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Abstract

Objectives: Phantom sound perception (tinnitus) may arise from altered brain activity

within auditory cortex. Auditory cortex neurons in tinnitus animal models show

increased spontaneous firing rates. This may be a core characteristic of tinnitus. Func-

tional near-infrared spectroscopy (fNIRS) has shown similar findings in human audi-

tory cortex. Current fNIRS approaches with cap recordings are limited to �3 cm

depth of signal penetration due to the skull thickness. To address this limitation, we

present an innovative fNIRS approach via probes adapted to the external auditory

canal. The adapted probes were placed deeper and closer to temporal lobe of the

brain to bypass confining skull bone and improve neural recordings.

Methods: Twenty adults with tinnitus and 20 nontinnitus controls listened to periods

of silence and broadband noise (BBN) during standard cap and adapted ear canal

fNIRS neuroimaging. The evaluators were not blinded, but the protocol and post-

processing for the two groups were identical.

Results: Standard fNIRS measurements in participants with tinnitus revealed

increased auditory cortex activity during silence that was suppressed during auditory

stimulation with BBN. Conversely, controls displayed increased activation with noise

but not during silence. Importantly, adapted ear canal fNIRs probes showed similar

hemodynamic responses seen with cap probes in both tinnitus and controls.

Conclusions: In this proof of concept study, we have successfully fabricated, adapted,

and utilized a novel fNIRS technology that replicates established findings from tradi-

tional cap fNIRS probes. This exciting new innovation, validated by replicating
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previous and current cap findings in auditory cortex, may have applications to future

studies to investigate brain changes not only in tinnitus but in other pathologic states

that may involve the temporal lobe and surrounding brain regions.

Level of Evidence: NA.
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1 | INTRODUCTION

Tinnitus is phantom sound perception in the absence of a sound stimu-

lus. The underlying cause of tinnitus is not clear yet is typically associ-

ated with peripheral ear disease (ie, hearing loss).1 Increased brain

activity or “neural gain” within central auditory pathways may underlie

sound perception in tinnitus. Animal models of tinnitus have consis-

tently reported central neural gain (increased spontaneous neural firing

rates and neural synchrony) within auditory cortex (AC).1-3 These neural

changes in animals touted as “tinnitus neural/physiologic correlates”
are not well documented in human AC in tinnitus. Limited objective

findings in human tinnitus is due, in part, to restricted neuroimaging

technology to characterize neural changes in real time.

Functional near-infrared spectroscopy (fNIRS) has emerged as a

noninvasive neuroimaging modality capable of measuring human AC

and non-AC activity through hemodynamic rates (HRs) and resting

state functional connectivity (RSFC).4,5 fNIRS uses near-infrared (NIR)

light to measure hemoglobin concentration in brain regions of interest

(ROI; AC in this study).4 As with functional MRI (fMRI), fNIRS measures

changes in localized oxygenated hemoglobin (HbO) and deoxygenated

hemoglobin (HbR), as an effective direct metabolic marker or index/cor-

relate of neural activity.6

fNIRS is ideal to translate human brain changes in tinnitus as it is vir-

tually silent and does not interact with endogenous phantom sound per-

ception. To date, only a few neuroimaging publications have investigated

tinnitus using fNIRS.5,7,8 We demonstrated for the first-time increased

baseline of hemodynamic activity (HA) in AC7 and RSFC5 between AC

and non-ACs in human tinnitus. These data suggest that resting HA and

cortical RSFC may serve as potential objective correlates of human tinnitus

readily measurable with fNIRS. A limitation of current fNIRS technology,

however, is the restricted depth of NIR light penetration through AC with

traditional cap recording configurations. These trans-calvarium

approaches restrict NIR penetration (3 cm) to outer cerebral cortex. How-

ever, brain changes in tinnitus likely extend to deeper AC, out of measur-

able reach with current fNIRS configurations.9 Thus, it is necessary to

investigate ways to improve NIR light penetration and detection within

deeper brain to measure putative tinnitus correlates (HA and RSFC).

One strategy to expand temporal lobe brain surveillance is to modify

NIR-probes to bypass or minimize NIR-limiting skull bone and scalp by

placing the probe in the external auditory canal (EAC). The NIR source or

detector could then sit flush with superior aspect of the EAC to distrib-

ute (source) or collect (detector) NIR light from deep temporal lobe. The

goal is to physically place the NIR-source and detector closer to brain

structures of interest. Here we describe the first-ever documented adap-

tation of existing fNIRS technology to NIR probes that transit the EAC to

potentially measure deeper areas of the human temporal lobe. The key

innovation and goal of this proof of concept studywas to design, fabricate,

test, and validate adapted fNIRS probes for lateral skull base placements

for medial and deep temporal lobe recordings through the native EAC.

The primary purpose was not to identify underlying mechanisms of tinni-

tus, but rather to use our previously published changes in human HA as

a measurable objective platform to validate the adapted EAC probes for

functional efficacy and application going forward. Our second goal was

to validate and extend our previous observation of basal hyper-activation

of AC and its suppression with broad band noise (BBN) in tinnitus. By

replicating the published cap fNIRS findings7 with both standard (cap)

and adapted (EAC) probes, we would further validate the utility of fNIRS

to study human tinnitus and extend our capacity using an innovative,

adapted, and viable technology to be used in future experiments that

may eventually be used in the clinic.10

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty normal/near-normal hearing adults (10 females; 10 males; aver-

age age 38.2 years) with subjective bilateral tinnitus and 20 nontinnitus

controls (10 females; 10 males; average age 48 years) participated.

Exclusion criteria of normal/near normal hearing tinnitus and control

participants included prior otologic surgery, unilateral tinnitus, conduc-

tive hearing loss, or sensorineural hearing loss greater than 30 dB HL at

any frequency. All research was conducted in accordance with the Uni-

versity of Michigan Institutional Review Board who approved the study.

Informed consent was obtained after extensive explanation of the pro-

tocol. All tinnitus participants suffered from constant, nonpulsatile, sub-

jective auditory percepts in the “head” or in both ears equally. Speech

reception thresholds (SRTs) and word discrimination scores (WDS) were

within the normal range for all. No formal tinnitus questionnaires were

utilized for these participants in this proof of concept study.

2.2 | fNIRS imaging/cap configuration

We used a continuous wave fNIRS system (CW6, Techen, Inc.) with two

wavelengths (690 and 830 nm). For traditional cap fNIRS recordings, a
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customized configuration of 36 optodes (18 per hemisphere; source/

detector; Figure 1) inserted into a silicone band was wrapped around the

head and secured with Velcro straps. There were 12 detectors and

6 sources resulting in 23 channels per hemisphere. Sources and detectors

were arranged into 5 × 3 arrays over the frontal, temporal, and parietal

cortices of both hemispheres. The distance between source and detector

was set at 3 cm. The position of T3 and T411 based optode placements

were confirmed pre- and postexperiment. Data were collected at a sam-

pling rate of 20 Hz. Since fNIRS measures NIR-light intensity several con-

version steps were made between captured intensity values to derive

the final data measured in relative concentration.7,12

2.3 | Adapted fNIRS EAC probes

Adapted EAC probes were modeled after those previously used by

our team.13 A NIR-source or NIR-detector fiber was connected to the

continuous wave fNIRS system through standard ferrule core connec-

tor. The detector fiber is a borosilicate fiber bundle with a large diam-

eter (2 mm). The source fibers contain two identical multimode fibers

(400 μm diameter). Catheter distal end designs were comprised of a

resin ferrule to hold the fiber, two grooves to accommodate both a

NIR-source and NIR-detection fiber and two right angle prisms for

each fiber (Figure 2A). Resin ferrule (outer diameter of �4.6 mm) and

two grooves (widths of �2.3 mm and �0.5 mm) to fit the detector

and source fiber bundles were used. A right-angle prism (Tower Opti-

cal Corporation, Florida) rotated light 90� toward the superior EAC

wall/inferior temporal lobe (distal end length is >20 mm).

To house and stabilize the adapted probes within each EAC, we

obtained custom ear mold impressions for each participant. EAC

impressions are imaged with a CT scanner and 3D printed (Figure 2A).

The resultant composite housing is custom fit to each participants'

EAC anatomy and modified (smoothed and hollowed out to accom-

modate and hold the adapted probe fiber and prism inserted through

the center; Figure 2A-C).

2.4 | Selection of fNIRS anatomical
localization/ROI

The ROI included AC (temporal lobe/superior temporal plane) and sur-

rounding auditory belt regions (temporal and parietal cortices).

Acknowledging the spatial resolution limits of fNIRS, anatomical

(10-20 EEG system) and functional (normal brain response to auditory

stimulation) strategies were utilized to identify ROI as published.5,7

First, the International 10-20 System for EEG cap electrode placement

with bilateral T3/T4 coordinates for temporal optode placements was

employed.11 Second, localization of ROI was achieved by isolating

only those channels in control participants with increased HRs to

auditory stimuli and subsequent declines during silence.5,7

2.5 | Stimuli protocol

A passive listening block-paradigm design protocol was used that

consisted of nine rounds of randomly chosen 18-second blocks of

BBN separated by intervening 18-second blocks of silence (inter-

stimulus rest [ISR]) between each auditory stimulus. Two, 5-minute

periods of silence prior to and after the paradigm was used

(Figure 3). Audacity (GNU General-Public License) was used to

F IGURE 1 Brain fNIRS optode configuration. Configuration of channels (numbers), detectors (blue circles), and sources (red circles) over
cortical hemispheres for “cap” configuration. Channels 4, 5, and 6 for adapted probes are indicated by the dashed lines, the detector/source
modes are operated in different configuration. fNIRS, functional near-infrared spectroscopy
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generate BBN and normalized with Praat 4.214 as published5,7 (Figure 3).

Auditory stimuli were presented via E-prime (Psychology Software Tools,

Inc., Pittsburgh, Pennsylvania) and played at a fixed volume through two

loudspeakers approximately 2 ft from the participant in a sound-field ori-

entation at 70 dB sound pressure level (SPL; Creative Inspire T12). This

achieved a consistent SPL that included an SRT range of 10 to 20 dB

and comparable pure tone averages (PTAs). Thus, the SPL level was

within the participants' auditory detection range. Participants were posi-

tioned at arm's length from a desk mounted computer monitor with a

projected “plus sign” image to maintain stable head position (without for-

mal head fixation/rest platform). Participants were presented with the

entire block-paradigm design protocol (17 minutes). Auditory stimulation

using BBN was selected to evaluate HRs during complete AC tonotopic

activation as compared to ISR in the two groups.15

F IGURE 2 fNIRS adapted EAC probe configuration. A, The adapted probe-design. Photograph shows the current adapted probe that houses
either the IR-source or IR-detector that are activated separately during fNIRS recordings. Panel (B) shows the ear mold impression that is then
converted into a 3D printed/replicated composite housing (C) that stabilizes and holds the adapted probe within the external ear canal (EAC) for

the duration of the recordings. Panels (D) and (E) show the adapted probe inserted into the custom-made 3D housing prior to EAC insertion for
fNIRS recordings. B, Photograph of the adapted probe and housing inserted in the EAC of a test participant (the principal investigator on the
project in this case to avoid participant confidentiality issue) with the concurrent cap probes in place during a typical recording session. Note the
active IR light source that is on and detected in the right EAC. C, Banana shape optical path between the adapted probe optodes and cap probe
optodes relative to the ear-brain coronal anatomy. The adapted probe signal can reach a lower part of the auditory cortex which cap probe lack
the spatial accessibility to reach. EAC, external auditory canal; fNIRS, functional near-infrared spectroscopy

F IGURE 3 fNIRS recording paradigm. Schematic of block auditory testing paradigm. Control and tinnitus participants passively listened to
BBN for 18 seconds each, immediately followed or preceded by an interstimulus rest (ISR) period consisting of silence/absence of auditory
stimulation for 18 seconds for a total experiment run time of 17 minutes. Each paradigm was repeated nine times. Prior to and after the recording
block/stimulation protocol, each participant listened to 5 minutes of silence to calculate the resting state functional connectivity (RSFC; data not
shown in this article). BBN, broadband noise; fNIRS, functional near-infrared spectroscopy
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2.6 | Data analysis

All data were preprocessed using Homer2 software based on

MATLAB (Mathworks, Massachusetts) as published.5,7 Statistical anal-

ysis focused on HbO only, as it accounts for a larger portion (76%)

than HbR (19%) in the overall signal.16 Raw optical intensity was

converted into changes in relative concentration of HbO and HbR

using the modified Beer-Lambert Law.7,12 Absolute concentration was

not used since we are interested in whether there are significant

changes of HbO in response to the stimulus in both probes. Thus, we

focused on the trend of the waveform rather than the absolute value.

To remove motion artifact, signal-to-noise ratio (SNR) for each block

was calculated and blocks with higher than normal (>3 SDs from

mean) SNR were removed. HbO data were downsampled (to 2 Hz)

and low-pass filtered (0.3 Hz) to eliminate physiological fluctuations

and high-pass filtered (0.01 Hz) to remove instrumental noise.

Channel 4 from the cap configuration on the right hemisphere is

used as the calibration channel for the adapted probe. Due to the

assumed variability of the bony skull (ie, anatomic variation in skull

bone thickness and pneumatization) between the superior EAC and

temporal lobe of the brain, channels 1, 2, and 3 might have HRs that

vary from person to person. We therefore selected the channel on

the adapted probe with the highest Pearson's correlation coefficient

(R-value) to channel 4 in terms of the HbO waveform for analysis.

Since the HR following auditory stimulation takes approximately

4 to 6 seconds to reach maximum level,6 HbO data were averaged

across all artifact-free blocks for both BBN and ISR within a time win-

dow of 4 to 12 seconds, along the entire time course. Each block base-

line for BBN or ISR is removed by subtracting the average value within

±1 second regarding the starting point. Averaged HbO responses within

4 to 12 seconds window of the two groups were compared using

pairwise t test (P < .05). Pairwise t test was also performed between

two groups on the HbO response at each time point, ones with P value

less than .05 were marked. The reason P value is not corrected for mul-

tiple comparison is that we want to show the relative trend of HbO

response along the time course to the stimulus. The adapted EAC probe

data were analyzed for the sections where the averaged HbO responses

of the corresponding cap probe reached statistical significance.

The effectiveness of adapted EAC probes was further evaluated

with Pearson's correlation analysis (P < .05) of HbO waveforms

between the selected adapted EAC probe channels and channel 4 in

the cap probe. The analysis was conducted on the averaged HbO

waveform of all nine iterations of BBN and ISR block for each partici-

pant (ie, 36 seconds waveform where the first 18 seconds reside in

BBN and the second 18 seconds reside in ISR). Correlation coefficient

r value of 1 indicates maximal positive correlation; 0 indicates no cor-

relation; −1 indicates a negative correlation. These were converted

into Z-scores (Fisher's Z transformation); a stabilizing function to cor-

rect for variance of Pearson's correlation coefficients that can change

depending on proximity to 0.17 Averaging and an independent t test

were applied to the converted correlation coefficients. The r values

were transformed back using inverse Fisher transformation.

3 | RESULTS

3.1 | Behavioral data analyses

For controls, the average SRT was 15 dB HL with an average WDS of

100%, while the tinnitus group had an average SRT of 16.5 dB HL and

98.3% WDS. Independent t tests indicated no significant differences

in either hearing thresholds or average age between tinnitus and con-

trol participants.

3.2 | BBN increases HA in control AC

In controls using cap probes, auditory stimulation with BBN signifi-

cantly increased HbO activity in AC as compared to ISR (Figure 4A).

Figure 4A shows averaged HbO concentration waveform for the

20 control participants for both BBN (0.71, SE = 0.63) and ISR (−0.87,

SE = 0.45). These expected findings, with the mean values derived

from the 4 to 12 seconds of each recording block, exhibited a signifi-

cant difference (P < .05) that replicated our published results from the

ROI (AC) using cap probes.7

Using the adapted EAC probe, BBN (0.51, SE = 0.39) led to a sig-

nificant increase in HbO concentration in channels associated with

ROI as compared to ISR (−0.38, SE = 0.19; P < .05; Figure 4A) in con-

trols. These data from EAC probes replicated HbO responses in ROI

observed with cap probes. Moreover, when a waveform correlation

calculation was performed, HbO responses from the cap (channel 4)

and selected EAC probes showed a strong correlation with each other

within the time course. The averaged Pearson's correlation coefficient

after Fisher's Z transformation is 0.44, and independent t test per-

formed showed a significant difference from 0 (P < .05; Figure 5A),

with a t value of 4.59. These data suggested that the signals from the

two separate probes (cap and EAC) are likely derived from the same

HR. The combined findings of correlated waveforms between the cap

and EAC probe that both showed expected HA to BBN and silence in

controls not only replicated our previous cap data,7 but also validated

the adapted EAC probe technology.

3.3 | HA in ROI is elevated in tinnitus during ISR

In tinnitus participants, cap probe measurements of ROI displayed as

expected increases in HA during ISR. The mean HbO concentration

during ISR (0.91, SE = 0.43) was significantly elevated compared to

baseline (P < .05; Figure 4B), replicating our reported findings using

cap probes.7 These data reinforced the conclusion that ROI in tinnitus

has elevated metabolic activity at baseline/rest that may be consistent

with animal models.1-3 Conversely, auditory stimulation with BBN

decreased HbO concentration (−0.90, SE = 0.57) as compared to ISR

(Figure 4B). This also replicated our published findings.7 Pairwise

t test performed on the mean value of HbO concentration in BBN

(−0.90) and ISR (0.91) reaches significance (P < .05).
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During the same experiments, adapted probe measurements were

taken from the right EAC. The adapted probe served separately as an

NIR-source and detector. Interestingly, only as a NIR-source did we

see expected changes in the tinnitus ROI during ISR and BBN. During

ISR, HA in tinnitus ROI showed a significant difference from baseline

at approximately 9 seconds into the block paradigm (Figure 4B). The

mean value for ISR (0.29, SE = 0.19) is higher than BBN (0.05,

SE = 0.16). This, like the cap probes, showed suppression of HA with

BBN that may also reflect a forward masking in ROI (Figure 4B). Both

cap and adapted probe-generated waveforms exhibited strong

correlations to each other. The averaged Pearson's correlation coeffi-

cient after Fisher's Z transformation is 0.50, and the independent

t test performed showed a significant difference from 0 (P < .05;

Figure 5B), with a t value of 6.65. Similar waveforms and temporal

profile responses to ISR and BBN in tinnitus ROI between both the

cap and adapted probes during respective durations of the blocks

helps validate the adapted technology as a suitable probe for record-

ing for the current experiments and those going forward. The variabil-

ity in signal amplitude generated between the two probes implies that

the optical paths of the two probes may not completely overlap.

F IGURE 4 fNIRS probes adapted to the EAC replicate expected findings in control and tinnitus with cap probes. A, Averaged waveform of
HbO signal within control participants during blocks of ISR and BBN for cap (regular probe on the left) and the adapted probe (IR-detector mode
on the right). Under conditions of auditory stimulation with BBN, significant increases in HbO concentration are evident as compared to silence
(ISR) in both cap and adapted fNIRS probe configurations (*P < .05 corrected; bars indicate SE). B, In tinnitus participants, the absence of sound
stimulus (ISR) led to as expected significant increases in HbO concentration in both cap and adapted probes; an effect that was suppressed by
auditory stimulation with BBN (adapted probe IR-source mode; *P < .05 corrected, bars indicate SE). BBN, broadband noise; EAC, external
auditory canal; fNIRS, functional near-infrared spectroscopy; ISR, interstimulus rest
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4 | DISCUSSION

We have successfully fabricated and implemented the use of a highly

innovative adaptation of conventional fNIRS cap probes to the human

EAC to expand brain recordings. This novel adaptation is the first of

its kind and based on our promising results, will likely expand brain

surveillance using fNIRS technology. By adapting the NIR-source and

detectors to fit the EAC, the eventual goal is to extract data from ROIs

deeper in the brain. Our adapted EAC probe is safely and reliably

applied and consistently replicates results seen in traditional cap

recordings.7 Using published HRs from cap recordings in ROI as a vali-

dating metric, we have replicated those published findings with cur-

rent cap recordings and validated similar responses in normal and

tinnitus ROIs with adapted EAC probes. These findings thus validate

the adapted EAC probes as a meaningful technology that can be

implemented in human tinnitus studies and other brain pathologies

going forward.

Our cap and adapted EAC probe findings showing increased HA

during silence that is reduced with BBN in tinnitus highlights plasticity

within AC that may underlie phantom sound perception. Increased

HA during ISR may directly reflect increases in spontaneous neural

discharge rates found in tinnitus animal models AC1,2 and

brainstem.18,19 These physiologic correlates of tinnitus may reflect

the current objectified findings in humans with fNIRS cap and adapted

technology. In addition to our published studies,5,7 only one other

report8 demonstrated the effects of tinnitus in human brain with

fNIRS. Thus, phantom sound perception may be the result of

increased neural (cortical, subcortical) activity. These findings are con-

sistent with positron emission tomography (PET) and fMRI studies

that also demonstrated enhanced steady-state neural activity across

multiple central auditory centers as a potential correlate of tinnitus.20

While tone-evoked neural firing rates are increased following

sound stimuli in tinnitus animal models,1-3 our cap and adapted EAC

probe data demonstrated decreased HRs to BBN in tinnitus. These

decreases, as expected based on our previous observations,7 were

seen in ROI in tinnitus. This cortical suppression likely represents for-

ward masking/residual inhibition; external sound blunts “phantom”
perception.21-23 BBN likely disrupts abnormal synchronous activity in

tinnitus AC and associated neural networks.24 This concept has been

seen in non-fNIRS studies in tinnitus. Mirz et al25 utilized PET imaging

during habitual and blunted tinnitus sensation, reporting that

suppressing tinnitus perception decreased AC activity.

One limitation of this study is the interpretability of optical imag-

ing data due to anatomic variability in the bony skull between the

superior EAC and temporal lobe of the brain. Given that the skull

floor/EAC roof, unlike the lateral skull, may have varied levels of solid-

ified bone with air cells or pneumatization, that may affect optical

path of NIR light. That said, the current hemodynamic data demon-

strates that adapted EAC probes have the capacity to pass and receive

NIR-light through the lateral skull base to extrapolate neural activity.

However, the impact of multiple media (amounts of bone and air) as a

result of anatomic variability in the skull base will need to be more

closely examined in future studies. In addition, future studies will also

match audiograms closer between tinnitus and controls to better rule

out any effects of hearing loss on NIRS outcome.

5 | CONCLUSIONS

The present proof-of-concept study successfully implements fNIRS

probes adapted to the human EAC as a new technology. We have

successfully fabricated and validated these probes by replicating

F IGURE 5 fNIRS probes adapted to the EAC show strong waveform correlations with those generated from cap fNIRS probes in both control
and tinnitus. Histogram of the Pearson's correlation coefficient of temporal HbO signal between the regular (cap) probe and the adapted probe
across all participants in both (A) control and tinnitus (B) groups. The mean coefficient is 0.44 in controls and 0.50 in tinnitus. The y-axis indicates
number of participants in each bin; total of 20 participants for each group (note: values less than 0 indicate no significant correlation between the
two probes. Note 3 control participants with correlations at 0 or less). EAC, external auditory canal; fNIRS, functional near-infrared spectroscopy
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published HR in tinnitus and nontinnitus AC. These probes have

shown the capacity to accurately measure and discern subtle and

dynamic changes in AC HA under conditions of silence and audi-

tory stimulation in both normal and aberrant neural circuits. This

novel and highly innovative adaptation may provide for a broad-

ened and noninvasive means to image the brain utilizing fNIRS

technology.
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