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ORIGINAL INVESTIGATION

Modulation of the prefrontal blood oxygenation response to intermittent
theta-burst stimulation in depression: A sham-controlled study with
functional near-infrared spectroscopy

Wiebke Struckmanna, Jonas Perssona, Wojciech Weiglb, Malin Gingnella,c and Robert Bod�ena

aDepartment of Neuroscience, Psychiatry, Uppsala University, Uppsala, Sweden; bDepartment of Surgical Science, Anaesthesiology
and Intensive Care, Uppsala University, Uppsala, Sweden; cDepartment of Psychology, Uppsala University, Uppsala, Sweden

ABSTRACT
Objective: To better understand the neural mechanisms behind the effect of intermittent theta-burst
stimulation (iTBS), we investigated how the prefrontal blood oxygenation response measured by
changes in oxygenated haemoglobin (oxy-Hb) was modulated during a sham-controlled iTBS treat-
ment course, and whether this was related to depressive symptom change.
Methods: In this randomised, double-blind study, patients with ongoing treatment-resistant
depression received either active (n¼ 18) or sham (n¼ 21) iTBS over the dorsomedial prefrontal
cortex for ten to fifteen days with two sessions daily. Event-related functional near-infrared spec-
troscopy (fNIRS) was measured during each iTBS train, and resting-state oxy-Hb was compared
before and after each iTBS session at the first, fifth, and last treatment day.
Results: Patients receiving active iTBS had an increase of the event-related oxy-Hb response
compared to the sham group on the fifth (bilateral prefrontal cortices p< .001) and last (left pre-
frontal p¼ .007, right prefrontal p¼ .025) treatment day. Resting-state analysis showed sup-
pressed oxy-Hb change in active iTBS compared to sham iTBS on the last treatment day
(p¼ .024). Oxy-Hb change was unrelated to depressive symptom change (p¼ .474).
Conclusions: This study describes a modulation of the blood oxygenation response over the
prefrontal cortex that was built up during the course of active iTBS treatment in depression.
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Introduction

Repetitive transcranial magnetic stimulation (rTMS) is
an emerging alternative for treatment-resistant depres-
sion. Conventional rTMS protocols apply either low-
frequency stimulation over the right dorsolateral
prefrontal cortex (dlPFC) or high-frequency stimulation
over the left dlPFC (O’Reardon et al. 2007). Recently,
new protocols such as intermittent theta burst stimu-
lation (iTBS) (Huang et al. 2005) were reported to have
a shorter duration while being non-inferior to an
established protocol (Blumberger et al. 2018).
Furthermore, to reduce the number of treatment days
and thereby increase feasibility, accelerated protocols
with several sessions per day have been reported
beneficial with both conventional high-frequency
protocols and iTBS (McGirr et al. 2015; Duprat
et al. 2016).

Besides new rTMS protocols, other targets for
stimulation, i.e. the dorsomedial prefrontal cortex
(dmPFC), have been suggested to be effective in the
treatment of depression (Downar and Daskalakis
2013). Several lines of evidence point to its involve-
ment in depression, with lesions in the dmPFC having
been associated with a high risk of severe depression
(Koenigs et al. 2008). Further, the dmPFC shows
increased functional connectivity to numerous brain
regions involved in emotion regulation, including the
anterior cingulate cortex (ACC) (Sheline et al. 2010),
while antidepressant medication reduces functional
connectivity within the dmPFC in healthy controls
(McCabe et al. 2011). Together, this suggests that
functional modulation of this brain region might have
an antidepressive effect. An initial open-label depres-
sion study of rTMS over the dmPFC reported this tar-
get being safe and tolerable (Bakker et al. 2015).
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While stimulation with low frequency rTMS mostly
results in decreased cortical excitability, high fre-
quency rTMS and iTBS mostly result in increased cor-
tical excitability when applied over the motor cortex
(Hoogendam et al. 2010). However, rTMS is commonly
applied over prefrontal areas in patients with depres-
sion where the immediate effect of the stimulation is
difficult to assess as there is no established read-out
from the prefrontal cortex during stimulation (Philip
et al. 2018). With functional magnetic resonance imag-
ing (fMRI) it is possible to study the short term
haemodynamic network after-effects, and a recent
study showed that rTMS over the dlPFC modulates the
functional connectivity of the ACC with a corticolimbic
network, including the dmPFC (Tik et al. 2017). RTMS
over the dmPFC might have a common mechanism of
action as rTMS over the dlPFC on a network level,
however this is not yet known. Thus, there is a need
to understand both the immediate local prefrontal
effects of iTBS over the dmPFC as well as medium-
term and long-term effects reflecting a potential
modulation over time.

Functional near-infrared spectroscopy (fNIRS) is a
non-invasive technique to measure changes in cortical
oxygenated (oxy-Hb) and deoxygenated (deoxy-Hb)
haemoglobin concentrations. Due to the phenomenon
of neurovascular coupling, fNIRS enables assessment
of the neural activity (Gratton et al. 1997) and can be
applied concomitant with rTMS. Using fNIRS is espe-
cially practical in the clinical rTMS setting, as it is easy
to apply repeatedly over a time course of several
treatment sessions. To date, most fNIRS-rTMS research
has been conducted on healthy controls (Curtin et al.
2019). In these studies, single session low-frequency
rTMS protocols (Hanaoka et al. 2007; Aoyama et al.
2009; Kozel et al. 2009; Cao et al. 2013) as well as con-
tinuous theta-burst stimulation (Tupak et al. 2013)
decrease prefrontal oxy-Hb levels, while high-
frequency rTMS protocols increase prefrontal oxy-Hb
levels (Cao et al. 2013; Curtin et al. 2017). However,
how these brain mechanisms are modulated over the
time course of an rTMS treatment in a depressed brain
is largely unknown.

To the best of our knowledge, no study has hith-
erto applied fNIRS together with dmPFC-iTBS in a
sham controlled treatment study. In this study, we
used event-related and resting-state fNIRS to compare
changes in oxy-Hb following active versus sham iTBS
over dmPFC during the course of a depression treat-
ment. Furthermore, we assessed whether these oxy-Hb
changes were related to the change of patients’
depressive symptoms.

Methods

Study design and participants

Forty patients were included in this randomised, dou-
ble-blind, sham-controlled, parallel-group study.
Patients were recruited from the psychiatric outpatient
clinic at Uppsala University Hospital, Sweden. This
dataset is a subsample of an ongoing randomised
controlled trial at the Brain Stimulation Unit, Uppsala
University Hospital, Sweden. All patients were diag-
nosed with either unipolar (n¼ 36) or bipolar (n¼ 4)
major depression as verified through a Mini
International Neuropsychiatric Interview (M.I.N.I.)
(Sheehan et al. 1998) and had a clinical history of
resistance to prior depression treatment. To be eligible
for inclusion, patients had to be between 18 and
59 years old with unchanged medication at least one
month before treatment start. Exclusion criteria
included epilepsy, intracranial metallic implants, pace-
maker or implantable cardioverter defibrillator, preg-
nancy, and active substance use disorder. Written
informed consent was obtained from all participants.
The study was approved by the Ethical Review Board,
Uppsala University and conducted in accordance with
the principles of The Declaration of Helsinki.

Procedures

The patients were randomised in two parallel groups,
i.e. active or sham iTBS treatment. For each patient,
the magnetic stimulator operating staff received an
envelope containing a randomisation code prepared
by an independent clinical research organisation. Both
patients and magnetic stimulator operating staff were
blinded to the group allocation. Self-assessed depres-
sive symptoms were obtained using the Montgomery-
Åsberg Depression Rating Scale (MADRS-S)
(Montgomery and Asberg 1979) one day before treat-
ment start and again four weeks later. Suicidal
thoughts were assessed each treatment day on a scale
from 1 (no suicidal thoughts) to 4 (severe sui-
cidal thoughts).

Intervention – repetitive transcranial magnetic
stimulation

RTMS was performed using the Cool D-B80 A/P butter-
fly coil (MagVenture, Denmark), designed for sham-
controlled stimulation. The coil consists of two visually
identic 120� angled figure-of-eight coils back-to-back,
one of them with a shielded magnetic field. The coil
has a position sensor and the stimulator has a built-in
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research software determining whether the active or
sham coil is to be used, depending on the randomisa-
tion code for each patient, prompting the operator
which side of the coil to use. Treatment was given
twice daily, with a fifteen minute break between the
treatment sessions (Tse et al. 2018), over a course of
ten to fifteen consecutive working days. To increase
tolerability of the interventions, intensity was gradually
ramped up to target intensity according to pain rat-
ings by the patient. An additional treatment day was
added if target intensity was not reached for at least
half the amount of trains on a treatment day, for up
to fifteen treatment days in total. Each iTBS session
comprised 40 trains of stimulation (2 s on, 8 s off), each
train consisting of ten bursts at 5Hz and each burst
consisting of three biphasic pulses delivered at 50Hz.
Patients thus received 1200 pulses per treatment ses-
sion, with two blocks of 600 pulses. To enable bilateral
stimulation, coil current direction changed between the
two session blocks, with the initial current direction
going left-to-right in the first session block and right-
to-left in the second session block. Balancing the coil
current direction also enables an interpretation of
potential laterality effects in the fNIRS signal.
Transcutaneous electrical nerve stimulation (TENS) elec-
trodes were applied medially on the forehead directly
beneath the magnetic coil. In the sham condition,
patients received a mild TENS with a maximum current
of 4mA, synchronous with the described rTMS pulses
to mimic the sensation of active stimulation. The sham
side of the coil was shielded to prevent magnetic
stimulation to reach the cortex. No TENS current was
applied in the active condition.

The treatment intervention was delivered over the
dmPFC following MRI-guided neuronavigation (TMS
Navigator, Localite, Bonn, Germany). The brain target
used for neuronavigation was the dorsal ACC, and
defined by the following Montreal Neurological
Institute coordinates: X¼ 0, Y¼ 30, Z¼ 30 (Mir-
Moghtadaei et al. 2016). Stimulation intensity was
gradually ramped up to 90% of the resting foot motor
threshold (RMT) which was determined before the first
treatment session (Salomons et al. 2014). RMT was
defined as lowest intensity needed to elicit a visible
muscle contraction of the extensor hallucis longus
muscle 5 out of 10 times when stimulating the medial
primary motor cortex.

fNIRS signal acquisition

Haemoglobin concentration changes were obtained
from a two-channel NIRS system (NIRO-200NX,

Hamamatsu Photonics, Hamamatsu, Japan). While put-
ting the optodes directly under the coil would
increase distance between the coil and stimulation tar-
get, placing them laterally over the prefrontal cortex
allowed for probing indirect effects of dmPFC-iTBS via
the targeted corticolimbic network (Tik et al. 2017).
Thus, we assumed that measured changes in oxygen-
ation would at least partially reflect network level
stimulation effects on the dmPFC. The probe holders
were positioned over the left and right forehead as
high as possible up to hairline, and laterally aligned to
the TMS coil with the emission optode above the
detector optode and inter-optode distance 3.5 cm
(Figure 1). An elastic bandage was wrapped around
the probe holders to enable a better fit and to pre-
vent extraneous light from entering. Changes in light
attenuation at three wavelengths (735, 810, and
850 nm) were measured using the modified Beer-
Lambert law. Based on an estimated differential path
length factor of 5.93 cm according to the NIRS device
manual, oxygenated haemoglobin (oxy-Hb), deoxygen-
ated haemoglobin (deoxy-Hb), and total haemoglobin
(total-Hb) were calculated as absolute concentration
changes. Based on previous studies, oxy-Hb was
chosen as main outcome measure (Curtin et al. 2019).
The fNIRS signal was acquired with a sampling

Figure 1. Placement of the fNIRS optodes over the left and
right forehead, with the emission probe above the detector
probe, each laterally aligned to the TMS coil.
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frequency of 5Hz. The fNIRS-data were collected on
the first, the fifth, and the last day of treatment. Once
the patient was seated comfortably in the treatment
chair and the probe holders were attached, the fNIRS
signal acquisition started and an initial five minute
resting state measurement was conducted. During the
resting state measurements before the first iTBS ses-
sion and between the session blocks, patients were
instructed to sit calmly and rest. The fNIRS signal
acquisition was continuous over both iTBS treatment
sessions. During treatment, a trigger signal was sent
from the TMS device to the NIRO system to collect
event markers defining the onset of each TMS burst.

fNIRS signal processing

The fNIRS data was preprocessed using MATLAB
R2017a. Two fourth order bandstop Butterworth filters
were applied at 0.12–0.35Hz and 0.7–1.5 Hz to reduce
noise stemming from respiration and cardiac pulsa-
tion, respectively (Tak et al. 2015) and data were
smoothed using a moving-average filter.

For the event-related analysis, data segments were
taken from the 8 s ‘off’ within each train of iTBS
(Figure 2(A)). As each treatment day consisted of 80
iTBS trains, this resulted in 80 segments. The first data
point of each segment was used as baseline and sub-
tracted from each following data point. The last data
point of each segment was ignored as to ensure no
overlap with possible artefacts emanating from the
next iTBS train. This resulted in a segment length of
7.6 s. Individual grand averages were calculated by
averaging data points across all 80 segments for each

patient per treatment day. Subsequently, group grand
averages were calculated by averaging the individual
grand averages within each treatment group per treat-
ment day. For each group grand average, peak was
then defined as maximum amplitude. Subsequently, a
2 s interval was defined: peak of the active group,
averaged across treatment days, plus/minus 1 s, to
account for the slow haemodynamic response. The
same 2 s interval was applied for the grand averages
of the sham group. The means of each 2 s interval
from the individual grand averages were subsequently
used as outcome measures in the statistical analyses.

For a subanalysis of latency, mean time to peak in
oxy-Hb increase was calculated for each patient per
treatment day.

For a subanalysis of coil current direction, data was
divided in two blocks, with the initial coil current
going either left-to-right (iTBS trains 1–20 and 41–60)
or right-to-left (iTBS trains 21–40 and 61–80).

For the resting-state analysis, data were segmented
into intervals of 10 s each, with one baseline segment
before treatment onset (‘pre’), one segment directly
after the first session block (‘post 1’), and one segment
directly after the second session block (‘post 2’)
(Figure 2(B)). For the resting-state analysis, segment
length was chosen as 10 seconds because we thought
that a shorter period (e.g. 5 seconds (Mochizuki et al.
2007)) could give a more random ‘pre’ oxygenation
state, whereas a longer period (e.g. 20–60 seconds
(Hanaoka et al. 2007; Shinba et al. 2018)) would be
prone to variation of oxygen haemoglobin levels
related to cognitive distraction in the research room.
Two delta-values were calculated, i.e. post1-pre and

Figure 2. Data segments used in the event-related analysis (A) and resting-state analysis (B). Red indicates the fNIRS data seg-
ments, black indicates iTBS.
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post2-pre, and then, given that both deltas refer to
the same ‘pre’-value, averaged across patients within
each treatment group. Positive delta values indicate
an oxy-Hb increase after the iTBS session, and a value
of zero indicates no change in oxy-Hb levels after the
iTBS session. The two session blocks were considered
together in the subsequent analysis. The mean post-
pre values were used as outcome measures in the
statistical analyses.

Statistical analysis

Statistical analysis was performed using SPSS 25.0.
Baseline demographic and clinical characteristics were
assessed by means of X2 tests (sex, education, and pri-
mary diagnosis) or t-tests (age, MADRS-S, self-rated
health status [EQ VAS], and depression resistance
assessed with Maudsley Staging Method for Treatment
Resistant Depression [MSM]), comparing the two groups.
If the number of patients taking a medication was two
or less, no statistical tests were performed. To analyse
oxy-Hb responses in event-related and resting-state
fNIRS, linear mixed-effects (LME) models with random
intercept and fixed slope were conducted, with the fac-
tors group (active iTBS, sham iTBS) and day (first, fifth,
and last treatment day) for both left and right fNIRS
channel. Symptom change, i.e. difference between the
two total MADRS-S scores (pre – post over the full treat-
ment course), was used as covariate to assess potential
treatment effects. For subanalyses, age, core depression
symptom change (mean across three MADRS-S items
[i.e. items 1, 6, and 7], pre – post over the full treatment
course) and suicidal thoughts (pre – post over the full
treatment course) were used as covariates. Subsequently,
pairwise comparisons between treatment groups were
conducted for each treatment day. For all statistical tests,
the a-level was set to 5%.

For subanalyses of latency, the time to peak in oxy-
Hb increase of each individual grand average were
used as outcome measure.

For subanalyses of coil current direction, LME mod-
els were calculated for both directions within each
fNIRS channel, and then compared with the original
LME model results.

Results

Demographic and clinical characteristics

After study inclusion, one patient terminated study
participation, resulting in 39 patients (18 male, 21
female, mean age ¼ 29) included in the analysis.
Eighteen patients were randomised to active iTBS, and

21 to sham iTBS. There was no difference at baseline
between the groups in demographic and clinical varia-
bles (Table 1). Stimulants were used by two patients
in the sham group. Propranolol was used by one
patient in the sham group. Levothyroxine was used by
one patient in the active, and two patients in the
sham group. Two patients, both in the active group,
did not use any medication at all. None of the patients
used medications for cardiovascular diseases or
migraine. Sixty-two percent of patients received the
intended 10 treatment days. The rest of the patients
received 11 days (10%), 12, 13, or 14 days (5%, respect-
ively), or 15 days (13%). There was no difference
between number of fulfilled treatment days between
the groups (p¼ .121). Due to missing data, final fNIRS
data included 37 patients (active: n¼ 17, sham: n¼ 20)
on the first day, 37 patients (active: n¼ 18, sham,
n¼ 19) on the fifth day, and 32 patients (active:
n¼ 14, sham: n¼ 18) on the last day.

The MADRS-S score was reduced with 5.4 points in
the active iTBS group, and with 2.1 points in the sham
group. This symptom change did not differ signifi-
cantly between the groups (t¼ 1.38, p¼ .175).

Event-related oxy-Hb

Across all patients, i.e. without dividing data into the
two groups, means (standard deviations) for the left
and right channel were 0.03 (0.15) and 0.09 (0.33) on
the first day, 0.09 (0.18) and 0.13 (0.30) on the fifth day,
and 0.13 (0.22) and 0.15 (0.28) on the last day, respect-
ively. Event-related oxy-Hb responses from four ran-
domly selected patients are depicted in Supplementary
Figure S1.

Table 1. Baseline demographic and clinical characteristics.
Active
(n¼ 18)

Sham
(n¼ 21)

Test for
difference

Age, years, mean (sd) 30 (11) 29 (9) p ¼ .630
Sex, male:female 8:10 10:11 p ¼ .843
MADRS-S, mean (sd) 30 (9) 30 (8) p ¼ .871
EQ-5D VAS, mean (sd) 33 (16) 35 (15) p ¼ .608
MSM, mean (sd) 10 (2) 11 (2) p ¼ .448
Education, n p ¼ .072
9th year not completed 0 1
9th year completed 1 5
12th year completed 10 13
Higher education 7 2

Primary diagnosis, n p ¼ .529
Depressive episode 9 12
Recurrent depression 8 6
Bipolar disorder 1 3

Medication, n
Antidepressants 16 15 p ¼ .178
Antidopaminergic drugs 3 5 p ¼ .582
Mood stabilisers� 5 5 p ¼ .777

�Including lithium and antiepileptics. MADRS-S: self-rating Montgomery-
Åberg Depression Rating Scale; EQ-5D VAS: self-rated health; MSM:
Maudsley Staging Method of Depression.
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Figure 3 shows the group grand averages oxy-Hb
responses during iTBS trains in the left and right fNIRS
channels. A linear mixed-effects (LME) model showed
a main effect of group in both channels (left:
F¼ 19.10, p< .001, right: F¼ 9.56, p¼ .004) and a main
effect of day in the left channel (F¼ 6.31, p¼ .004).
This was further qualified by a group x day interaction
(left: F¼ 6.40, p¼ .004, right: F¼ 5.55, p¼ .007), reflect-
ing different trajectories in oxy-Hb during the treat-
ment course. Specifically, pairwise comparisons
between treatment days showed a difference between
the treatment groups on the fifth and the last day
both in the left (fifth: p< .001, last: p¼ .007) and right
(fifth; p< .001, last: p¼ .025) channel, with the active
iTBS group having a higher oxy-Hb level than the
sham iTBS group. Furthermore, pairwise comparisons
in the sham group showed no differences between
treatment days, indicating no change in oxy-Hb levels
during the sham iTBS treatment course.

There was no main effect of symptom change (left:
F¼ 0.07, p¼ .800, right: F¼ 0.45, p¼ .509) and no group
x day x symptom change interaction (left: F¼ 2.04,
p¼ .087, right: F¼ 1.78 p¼ .137). When analysing only
the active group, there was again no main effect of
symptom change (left: F¼ 0.03, p¼ .856, right: F¼ 0.26,
p¼ .619) and no day x symptom change interaction
(left: F¼ 2.77, p¼ .086, right: F¼ 2.47, p¼ .110).
Subanalyses of the whole sample with age as covariate
did not yield a main effect of age (left: F¼ 3.28, p¼ .077,
right: F¼ 0.18, p¼ .671), but a significant age x day
interaction in both the left (F¼ 3.51, p¼ .038) and right
(F¼ 4.58, p¼ .017) channel.

The grand average peaks, averaged across treat-
ment days, in the active iTBS group in the left channel
occurred one second earlier than in the right channel
(3.6 s, and 4.6 s, respectively). Subanalyses of latency
showed no differences between treatment days (no
main effect of day, left: F¼ 0.22, p¼ .806, right:
F¼ 0.15, p¼ .86, and no significant paired comparisons
between treatment days in either channel).

The subanalyses with core depression symptom
change or suicidal thoughts as covariate showed the
same result pattern as the original total MADRS-S
change covariate (data not shown).

Subanalysis of coil current direction showed the
same result pattern as the original analysis, with the
active iTBS group having a higher oxy-Hb level than
the sham iTBS group on the fifth and last treatment
day and no change in oxy-Hb levels during the sham
iTBS treatment course (Supplementary Figure S2).

Resting-state oxy-Hb

Across all patients, i.e. without dividing data into the
two groups, means (standard deviations) for the left
and right channel were 0.93 (3.05) and 1.51 (2.10) on
the first day, 0.80 (2.40) and 0.17 (2.10) on the fifth
day, and 0.95 (2.27) and 0.59 (1.47) on the last day,
respectively.

Figure 4 shows the group-averaged oxy-Hb changes
in the left and right fNIRS channel. An LME model
showed no main effect of group (left: F¼ 0.39,
p¼ .539, right: F¼ 0.00, p¼ .994), a main effect of day
in the right (F¼ 3.21, p¼ .048) but not in the left

Figure 3. Group grand averages of oxy-Hb responses during iTBS trains in the left and right fNIRS channel. Highlighted intervals
mark the segment used in statistical analysis, with the mean peak of the active group plus/minus 1 s.
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(F¼ 0.03, p¼ .968) channel, and a significant group x
day interaction in the left channel (F¼ 7.37, p¼ .002),
but not in the right (F¼ 1.54, p¼ .224), reflecting dif-
ferent trajectories in oxy-Hb change during the treat-
ment course. Specifically, pairwise comparisons
between groups showed a difference between the
treatment groups on the last day in the left channel
(left: F¼ 5.64, p¼ .024, right: F¼ 1.36, p¼ .253), with
the active iTBS group having unchanged oxy-Hb levels
after compared to before iTBS session. No significant
group differences in oxy-Hb change were seen on the
first (left: F¼ 0.80, p¼ .376, right: F¼ 2.91, p¼ .095) or
fifth treatment day (left: F¼ 2.35, p¼ .132, right:
F¼ 0.60, p¼ .808).

There was no main effect of symptom change (left:
F¼ 0.52, p¼ .474, right: F¼ 0.00, p¼ .994) and no sig-
nificant group x day x symptom change interaction
(left: F¼ 0.74, p¼ .596, right: F¼ 0.77, p¼ .575).

Subanalyses of the whole sample with age as cova-
riate did not yield a main effect of age (left: F¼ 0.91,
p¼ .345, right: F¼ 0.80, p¼ .377), and no age x day
interaction (left: F¼ 0.77, p¼ .469, right
F¼ 0.07, p¼ .932).

Discussion

To the best of our knowledge, this study is the first to
describe how prefrontal brain activity is modulated
over the course of dorsomedial iTBS treatment as cap-
tured with fNIRS. Here, we found a cumulative treat-
ment effect in the prefrontal blood oxygenation
response related to TMS. In the event-related analysis,
we observed higher oxy-Hb levels in active iTBS com-
pared to sham iTBS on the fifth and last treatment
day. While oxy-Hb levels increased during the treat-
ment course, there was no such change in sham iTBS.
In the resting-state analysis, we observed a suppressed
left prefrontal oxy-Hb change in active iTBS compared

to sham iTBS on the last treatment day, i.e. no change
between pre and post active iTBS oxy-Hb levels.

Taken together, our results point to a cumulative
response to active iTBS: there was no event-related
blood oxygenation response during stimulation but an
increase after the session in resting oxy-Hb levels on
the first day. In contrast, on the last day there was an
event-related blood oxygenation response during
stimulation but unchanged resting oxy-Hb levels after
the session. This signal flip seems to start occurring
half-way through the treatment course, i.e. on day
five. On this day, there was already an event-related
blood oxygenation response during stimulation, while
resting oxy-Hb levels after the iTBS session were either
still increased (in the left channel) or already remained
unchanged (in the right channel).

This temporal pattern might reflect a compensatory
mechanism of autonomic control over the prefrontal
haemoglobin levels due to the TMS treatment. Low
and high frequency rTMS have been shown to change
cerebral vasomotor activity (Vernieri et al. 2009, 2014).
This might even be the case in iTBS (Pichiorri et al.
2012), whereas the direction of this effect warrants
future research. Alternatively, the suppressed resting-
state oxy-Hb response might be the consequence of
an achieved maximum of vascular response expressed
as increased baseline levels, leading to a ceiling effect
and thus suggesting increased PFC functioning follow-
ing treatment. This suppression may reflect an inhibi-
tory effect being built up during cumulative sessions,
which is in line with earlier observations of increased
gammaamino-butyric acid (GABA) in mPFC following
rTMS (Dubin et al. 2016). As high GABA levels have
been associated with a decrease in the blood oxygen-
ation level dependent (BOLD) response in the ACC in
an fMRI study (Northoff et al. 2007), a similar process
could have been observed in our resting-state
fNIRS data.

Figure 4. Means and standard error of the means of oxy-Hb changes at the first, fifth, and last treatment day in the active and
sham treatment group in the left and right channel. Positive values reflect an increase in oxy-Hb levels after the iTBS session,
while zero reflects unchanged oxy-Hb levels.
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In contrast to the signal changes in the active
group, the prefrontal event-related oxygenation
changes in the sham group show a different pattern,
without any significant prefrontal oxy-Hb increase dur-
ing sham iTBS over the whole treatment course, thus
showing virtually no deflection from baseline in their
blood oxygenation response. The oxy-Hb differences
between groups might reflect distinct underlying pre-
frontal mechanisms that occur in response to active or
sham iTBS.

Neither event-related nor resting prefrontal oxygen-
ation changes correlated with MADRS-S symptom
reduction. To date, there has been only one clinical
study combining fNIRS and rTMS on patients with
depression conducted by Shinba et al., showing that
increased prefrontal oxy-Hb levels during TMS at the
last day of treatment were linked to a larger reduction
of depressive symptoms (Shinba et al. 2018). One
explanation why we did not see such a correlation
could be large variance in overall treatment response
as measured by symptom change. Furthermore,
Shinba and colleagues did not conduct a sham-con-
trolled study which might account for differences in
treatment response. In addition, the studies differ
both regarding the exact rTMS protocol used as well
as treatment target, which further compromises com-
parisons. The overall absence of a significant effect on
self-rated depressive symptoms considering our design
with an accelerated protocol might contradict earlier
open label studies in which twice daily rTMS was asso-
ciated with fast response to treatment (McGirr et al.
2015). However, recent evidence from controlled trials
has not been able to support the early notions of a
faster response with accelerated protocols (Kaster
et al. 2020).

Of the few previous studies that combined rTMS
and fNIRS, almost all were conducted on healthy par-
ticipants, which cannot be directly compared with clin-
ical trials with depression patients. Healthy
participants commonly receive only short rTMS trains
on one occasion, whereas patients undergo a full
treatment course over several weeks. High-frequency
protocols applied only once on healthy controls
appeared to be linked to an increase in oxy-Hb, after
2 Hz, 5 Hz (Cao et al. 2013), and 15Hz rTMS (Curtin
et al. 2017). However the only study exploring iTBS
effects over the left dlPFC with the use of fNIRS did
not reveal significant oxy-Hb changes after a short
iTBS train compared to sham rTMS (Curtin et al. 2017).
We obtained similar results on the first treatment day,
where event-related active iTBS over dmPFC did not

yield a significant left or right prefrontal oxy-Hb
increase compared to sham iTBS.

While the cumulative event-related oxy-Hb changes
occurred in both the left and right PFC, the resting-
state oxy-Hb changes were only present in the left
PFC, but not in the right. This lateralisation difference
might be a result of prefrontal metabolic imbalances,
as has been suggested by PET (Videbech 2000) and
fMRI studies (Grimm et al. 2008), and this imbalance
can potentially be reversed following rTMS (Li et al.
2010). When analysing the whole sample to explore
possible age effects, we could observe an age x day
interaction in the event-related data that might repre-
sent an effect of the cumulative haemodynamic
response to rTMS. This is interesting in the light of a
reported decreasing clinical rTMS effect with increas-
ing age (Rostami et al. 2017).

This study is subject to some limitations. First, the
sample size is modest. However, to maximise general-
izability of the reported results, we included both
patients with unipolar and bipolar depression, and
tried to keep the exclusion criteria to a minimum.
Second, a general shortcoming of fNIRS is measuring
blood oxygenation change in shallow cortical regions
(Okada and Delpy 2003). In this study the fNIRS signal
was measured with a two channels device located
adjacent to but not directly under the iTBS area.
However, several other fNIRS/rTMS studies did not
positioned their fNIRS optodes under the TMS coil
(Aoyama et al. 2009; Cao et al. 2013; Shinba et al.
2018). An fNIRS system with more optodes might have
given a more detailed picture of blood oxygenation
changes of the whole prefrontal region, including
even cortical areas directly under the TMS coil. Third,
we cannot exclude slightly different positioning of the
fNIRS optodes during consecutive treatment days
resulting in changes in optical properties under inves-
tigation (Sawosz et al. 2016) as well as other physio-
logical artefacts that could affect measurements
(Kirilina et al. 2012). Furthermore, while having system-
atically recorded medications, we do not have data on
cardiovascular morbidity or migraine if not pharma-
ceutically treated. Thus, vascular morbidity or vaso-
active medication taken by the patients might have
affected vascular brain responses, but probably only
to a small degree as our study sample was rather
young and very few used vasoactive medication.
Finally, we cannot be fully sure that the sham iTBS did
not give any stimulation at all as treatment with pre-
frontal TENS electrodes applying a similar current
strength as in the present study has been linked to
depressive symptom reduction (Cook et al. 2013), an
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assumption that has also been proposed by a recent
rTMS study (Dunlop et al. 2020).

In conclusion, our study describes a modulation of
the blood oxygenation response over the prefrontal
cortex that is built up during the course of the
iTBS treatment.
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