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Background: Approximately 25% of concussion patients experience persistent

post-concussion symptoms (PPCS). Repetitive transcranial magnetic stimulation (rTMS)

has been explored as a treatment, and functional near-infrared spectroscopy (fNIRS) may

be a cost-effective method for assessing response.

Objectives: Evaluate rTMS for the treatment of PPCS and introduce fNIRS as a method

of assessing treatment response.

Methods: Design: Two-patient case study. Setting: Calgary Brain Injury Program.

Participants: 47 and 49 years. male, with PPCS for 1–2 years (headache, cognitive

difficulties, nausea, visual difficulties, irritability, anxiety, poor mood, sleep, and fatigue).

Intervention: 10 sessions of rTMS therapy to the left dorsolateral prefrontal cortex

(DLPFC), at 10Hz (600 pulses) and 70% of resting motor threshold amplitude.

Participants completed an 8-week headache diary and a battery of clinical questionnaires

prior to each fNIRS session. fNIRS: Hemodynamic changes were recorded over the

frontoparietal cortex during rest, finger tapping, and a graded working memory test.

fNIRS was completed pre-rTMS, following rTMS (day 14), and at 1-month post-rTMS

(day 45). For comparison, two healthy, sex-matched controls were scanned with fNIRS

once daily for five consecutive days.

Results: Clinical scores improved (headache severity, MoCA, HIT-6, PHQ-9,

GAD-7, QOLIBRI, RPSQ, BCPSI) or remained stable (PCL-5, headache frequency)

post-rTMS, for both participants. Participant 1 reported moderate symptom

burden, and a fNIRS task-evoked hemodynamic response showing increased

oxyhemoglobin was observed following a working memory task, as expected.

Participant 2 exhibited a high symptom burden pre-treatment, with abnormal fNIRS

hemodynamic response where oxyhemoglobin declined, in response to task. One

month following rTMS treatment, participant 2 had a normal fNIRS hemodynamic

response to task, corresponding to significant improvements in clinical outcomes.
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Conclusion: This case study suggests fNIRS may be sensitive to physiological changes

that accompany rTMS treatment. Further studies exploring fNIRS as a cost-effective

technology for monitoring rTMS response in patients with PPCS are suggested.

Keywords: concussion, post-concussion symptom, transcranial magnetic stimulation (repetitive), functional Near

Infrared Spectroscopy (fNIRS), rehabilitation

BACKGROUND

Annually, up to 280,000 people in Canada (1) and 42 million
worldwide (2, 3) experience a mild traumatic brain injury
(mTBI). In patients with mTBI, symptoms experienced following
injury usually resolve within 3 months. However, up to 25%
of patients will experience persistent post-concussion symptoms
(PPCS), which can continue up to 1 year following injury
(4). Common symptoms include headaches, dizziness, fatigue,
irritability, depression, anxiety, emotional lability, concentration
or memory difficulties, insomnia, and reduced alcohol tolerance
(ICD-10 post-concussion syndrome diagnostic criteria) (5–8).

Repetitive transcranial magnetic stimulation (rTMS) is a
non-invasive neurostimulation treatment whereby a rapidly
alternating magnetic field applied to the scalp induces an
electrical stimulus in a targeted region of the brain (9). This
may lead to neuronal depolarization and either excitation or
inhibition, depending on the neurons stimulated. Clinically, TMS
has been approved by the FDA for treatment-resistant depression
(rTMS) (10, 11) and migraine with aura (single pulse TMS) (12)
Recent preliminary studies have explored rTMS as a treatment
option for PPCS (13–15), although the physiological changes
associated with rTMS intervention remain relatively unknown.

Functional near infrared spectroscopy (fNIRS) is a
neuroimaging technology that non-invasively measures
changes in cerebral tissue oxygenation coupled to neuronal
activity. Continuous traces of cerebral tissue oxygenation are
recorded and changes in the optical absorption properties
of the brain tissue are measured (16). These changes can
then be used to map local changes in brain activity, similar
to how the blood-oxygenation level-dependent (BOLD)
signal is used to measure brain activity in functional MRI
studies (17). In comparison to functional MRI, fNIRS is
advantageous for clinical application because it is small,
portable, and useful in a variety of environments where
neuroimaging is not feasible. We propose functional near-
infrared spectroscopy (fNIRS) as a cost-effective method
for studying rTMS treatment response. In this case study,
we utilized fNIRS to explore the relationship between
physiological changes in brain function and clinical markers
of recovery associated with rTMS treatment in two patients
with PPCS.

OBJECTIVES

To evaluate the effectiveness of rTMS for the treatment of PPCS
and to assess whether fNIRS could be a biomarker of rTMS
treatment response.

PATIENT HISTORIES

Participant #1
A 47-year-old male accountant was seen in the Calgary Brain
Injury Program (CBIP) at the Division of Physical Medicine and
Rehabilitation Department, Foothills Medical Centre, Calgary,
AB, Canada. He was originally referred with a history of
persistent symptoms (headache, dizziness, vision, neck pain,
nausea, poor sleep, and mood) following mild traumatic brain
injury while playing soccer. He had a past medical history
of migraine with aura, basal cell carcinoma (removed), and
gastroesophageal reflux disorder (GERD).

The patient was hit in the head by a high-speed ball while
playing in a soccer game. He did not lose consciousness nor
report post traumatic amnesia. He finished playing the game and
was later diagnosed with a sport-related concussion (SRC) by
a sports medicine physician based on the Consensus statement
on Concussion in sport−5th International Conference (18).
Initial symptoms included feeling “off and foggy” for the first 3
days, with subsequent development of persisting headaches/head
pressure sensations, vision difficulties, fatigue, slowed processing
speed and dizziness. Approximately 2–3 weeks after the head
injury, he had a CT scan of his head, which was normal. In regard
to treatment, he had trialed craniosacral therapy, physiotherapy,
vestibular and vision therapy with only mild improvement in his
symptoms. As a result, he was on short term disability.

Physical exam at the initial assessment demonstrated
evidence of saccades when looking to the left and left eye
nystagmus when looking to the right. He had evidence of
convergence insufficiency on exam. The remainder of his
neurologic exam was normal. Investigations, including neuro-
ophthalmology evaluation, CT head, and neuroendocrine testing
(CBC, electrolytes, glucose, TSH, free T4, a.m. cortisol) were all
within normal limits.

The patient was seen seven times at the CBIP over the
course of 16 months with ongoing treatment for headache, neck
pain/hyperalgesia, vision, mood and return to work counseling.
Despite further treatment with oral pharmacologic medications
(trazadone, amitriptyline, desvenlafaxine), topicals, greater
occipital nerve blocks, cranial botox injections (PREEMPT
protocol) (19), prism glasses, and exercise, he continued to
experience PPCS.

Participant #2
A 49-year-old male elementary school teacher was originally
referred to the CBIP with a history of PPCS (vision changes,
headaches, confusion, slowed thinking, difficulty with
multitasking, poor balance, postural dizziness, nausea, emotional
lability, fatigue) following a motor vehicle accident. He had a
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past medical history of a mild TBI (with loss of consciousness)
at 19 years old, as well as remote history of lower extremity
orthopedic injuries.

The patient was involved in a motor vehicle accident, which
occurred at ∼50 km/h. The air-bags deployed and his car started
on fire. He was unable to remove himself from the vehicle.
He did not report amnesia or loss of consciousness, but did
experience a sensation of nausea, vision changes, headache,
dizziness, and fatigue following the event. He was diagnosed
with a concussion by his family doctor in accordance with the
World Health Organization Criteria (20), based on alteration in
mental state and neurological deficits following the event. He
tried to go back to work 3 days after the injury, however reported
word-finding difficulties, problems concentrating, poor memory,
and confusion. Treatment prior to assessment in the CBIP
included acetaminophen, ibuprofen, physiotherapy, massage,
and hyperbaric oxygen chamber therapy without significant
benefit. The patient was on short-term disability from work as a
Grade 5 teacher. He was previously active in IronMan Triathlons
but was unable to train since his accident.

Initial physical exam demonstrated convergence insufficiency.
He became symptomatic with eye movement. The rest of his
neurologic examwas normal. Investigations, including anMRI of
the brain and neuroendocrine testing (CBC, electrolytes, glucose,
TSH, free T4, IGF-1, a.m. cortisol, and urine electrolytes) were
within normal limits.

He was seen five times at CBIP over the course of 8 months
with ongoing treatment for vision, headaches, dizziness, mood,
return to exercise, and general rehabilitation (occupational and
physical therapy, social work, psychology, and productivity
consultant). He was treated with oral medications (sertraline,
rizatriptan), prism glasses, vestibular physiotherapy, vision
therapy, and personal exercise training with ongoing post-
concussion symptoms.

METHODS

Design
Two-patient case study.

Setting
Calgary Brain Injury Program, Calgary, Alberta, Canada.

Included Participants
The two included participants, described above, consented
to participate in a case study using rTMS and fNIRS for
possible treatment of their persistent post traumatic brain injury
symptoms. Two male control subjects (19 and 28 years of
age, respectively) with no history of concussion or mild TBI
underwent five identical fNIRS scans across five consecutive
measurement days, in an effort to demonstrate reproducibility of
baseline fNIRS measurement. Participant 1 was maintained on
oral pharmacologic management with amitriptyline throughout
the trial, while participant 2 did not take any oral medications.

Intervention
Ten sessions of rTMS therapy using an air-cooled 70-mm
coil (Airfilm; Magstim, Whitland, UK) to the left dorsolateral
prefrontal cortex (DLPFC), over 2 weeks, at 10Hz (600 pulses)
and 70% of resting motor threshold amplitude. Participants
clinical MRI scans were loaded onto the neuronavigation
software platform (Brainsight2, Rogue, Montreal).

Assessments
Clinical questionnaires included the headache impact test-6
(HIT-6), Montreal cognitive assessment (MoCA), patient health
questionnaire-9 (PHQ-9), generalized anxiety disorder scale-
7 (GAD-7), post-traumatic stress disorder checklist for DSM-
5 (PCL-5), quality of life after brain injury questionnaire
(QOLIBRI), Rivermead PPCS questionnaire (RPSQ-3, RPSQ-
13), and British Columbia post-concussion symptom inventory
(BCPSI). fNIRS recordings and clinical questionnaires were
completed at baseline, immediately following rTMS (day 14),
and at one month (day 45) post-rTMS. An 8-week headache
diary documenting frequency and severity was also completed
(2 weeks at baseline, during treatment, post-treatment, and 1-
month post treatment).

fNIRS
Functional near infrared spectroscopy (fNIRS) scans were
recorded at baseline, immediately following rTMS (day 14), and
at one month (day 45) post-rTMS to investigate changes in
brain physiology associated with rTMS treatment. fNIRS data
were recorded over the frontoparietal cortex at a sampling rate
of 3.91Hz, using the NIRScout fNIRS system (NIRx Medical
Technologies, Berlin, Germany; Figure 1). Each recording
consisted of a 5min rest period, followed by a finger tapping
exercise, and a graded working memory task, previously
described by Hocke et al. (21). The fNIRS data was processed
and analyzed for task-evoked activation using an ordinary least
squares method of general linear modeling, as implemented
in the NIRS Brain AnalyzIR Toolbox (22). See Huppert et al.
for a detailed discussion of fNIRS principles, acquisition, and
analysis (23).

RESULTS

Clinical Scores
Participant 1 reported moderate overall symptom burden at
baseline based on symptom scores, with minor improvements
in most clinical scores following rTMS (Table 1). Participant
2 had greater symptom burden at baseline, and experienced
improvements in all clinical scores, with clinically significant
improvements in headache frequency, functional impact, and
depression post-rTMS treatment, which persisted at 1-month
post-rTMS (day 45; Table 1).

Both participants reported decreased headache severity
immediately following rTMS and the effect persisted at the
1 month follow up. Headache frequency did not change in
participant 1, however, there was a gradual reduction in headache
frequency in participant 2. Clinical questionnaire outcomes,
including the MoCA, HIT-6, PHQ-9, GAD-7, and QOLIBRI,
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FIGURE 1 | fNIRS and rTMS equipment descriptions. (A) A custom fNIRS headcap and (B) optode configuration was used. The fNIRS headcap was designed to

measure tissue oxygenation over fronto-parietal brain areas, including the dorsolateral prefrontal cortex and the primary motor cortex. (C,D) The sensitivity maps

(shown here at 2 different angles) depict the areas of the cerebral cortex where tissue oxygenation was recorded, based on the custom optode configuration. These

sensitivity maps are created by projecting the simulated photon paths for each fNIRS channel onto a 3D model of the brain. (E) rTMS equipment configuration and (F)

rTMS neuronavigational system.

RPSQ-3, RPSQ-13, and BCPSI all either improved or stayed
the same immediately following rTMS treatment for both
participants (day 14). Further, follow up scores from the 1-
month assessment (day 45) improved compared to baseline for
both subjects, suggesting persistent effects on headache severity,
function, mood, and quality of life (Table 1). Participant 1
maintained part time work following rTMS and participant 2 was
able to return to work at the completion of treatment.

fNIRS
It has been shown previously that working memory tasks evoke a
robust hemodynamic response in the DLPFC, characterized by
an increase in oxygenated hemoglobin (29, 30). This expected
hemodynamic response was observed across 5measurement days
in the controls, highlighting the reproducibility of the activation
pattern (Figures 2C,D). In patients with PPCS, participant 1
demonstrated the expected task-evoked hemodynamic response
to the working memory task at baseline and both post-rTMS
time points (Figure 2A). Interestingly, participant 2 exhibited an
abnormal fNIRS hemodynamic response to the working memory
test (Figures 2B, 3) whereby oxygenated hemoglobin in the left
DLPFC was decreased at the baseline time-point. This response
appeared to normalize by the 45-day follow-up.

DISCUSSION

This paper is a preliminary investigation of the feasibility and
applicability of using fNIRS to quantitatively assess functional
responses to rTMS treatment. Prefrontal cortex rTMS has
shown promise as an effective treatment for multiple disorders,
particularly depression (10, 11) and headache (12, 31–33) which

are both prominent post-concussion symptoms. Consequently,
rTMS has been proposed as a treatment for PPCS. Several studies
report that rTMS in patients with PPCS may significantly reduce
symptoms of headache, depression, dizziness, and improve
quality of life (13–15, 34, 35), however these studies are limited
by small sample sizes, weak study design, and/or a lack of
objective tools to assess treatment response. Furthermore, little
is known about the physiological mechanism of how rTMS
influences symptoms and function in this population. Therefore,
we propose using fNIRS technology to assess possible functional
changes in PPCS patients following rTMS intervention.

Treatment of PPCS With rTMS
In this case study, two participants with PPCS who received 10
sessions of rTMS to the left DLPFC reported positive outcomes
following treatment, with participant 2 reporting greater than
the minimal clinically important difference (MCID) on several
questionnaires. There were many similarities between the two
participants with regards to the presence of symptoms that were
reported at baseline (i.e., headaches, dizziness, vision changes,
neck pain, fatigue, and mood difficulties), although, participant
2 reported overall more severe symptom burden prior to rTMS
treatment, which may have contributed to their difference in
post-rTMS treatment response.

In particular, at baseline, participant 2 had markedly higher
headache frequency (39 vs. 28; participant 2 vs. participant 1,
respectively), headache severity (5.56 vs. 2.75), mood symptoms
(PHQ-9 depression score: 25 vs. 11; GAD-7 anxiety score: 18 vs.
7; PCL-5 post-traumatic stress score: 54 vs. 10), lower quality
of life (QOLIBRI: 6 vs. 53), and more severe post-concussion
symptom scores (RPSQ-3: 11 vs. 6; RPSQ-13: 48 vs. 25; BCPSI:
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TABLE 1 | Clinical questionnaire outcome measures before treatment (day 1), immediately following rTMS (day 14), and at one-month post treatment (day 45).

Assessments rTMS participant 1 rTMS participant 2

Questionnaire MCID Pre-rTMS

(Day 1)

Post rTMS

(Day 14)

Follow-up

(Day 45)

Clinically

Important

Change

Pre-rTMS

(Day 1)

Post rTMS

(Day 14)

Follow-up

(Day 45)

Clinically

important

change

Headache Frequency 50%

dec./month

(15, 24, 25)

28 28 28 – 39 29 16 +

Headache Severity 2 (26) 2.75 2.42 2 – 5.56 4.06 4.37 –

MoCA 29 30 26 26 26 28

HIT-6 8 (27) 64 (severe) 63 (severe) 61 (severe) – 68 (severe) 65 (severe) 60 (severe) +

PHQ-9 5 (28) 11 (mod.) 10 (mod.) 9 (mild) – 25 (severe) 4 (minimal) 8 (mild) +

GAD-7 7 (mild) 5 (mild) 6 (mild) 18 (severe) 4 (minimal) 10 (mod.)

PCL-5 10 11 10 54 (further

testing req’d)

16 15

QOLIBRI 53 (severe) 56 (severe) 66 (mod.) 6 (severe) 53 (severe) 31 (severe)

RPSQ-3 6 8 7 11 6 6

RPSQ-13 25 22 22 48 29 22

BCPSI total 65 42 47 106 38 59

Clinical scores improved (headache severity, MoCA, HIT-6, PHQ-9, GAD-7, QOLIBRI, RPSQ, BCPSI) or remained stable (PCL-5, headache frequency) immediately post-rTMS, for both

participants. All follow up scores from the one-month assessment (day 45), for headache severity, mood, function and quality of life, improved compared to baseline for both subjects,

suggesting persistent effects following rTMS treatment.

MCID, minimal clinically important difference; MoCA, Montreal cognitive assessment; HIT-6 (functional impairment), headache impact test-6; PHQ-9 (depression), patient health

questionnaire-9; GAD-7 (anxiety), generalized anxiety disorder scale-7; PCL-5 (post-traumatic stress), PTSD Checklist for DSM-5; QOLIBRI, quality of life in brain injury; RPSQ-3,

RPSQ-13, Rivermead post-concussion symptom questionnaire; BC-PSI, British Columbia post-concussion symptoms questionnaire.

106 vs. 65), in comparison to participant 1 (Table 1). At follow-
up (45 days post-rTMS intervention) participant 2 reported
clinically significant improvements in headache frequency (59%
decrease), functional impact of headaches (HIT-6: 8-point
reduction), and depression (PHQ-9: 17-point reduction), as
well as a large reduction in global post-concussion symptoms
and improved quality of life. On the other hand, participant 1
reported improvement on most clinical questionnaire outcomes
following rTMS, however changes were below the MCID
(Table 1). This case study, although a limited sample, suggests
that rTMS treatment response in PPCS patients is variable, and
may relate to baseline function.

Despite persistence of lengthy post-concussion symptoms in
both participants, there was an immediate positive effect on
self-reported symptoms following rTMS treatment (headache
severity, depression, anxiety, cognition, functional impact,
quality of life). To date, few studies have investigated rTMS for
the treatment of PPCS. Koski et al. performed rTMS to the
DLPFC in patients with PPCS>3 months following injury (13).
Although there were differences in rTMS stimulation protocol
compared to our study (20 sessions, 10Hz, 110% RMT, 600
pulses), they too found a decline in post-concussion symptom
scores post-rTMS, which correlated with increased fMRI task-
related activation peaks in the DLPFC.

fNIRS as a Tool to Explore rTMS
Treatment Response
A number of studies report that chronic headache, depression,
and mTBI are associated with alterations in prefrontal

brain areas, characterized by reduced gray matter volume
and/or cortical thickness, changes in frontal white matter
microstructure, as well as altered function in studies of task-
response and functional connectivity (36–44). Interestingly,
many studies report functional and behavioral improvements
following prefrontal rTMS treatment in patients with these
disorders (14, 15, 34, 35, 45–49). This has led to the hypothesis
that rTMS to the prefrontal cortex can alter its function and
microstructure, and result in improved outcomes in patients
with PPCS. As a cost-effective neuroimaging tool, functional
near infrared spectroscopy (fNIRS) is well suited for assessing
functional changes following rTMS treatment and has the
potential to add to our understanding of the mechanism by
which these changes occur.

fNIRS is a functional imaging technology that measures
changes in cortical tissue oxygenation which correspond to
local changes in brain metabolism, allowing for portable and
non-invasive measurement of functional brain changes (16,
17). Our group has previously shown that fNIRS has the
potential to detect alterations in brain function associated
with concussion injury (21, 50). In addition to our findings,
two other studies suggest that fNIRS is sensitive to altered
function in the prefrontal cortex of patients with post-concussion
symptoms, particularly while performing cognitive tasks such
as visual attention or working memory (21, 51, 52). In this
case study, we used fNIRS measures of functional activation
in the left DLPFC, in response to a working memory task,
as a method to assess baseline function and rTMS treatment
response. A normal hemodynamic response recorded by fNIRS
during a working memory task is characterized by a robust
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FIGURE 2 | fNIRS measured hemodynamic response to a working memory task in the left DLPFC of patients with persistent post-concussion symptoms (PPCS) who

received repetitive transcranial magnetic stimulation (rTMS) treatment (A,B). As an example of the reproducibility of the hemodynamic response pattern to this task,

data from two healthy sex-matched controls across five measurement days is presented (C,D). A general linear model (GLM) was used to calculate the location and

magnitude of task-evoked changes in oxygen saturation (StO2), oxyhemoglobin (HbO), deoxyhemoglobin (HbR), and total hemoglobin (THb) for each participant. (A)

rTMS participant 1 exhibits normal task-evoked hemodynamic response (characterized by a large increase in HbO) at baseline, as well as post-rTMS (day 14 and

follow-up day 45). (B) rTMS participant 2 exhibits abnormal task-evoked hemodynamic response (HbO decreased during working memory task execution) at baseline

and post-rTMS day 14, however, is normalized 1 month after rTMS treatment (day 45). (C,D) As expected, a consistent hemodynamic response of increased

oxygenation was observed in the control subjects across all five measurement days.

increase in oxygenated hemoglobin and a far less robust decrease
(or no change at all) in deoxygenated hemoglobin, in the
DLPFC (29, 30). This normal or expected response of a robust
increase in oxygenated hemoglobin is evident in the two control
subjects across five measurement time-points, highlighting the
reproducibility of this measurement (Figures 2C,D). In addition,
total hemoglobin (oxygenated+ deoxygenated hemoglobin) and
oxygen saturation (oxygenated/total hemoglobin) can also be
calculated and are both expected to increase with task-activation.

Pre-treatment, participant 2 (high pre-treatment symptom
burden) had a decrease in the oxyhemoglobin response to the
working memory task, which is an abnormal task-evoked fNIRS
hemodynamic response (29, 30). Forty-five days following the
start of the rTMS treatment, participant 2’s fNIRS response
appeared more comparable to the normal response observed
in the controls (Figures 2C,D), which paralleled the significant
improvement in clinical scores. In participant 1, who had less
severe symptom burden at baseline, we observed an expected

task-evoked fNIRS hemodynamic response at baseline (similar to
control subjects), as well as post-rTMS treatment (Figure 2A).

The exact mechanism by which rTMS treatment improves
brain function is still a matter of debate, although one proposed
mechanism that has gained traction is the hypothesis that rTMS
helps to re-establish connections in areas of the brain that
exhibit dysfunctional activity (53, 54). This hypothesis aligns with
our preliminary findings in participant two who had a positive
treatment response, after exhibiting high symptom burden and
altered fNIRS response prior to treatment. Further, the idea
that baseline physiological features may, in part, determine
rTMS treatment response was recently explored in a cohort of
individuals with depression. The authors of this study report that
a baseline decrease in the ratio of blood flow in the dorsolateral
prefrontal cortex (DLPFC) relative to the ventromedial prefrontal
cortex (VMPFC) was predictive of treatment response (55),
suggesting that those who experience the greatest treatment-
response have decreased DLPFC cerebral blood flow at baseline.
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FIGURE 3 | Working memory task-activation color maps for rTMS participant 2, at each time point. Abnormal hemodynamic response (significant deactivation) is

detected in the left DLPFC at pre- and post-rTMS timepoints (day 1 and 14) and appears to be normalized (significant activation) by follow-up (day 45). Statistical

t-values from the GLM are mapped as red (positive or activation) and blue (negative or deactivation) for each channel pair. Colors increase in intensity as the absolute

t-value increases. Solid colored lines represent significance at the level of p < 0.05, after correction for false discovery rate. Broken lines represent non-significant

changes.

Abnormal vascular coupling or network activation may help to
explain the unusual reduction in oxyhemoglobin we observed in
participant 2.

Considering this is a case study of two participants, we cannot
accurately determine the timeline or trajectory of recovery of
fNIRS measured brain function, nor can we conclude with
confidence that pre-injury function on fNIRS measures relate
to treatment response. These preliminary findings do however
suggest that fNIRS could be utilized in future studies as a
means to better understand the acute and long term effects of
rTMS treatment, and support the hypothesis that pre-treatment
baseline function may play a role in who responds best to
rTMS intervention. Taken together, this two-patient case study
highlights a potential role for fNIRS imaging technology to be
used as a tool for assessing rTMS treatment response in patients
with PPCS.

Limitations
Potential limitations identified in our study include differences
in the mechanism of injury and length of time between
concussion to rTMS treatment, for the two participants.
Participant 1 received rTMS treatment ∼3 years following
a sport-related concussion, whereas participant 2 received
rTMS treatment 8 months following a motor vehicle accident-
related concussion. Pre-injury risk factors for developing post-
concussion symptoms, including migraine, depression, life
stressors, and personality characteristics may have played a
role in persistence of symptoms in the two participants (56).

In addition, a limitation of fNIRS is that it is only sensitive
to hemodynamic changes in the cerebral cortex, limiting the
ability to study deeper brain structures. Further, this study was
completed on a small sample size with only one sex (male)
represented, and control participants were not age matched to
rTMS subjects. Although age-related effects on the magnitude
of response to working memory have been observed previously,
the direction of the task-effect (increase in oxygenation) does
not differ between young and old healthy adults, suggesting the
response we observed in participant 2 is unrelated to aging (57).
Time since injury andmechanism of injury may factor into rTMS
treatment efficacy and should be considered in future trials, along
with a larger sample of mTBI patients and including age- and
sex-matched controls.

CONCLUSION

To our knowledge, this is the first study to utilize functional
near infrared spectroscopy (fNIRS) to explore rTMS treatment
response in participants with persistent post-concussion
symptoms. In this pilot trial, both participants reported
symptom amelioration and improved quality of life after
rTMS. Interestingly, participant 2, who had more severe
symptomatology also showed abnormal oxyhemoglobin
(hemodynamic) response to a working memory task as
quantified with fNIRS. As participant 2’s symptoms improved,
the fNIRS hemodynamic response also changed to a more
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typical or expected pattern (increased oxyhemoglobin) during
task response.

This study demonstrates the feasibility of examining rTMS
treatment response with fNIRS and suggests the possibility
of a measurable relationship between the two technologies.
fNIRS may be a sensitive tool to predict response to rTMS
in patients with PPCS, providing a first step toward utilizing
fNIRS as an objective assessment tool in future rTMS trials.
To further evaluate rTMS treatment efficacy and gain a greater
understanding of the physiological changes underlying rTMS
intervention for PPCS, large longitudinal clinical trials with
objective assessments at multiple time points are needed. As a
cost-effective portable neuroimaging device, fNIRS is well-suited
for this role.
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