.1 Participants
	3.2 The utility of baseline TBS-induced prefrontal hemodynamic responses in predicting treatment response
	3.3 Test-retest reliability

	4 Discussion
	4.1 Predicting treatment response by baseline TBS-induced hemoglobin responses
	4.2 Test-retest reliability of TBS-induced prefrontal hemoglobin responses
	4.3 Limitations
	4.4 Conclusion

	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


