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Abstract. Transcranial magnetic stimulation (TMS) is a noninvasive method used to excite or inhibit cortical
activity for experimental, diagnostic, and therapeutic interventions. However, nonmotor regions of the brain tar-
geted in TMS therapies, such as the dorsolateral prefrontal cortex (DLPFC), offer no extrinsic response to stimu-
lation, resulting in a need for a practical method for the evaluation of treatment. We sought to determine the
capability of a continuous-wave light emitting diodes (LED)-based functional near-infrared spectroscopy (fNIRS)
system to measure evoked cortical hemoglobin changes in the DLPFC during the simultaneous application of
TMS to the left-DLPFC under brief stimulation paradigms used in the clinic. Seventeen healthy participants
received short TMS trains at F3 in four different stimulation conditions (single pulse, high frequency, intermittent
theta burst, and sham) while adjacent fNIRS measurements were recorded. Ten 2-s trains of each stimulation
type were delivered with an intertrial interval of 40 s. Results indicated that high-frequency stimulation produces a
larger and more evident response than other measured conditions. These findings show that a continuous-wave
LED-based fNIRS system can be used to measure TMS-evoked responses and that future TMS applications can
benefit from concurrent assessment of localized cortical activation changes.© 2017 Society of Photo-Optical Instrumentation

Engineers (SPIE) [DOI: 10.1117/1.NPh.4.4.041405]
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1 Introduction
Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive brain stimulation method that can be used to excite
or inhibit cortical activity via electromagnetically induced
currents. TMS has been used as a tool for experimental brain
research1 as well as a valuable nonpharmacological therapeutic
technique in major depressive disorder (MDD) with developing
applications in Schizophrenia and a variety of other mental
disorders.2 When used in MDD treatment, TMS frequently tar-
gets the left-dorsolateral prefrontal cortex (DLPFC) in order to
activate the underlying cortex using patterns that induce long-
term potentiation (LTP), such as conventional high-frequency
stimulation (>5 Hz) and the neurobiologically-inspired inter-
mittent theta burst stimulation (iTBS). iTBS is a TMS paradigm
adapted from animal studies by Huang et al.3 based on obser-
vations that short trains of 50 Hz stimulation at the theta rhythm
of 5 Hz reliably induced LTP in the motor cortex and hippocam-
pus, mimicking the coupling of gamma and theta rhythms. iTBS
stimulation trains are of particular interest in the clinical

community because their use translates to a shorter therapeutic
duration at lower intensities (80% to 90% RMT versus >110%
RMT)4,5 than conventional suprathreshold high-frequency
rTMS protocols. Although both techniques have shown promise
in the treatment of medication-resistant MDD,6 not all patients
respond successfully to TMS therapies. The selection of appro-
priate parameters, such as the specific patterns used, may be
an important step in improving clinical response to therapy.7

However, determination of these parameters is made more dif-
ficult by the fact that areas such as the DLPFC produce no overt
muscular response to stimulation. Therefore, physicians can
evaluate rTMS only in terms of patient tolerance to treatment
and, after a number of rTMS sessions, changes to subjective
clinical measures.

Measuring neural activity, such as the evoked hemodynamic
responses associated with stimulation, may help identify best
treatment practices, identify responders to therapy, and eventu-
ally help address problems related to intersubject heterogeneity
through an individualized approach to therapy.8 Neurohemody-
namic measures such as regional cerebral blood flow (rCBF)
of positron emission tomography9,10 and the blood oxygen
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level-dependent (BOLD) response of fMRI11,12 have been
shown to be differentially sensitive to TMS parameters and in
some cases reported to predict treatment response.13 However,
rTMS must occur over a number of sessions and these systems
cannot be practically scaled for use in clinical settings.

Functional near infrared spectroscopy (fNIRS) is an optical
technique that uses specific wavelengths of light within the
region of 700 to 900 nm to measure concentrations of oxygen-
ated [HbO] and deoxygenated [Hb] hemoglobin in the cerebral
cortex.14 fNIRS is a promising method for concurrent TMS im-
aging as the technique relies on measurement of light that is not
directly perturbed by magnetic flux, has comparable spatial res-
olution to the foci of TMS coils15 (cm) and has the temporal
resolution to capture evoked hemodynamic responses with higher
precision than those offered by interleaved-fMRI.16 Additionally,
the technique can scale well for clinical applications as it is non-
invasive, easily applied, capable of long-term measurements,
and can be made more cost-effective through the use of probes
containing light emitting diodes (LED)-based light sources. In
a recent study, we have demonstrated simultaneous fNIRS and
transcranial direct current stimulation of the anterior prefrontal
cortex (PFC) during cognitive tasks, highlighting the complemen-
tary qualities of fNIRS for neurostimulation.17

fNIRS has been used previously in conjunction with TMS,
but only a few studies have examined stimulation in the DLPFC,
the area most typically used in the clinic. While some studies
conducted have examined results in the motor cortex, conflict-
ing findings suggest that TMS-evoked responses measured in
this region cannot necessarily be considered as stereotypical of
other regions. In the motor cortex (M1), single pulses of TMS
delivered at rest using subthreshold levels have been reported to
decrease [Hb]18 during stimulation or increase [HbO],19,20 both
with conflicting effects on total hemoglobin [HbT], whereas in
the PFC, a decrease in [HbO] over the DLPFC was observed
only at a high suprathreshold level (130%),21,22 an intensity
not normally used during treatment. One study has examined
high-frequency stimulation in the DLPFC, but using only
5 Hz, even though the most common frequencies used in the
clinic range from 10 to 20 Hz. Additionally, alternative LTP-
inducing paradigms to HF stimulation such as iTBS have not
been examined at all in the DLPFC. As such, the expected
responses to TMS stimulation trains in healthy subjects cannot
be described as fully characterized.

In this study, we investigated the evoked response to short
trains of four TMS stimulation conditions: high frequency,
single pulse, intermittent theta burst, and sham, using fNIRS
sensors simultaneously. To our knowledge, this is the first con-
current fNIRS-TMS multimodal investigation to assess iTBS in
the DLPFC and the first usage of an LED-based fNIRS system
in the measurement of any TMS-evoked responses.

2 Methods

2.1 Subject Demographics

Seventeen healthy right-handed volunteers (9 male, 8 female;
age: mean 26.6, S.D. 2.6) were recruited from the local commu-
nity and provided informed consent prior to participation in this
study. Participants self-reported no history of mental illness or
drug abuse, right-handedness, and were compensated for their
time. Demographic information is reported in Table 1. The
study took place at the Shanghai Mental Health Center and
consisted of two sessions per day over two days (four sessions

total), separated by a minimum of 1 h (mean 3.3 h, S.D. 47 min)
to reduce the effect of carry-over from TMS stimulation types.
Procedures were approved according to the Ethics Committee of
the Shanghai Mental Health Center.

2.2 Experimental Setup

After obtaining written consent, participants had their resting
motor threshold (RMT: mean 36.6%, S.D. 5.9) estimated.
rTMS stimulation was performed using a figure-of-eight coil
(MCF-B65) and the MagPro system (MagVenture, Denmark).
The stimulation site was then identified according to placement
on F3 as identified by the international 10–20 system. This loca-
tion has been reported to be a more accurate estimation of the
location of the left DLPFC when compared to the 5-cm rule.23

The fNIR1100 sensor (fNIR Devices LLC, Potomac, Maryland)
was centered in line with FP1 and FP2 of the international
10–20 system on the subject’s forehead and the sensor settings
were adjusted to receive the highest signal levels without
saturation, accounting for subject dependencies and lighting
conditions. For data acquisition and visualization, COBI Studio
software was used.24 After calibration of the sensor, fNIRS
biomarkers were recorded continuously at 2 Hz over the
Frontopolar region of the DLPFC (BA10). Placement of the
fNIRS sensor was just dorsal to the stimulation location and
the TMS device was typically adjacent but not overlapping
with optode 3 on the sensor (as shown in Fig. 1).

Table 1 Subject demographics.

Subject Gender Age RMT (%)

1 M 28 39

2 F 28 43

3 F 24 41

4 F 25 30

5 M 34 47

6 F 25 34

7 F 25 38

8 F 27 27

9 M 23 34

10 M 27 40

11 F 26 41

12 M 25 32

13 M 28 43

14 M 27 34

15 M 25 26

16 F 25 34

17 F 30 39
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2.3 Repetitive Transcranial Magnetic Stimulation
Procedure

In order to examine the prefrontal response to different rTMS
paradigms, subjects were assigned randomly to one of four
stimulation orders and these subgroups were used to account
for the effects of order on TMS response. Subjects were
measured over the course of four sessions across two days
(2 sessions/day). Each session consisted of 10 trials of a single
stimulation pattern and sessions were separated by at least 1 h to
wash out poststimulation effects. TMS stimulation was given in
an individual train lasting 2 s with 40 s between trials (Fig. 2).
During stimulation, fNIRS was recorded online to determine
the hemodynamic time course of TMS-evoked responses over
the frontopolar region. TMS stimulation was synchronized with
a fNIRS recording computer via the use of the RS232 output
integrated into the MagPro system.

In all trials, TMS stimulation was delivered over the F3 area
as identified by the international 10–20 system. Single pulse
stimulation was delivered at 110% RMT, whereas high-
frequency stimulation was given with 30 pulses delivered at

110% RMT at 15 Hz. Theta burst stimulation was delivered
at 90% RMT with triple 50-Hz pulses spaced at 5 Hz for a
total of 30 pulses. Suprathreshold high-frequency stimulation
was used according to findings of greater clinical efficacy with
the technique25,26 and absence of a local BOLD response to
subthreshold HF stimulation in fMRI studies.27–29 Use of sub-
threshold theta burst stimulation was inline with current safety
recommendations30 following reported risk of seizure with 100%
RMT TBS delivery. Sham stimulation, used as control, was
produced by reversing the coil and using the high-frequency
stimulation condition to produce the sounds and vibrations of
stimulation without the corresponding flux. No adverse effects
due to TMS or online recording were reported by any subject
during this study.

2.4 Functional Near-Infrared Spectroscopy Signal
Processing

Raw light intensity data were collected for 48 channels corre-
sponding to 16 optodes (3 channels per optode: 2 wavelengths
+ 1 ambient light intensity reference) at 2 Hz from the PFC
using the fNIR1100 imager. Data were screened for motion
artifacts and saturated signals. Motion artifacts were rejected
using the sliding motion artifact rejection algorithm 31 and a band-
pass filter was used to reduce high-frequency noise and account
for global trends in the raw-light intensity using cutoffs of 0.01
and 0.25 Hz. The 10th stimulation trial was dropped in all com-
parisons due to subject motion associated with completion of the
session. The physiological measurements in terms ofΔ½HbO� and
Δ½Hb� were then calculated using the modified Beer–Lambert
law32 and corrected values of activation were estimated using
the correlation-based signal improvement (CBSI) algorithm.33

Measured values were reported as the average change in hemoglo-
bin concentration from the time of initial stimulation. Extracted
measures of CBSI-corrected HbO are reported as [HbO].

2.5 Statistical Analysis

Data analysis was conducted using R (version 3.2.2) and
MATLAB (version R2016A). A linear mixed-effects (LME)
model for the fixed effect of stimulation type was evaluated
for each individual optode. Subject means were allowed to
vary around an individualized intercept across trials with stimu-
lation type as a within subject factor. Statistical significance of
model fixed effects was assessed using the Satterthwaite
approximation for degrees of freedom and significance was
corrected for family-wise error rate using the false discovery
rate34 across all optodes with q ¼ 0.1.

LME models are typically preferred to classical analysis
techniques due to their better ability to handle unbalanced

Fig. 1 (a) Optode arrangement for fNIR1100 sensor and (b) TMS coil
placement at F3 relative to measured area in BA10 with approximate
optode positions marked for reference.

Fig. 2 TMS stimulation trial timing.
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data, intersubject variability and are generally better suited
for interpretation of neuroimaging data.35 Redundant analysis
was conducted using repeated measures analysis of variance
(ANOVA) to allow simpler interpretation of the results.

Post hoc comparisons were adjusted for multiplicity
using the joint normal distribution of the linear function.
Significance maps of each stimulation condition with sham
are presented for exploratory purposes. Optodes that survived
an optode-wise FDR-correction for the omnibus test are pre-
sented temporally. Time course plots were generated from the
average change of each second from the average immediately
surrounding stimulation (i.e., from −1 to 1 s). Plots show the
mean value of each second and the standard error of the
mean for each time point. Significant differences as determined
by uncorrected t-tests are marked at different time points for
illustration.

3 Results
The grand-averaged waveforms indicated strongest increases in
[HbO] for optodes 1, 2, 3, and 6 for the high-frequency condi-
tion relative to sham. Changes appeared from about 4 s after the
onset of stimulation and peaked between 8 and 15 s varying
among individual optodes. Single pulse stimulation appeared
to induce changes in optode 1, peaking 4 s after stimulation.
Theta pulse stimulation appeared to induce marginal changes
in optode 6, peaking 15 s following stimulation.

On the basis of previous studies21,36 and inference from the
hemodynamic response time course, we expected changes to
begin to evolve ∼4 to 6 s after the stimulation. We qualitatively
observed that hemodynamic changes associated with stimula-
tion appeared to persist until ∼15 s after the stimulation. For
the purposes of statistical testing, we selected a window from
10 to 15 s following the onset of the stimulation as our time
range of interest for further evaluation. Evaluation with the

LME model omnibus revealed a significant main effect for
stimulation type across optodes 2 and 6 (p < 0.05) for [HbO].
FDR correction was applied to omnibus tests and significant
main effects remained for optode 6 [q ¼ 0.0629, F (4.53,
dF ¼ 350.48), p ¼ 0.0039]. The FDR corrected omnibus test
is presented parametrically in Fig. 3(a). We also used repeated
measures ANOVA as a classical statistics comparison and again
found that optode 6 was significant following FDR correction
for stimulation type as a within-subject term [q ¼ 0.0380,
F (5.56, dF ¼ 3), p ¼ 0.0024]. No main effect for stimulation
type on [Hb] was found to be significant in any optode after
correction using FDR.

Exploratory post hoc comparisons with sham stimulation
were performed for spatial visualization. High-frequency stimu-
lation created clear differences in the left hemisphere around the
area of stimulation when compared to sham stimulation [Fig. 3(c)].
Single pulse stimulation appeared to produce small and localized
activity near the area of stimulation at optode 1 [Fig. 3(b)], and
theta burst stimulation did not appear to elicit significant activity
during the time window analyzed [Fig. 3(d)].

Post hoc comparisons of the LME linear hypothesis for the
surviving channel showed that high-frequency stimulation pro-
duced significantly higher changes in [HbO] than sham stimu-
lation (p < 0.005) in optode 6. The effect of high-frequency
stimulation was also significantly different from that of single
pulse (p ¼ 0.04) but not significantly different from that of
theta burst stimulation. Analysis using Tukey’s honestly signifi-
cant difference comparisons produced similar results with sig-
nificant differences for high frequency with sham (p < 0.0001)
and single pulse stimulation (p ¼ 0.013). The temporal changes
and mean changes in optode 6 associated with each stimulation
type are presented in Figs. 4 and 5, respectively. Changes in
[Hb] levels were not observed to be significant for any stimu-
lation type in optode 6.

Fig. 3 Parametric mapping comparisons for all subjects. (a) Omnibus test for main effect of stimulus type
across all sessions; exploratory post hoc comparisons of all conditions, (b) single pulse versus sham,
(c) high frequency versus sham, and (d) theta burst versus sham.
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4 Discussion
In this study, we monitored the functional hemodynamic
response in the DLPFC during and immediately following dif-
ferent types of patterned stimulation applied at F3. We observed
a clear evoked response to the 15-Hz stimulation at 110% RMT.
The evoked response was most strongly present in the brain area
close to the stimulation (i.e., optode 6). We observed that the
single pulse condition and the 2-s theta burst condition produced
minimally apparent activity in areas that were localized near
the site of stimulation (optode 1 and 2, respectively), but these
changes were marginal compared with the responses produced
by high-frequency stimulation and did not survive the signifi-
cance test after correction for multiple comparisons. Our results
suggest that: (i) responses to suprathreshold high-frequency
stimulation can be safely monitored using LED-based NIRS
systems placed proximally to the site of stimulation and (ii) sub-
threshold theta burst stimulation and suprathreshold single pulse

stimulation do not appear to produce reliable responses at
locations adjacent to the coil in the DLPFC.

Our primary finding is that short trains of suprathreshold
high-frequency stimulation produce a localized response in
the PFC. This finding supports a previous observation that
high-frequency stimulation (5 s, 5 Hz, 110% RMT) results in
an increase in [HbO] peaking at ∼5 to 10 s poststimulation.37

However, this is the first online fNIRS study to report changes
using a 15-Hz stimulation frequency as well as the first study to
report on the effects of HF stimulation with a duration of only
2 s, in which cortical changes produced from TMS are measured
with fNIRS. Previous research has shown that in terms of thera-
peutic outcome for high-frequency TMS, the total number of
pulses is more important than the specific frequency used.23

rTMS has been known to produce changes in excitability within
the motor cortex for frequencies greater than 2 Hz after only
20 pulses.38 Therefore, we anticipated a detectable response
following a stimulation dosage of 30 suprathreshold pulses.

The lack of significant response to single pulse stimulation at
110% RMT is supported by a previous study of the DLPFC, in
which a suprathreshold stimulation of 130% RMTwas required
to elicit an observable response, captured as a decrease in
[HbO].21 It is possible that different areas of the brain respond
differently to similar stimulation paradigms, as single pulse
stimulation at subthreshold intensities (65% to 100% RMT)
has been associated with increases in [HbO] as measured by
fNIRS in the motor cortex,19,20 but conflicting reports have
also suggested decreases in [Hb], which have different implica-
tions for total hemoglobin in this same region.18 While it
appeared that in our study, single pulse stimulation at 110%
increased [HbO] in optode 1, the changes did not survive cor-
rection for multiple hypotheses, suggesting that the response
was either variable, or small and transient. Given the conflicting
reports regarding SP stimulation in M1, our confirmation of
nonsignificant response to suprathreshold stimulation in the
PFC demonstrates a need for a comparative study between
stimulation in M1 and the PFC as different processes may
govern the effects of TMS in these areas.

Our investigation into the online monitoring of cortical
changes induced by single trains of iTBS (2-s iTBS, 90%
RMT) is the first online fNIRS study to evaluate iTBS in the
DLPFC. We found that seconds of iTBS at 90% RMT was
not associated with reliable evoked responses outside of the

Fig. 4 Averaged response across all subjects following (a) single pulse, (b) high frequency, and (c) theta
burst stimulation, respectively, for optode 6, the gray curves denote the case of sham stimulation.

Fig. 5 Mean change (10 to 15 s) from baseline across all subjects
following single pulse, high frequency, and theta burst stimulation,
respectively, for optode 6.
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immediate area of stimulation. We observed that optode 6, in
the left hemisphere near the site of stimulation, was associated
with increased levels of [HbO], however, these changes did not
survive correction for multiple hypotheses. In this study, high-
frequency stimulation at 15 Hz and iTBS stimulation with equal
pulse numbers delivered during a period of 2 s were used to
determine whether a single iTBS stimulation train could produce
a comparable response to 15-Hz stimulation despite a subthresh-
old stimulation level. iTBS has been examined previously in one
study that examined stimulation to the premotor cortex, M1, and
the sensory motor cortex, but not the PFC. Mochizuki et al.
found that iTBS trains reduced [HbO] and that 57% RMT
and 70% RMT reduced contralateral [HbO] in each region.39

Despite increased stimulus intensity relative to the prior study,
reports of superior efficacy to iTBS stimulation in terms of
clinical response40 and increased sensitivity of motor threshold
to the pattern relative to high frequency,3,41 we did not observe
significant changes in the area adjacent to the site of stimulation
at subthreshold intensities. It is possible that the reduction in
intensity that is necessary for TBS reduced the focality of the
stimulation, as intensity used in TMS controls both the area
and depth of activation.15 It is also likely that suprathreshold
stimulation in the DLPFC is required in order to observe a
hemodynamic response to short trains of stimulation perhaps
indicating a reduced sensitivity of the DLPFC to TMS stimula-
tion relative to M1.

Previous fNIRS studies have been conducted with laser-
based fNIRS systems,16 which typically use optical fibers as
light guides for both the detector and emitter components.
This technique prevents even the potential influence of TMS
magnetic flux from interfering with the fNIRS measurements
but requires substantial increase of technical complexity, reduc-
ing practical use and requiring a longer setup time. The system
used in this study was an LED-based fNIRS system, which was
developed with a wearable sensor pad for practical setup and
use. In order to establish the feasibility of online TMS measure-
ment with the LED-based system, we examined the electrical
activity produced by the TMS coil in the fNIRS sensor with
an oscilloscope. Minor transient changes were observed in
the sensor wires that lasted for several microseconds when
the TMS coil was pressed directly over the sensor at 100%
machine output power. When the sensor was used during
online recording, TMS-related stimulation produced a transient
impulse (80 μs, <5 mv) response lasting one sample, which
was observable only in sensor data without the LED on.
While interference was expected from the TMS coil, it appears
that the relatively low sampling rate of the fNIRS sensor and the
marginal impulse detected, together ensured that the induced
TMS noise remained at undetectable levels. Changes remained
negligible even under conditions of repeated stimulation at
levels much higher than those used in the study. Other LED-
based fNIRS systems should be tested to ensure compatibility
with TMS systems as the lack of interference in the utilized
system cannot be assumed for other sensor designs.

This study is subject to several limitations, the foremost of
which is the lack of information regarding the cortical areas
subject to the direct and downstream effects of magnetic
stimulation that were not measured. TMS-induced changes
have been shown to occur at regions remote to the direct area
of activation42,43 and these links may relate to complex relations
in functional connectivity between regions.44 Despite the inac-
cessibility of focal measurements in this methodology, we were

able to successfully measure changes associated with supra-
threshold high-frequency stimulation with fNIRS. Although
the contribution of extracerebral sources to the measured evoked
responses were not investigated in this study, in future works
the use of alternative sensor geometry arrangements (e.g.,
short separation source detectors pairs) can be used to mitigate
the influence of superficial factors and potentially improve the
signal-to-noise ratio of measured cerebral responses. A distinct
limitation to the use of fNIRS to measure TMS evoked
responses is the relatively shallow depth of fNIRS recording
relative to fMRI. However, TMS stimulation itself is relatively
shallow,45 and while coil designs have been adapted in efforts to
increase the depth of stimulation, coils commonly used in the
clinic reach depths that are relatively well suited to fNIRS
measurement.15

Additionally, the choice of stimulation paradigms used is
not representative of all stimulation paradigms used within the
clinic. We did not investigate low-frequency stimulation as the
1-Hz frequency stimulation for a 2-s stimulation train would
consist of only two pulses. However, trains of low-frequency
stimulation have been reported to reduce [HbO] in both
relatively short trains (5 to 10 s)37,46 and over 10 min of
stimulation47 in the DLPFC at suprathreshold levels (110% to
120% RMT). With respect to the patterned protocols used in
this study, the HF and TBS paradigms were not matched in
terms of stimulus intensity in part because suprathreshold TBS
stimulation is not currently considered low risk30 and in part
because subthreshold HF stimulation does not produce localized
responses in fMRI.27,28 As a result, it was not possible to
separate the impact of stimulation pattern from intensity in
this study, however, subthreshold application of TMS is known
to change CBF over longer time scales than analyzed in this
study,11,48,49 meaning that absence of an immediate observed
response does not prohibit clinical efficacy.

In part because there is no overt output from the DLPFC, the
changes in cortical response to stimulation behavior with
increased dosages of stimulation are not known. The stimulation
doses used in this study were smaller than typical therapeutic
doses (≤300 pulses) and previous studies of cortical excitability
in the motor cortex have suggested that changes induced
by larger (600 pulses) were no longer significant at 90 min
following stimulation.50 Stimulation sessions occurring on the
same day were separated an average washout period of 3.3 h
(s.d. 84 min). In general, changes in cognition are estimated
to be observable only within half the duration of the rTMS
train,51 much shorter than the length of time used in this
study. In combination with the usage of randomized stimulation
orders to prevent order effects, these factors suggested that
the washout period was adequate. Additionally, all stimulation
paradigms in this study used biphasic stimulation. For single
pulse paradigms, the nature of the evoked response to biphasic
stimulation is thought to be more complex and nuanced than
comparable monophasic stimulation.23 Due to the increased
energy requirements of monophasic stimulation, rTMS tech-
niques used in the clinic and nonsingle pulse applications are
commonly biphasic, and therefore, this mode was used in the
presented study.

The combination of noninvasive neuroimaging and neurosti-
mulation methodologies represents a unique opportunity to
test neuroscientific theories on cortical function and therapy.52

It is unknown precisely what implications an individual’s mea-
sured response to TMS might have on therapeutic outcomes, but
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interpreting feedback from neurostimulation may empower both
diagnostic and therapeutic methods.53 Without limiting potential
applications to clinical populations, neurostimulation could
intersect with the merging of neuroimaging and behavioral
sciences and bring new dimensions to research as a set of
tools investigating the nature of workload and cognition in
the brain during everyday life.54–56

In conclusion, we have confirmed findings that short trains of
high-frequency stimulation are associated with increases in
[HbO] in the DLPFC and demonstrated the feasibility of mon-
itoring online responses to TMS-evoked activity using an LED-
based fNIRS system. Our results generate further support for
speculations that the DLPFC is not as sensitive to stimulation
as M1, and therefore, future work is needed to specifically evalu-
ate the differences in TMS effects between these regions. These
findings highlight the importance of neuroimaging methods to
evaluate TMS effects in areas with no overt response and may
have important clinical implications regarding the translation of
observed phenomena in M1 to regions used in psychiatric stud-
ies such as the DLPFC. Future studies are needed to understand
the nature of patterned stimulation in the DLPFC, and how
evoked responses are related to clinical outcome.
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