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Background: Functional near infrared spectroscopy (fNIRS) is a versatile, noninvasive, and inexpensive 
tool that can be used to measure oxyhemoglobin (O2Hb) changes in the cortical brain caused by 
increasing bladder sensation during filling in upright posture. This study’s purpose is to provide a rigorous 
methodologic template that can be implemented for comparative studies of fNIRS in the diagnosis and 
management of lower urinary tract symptoms including overactive bladder (OAB) and other forms of lower 
urinary tract dysfunction.
Methods: Participants without any urologic conditions completed a validated oral hydration protocol 
facilitating and equilibrating natural bladder filling. First desire to void and real time bladder sensation 
(0–100%) were recorded using a Sensation Meter. A 24-channel fNIRS template simultaneously recorded 
prefrontal cortical O2Hb. Each channel was analyzed between “first desire” to void and 100% sensation, 
defined in this study as the period of “high sensation”. Channels were sub-divided by cortical regions: right 
(nine channels), left (nine channels), middle (six channels).
Results: A total of eight participants (male: n=4, female: n=4) were enrolled with mean age 39±19.9 years 
and body mass index (BMI) of 25±3.93 kg/m2. There were no differences in age, BMI, race, or OAB survey 
scores based on biological sex. Signal acquisition improved with power bank use, postural head support for 
motion reduction, and head cap optimization. Acceleration-based concurrent motion measurement was 
effectively utilized to remove motion artifacts. O2Hb concentration patterns appeared irregular during low 
sensation and increased during high sensation after first desire across the frontal cortex. 
Conclusions: Employing a stepwise approach, this study defined a methodological guide for improved 
prefrontal fNIRS signal acquisition and analysis during bladder filling. The technique demonstrated that 
prefrontal fNIRS cortical O2Hb increases with elevated bladder sensation in normal subjects and sets the 
stage for comparative studies in individuals with OAB and other forms of lower urinary tract dysfunction.
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Introduction

Micturition requires complex coordination of sensory inputs 
and neural processing in a socially appropriate context. 
Functional magnetic resonance imaging (fMRI) studies 
and analysis of deficits from pathologic lesions identified 
the periaqueductal gray (PAG) and prefrontal cortex as 
key areas controlling voluntary voiding (1). Moreover, the 
prefrontal cortex receives inputs from the limbic system 
and may help determine the emotional and situational 
contexts for voluntary voiding (2,3). However, studies of 
the prefrontal cortex using fMRI are expensive and require 
supine positioning, making it less ideal for investigations of 
the neural processing of bladder sensation and voiding.

Cortical functional near infrared spectroscopy (fNIRS) 
measures changes in neuroexcitation based on the 
chromophores of oxy and deoxy hemoglobin to a cortical 
depth of 1.5 cm (4,5). Using fNIRS, several investigators 
have shown increased oxyhemoglobin (O2Hb) concentration 
in cortical regions associated with bladder filling or 
pressure over short time intervals (6-8). Thus, fNIRS has 
the potential to be used as an effective tool for measuring 
changes in bladder sensation in the cortex.

However, accurate fNIRS measurements can be 
difficult due to the sensitive nature of the technology. 
Furthermore, several studies highlighting fNIRS findings 
in patients with overactive bladder (OAB) or other forms of 

voiding dysfunction, while highly innovative, have lacked 
sufficient methodologic details to allow for reproducibility  
(8-11). Specifically, these early investigations do not clearly 
delineate how to account for head motion and other 
artifacts that can make the separation of signal from noise 
extremely challenging.

Therefore, the purpose of the current investigation 
was to provide a rigorous methodologic template that can 
ultimately be used for comparative studies of fNIRS in OAB 
and other forms of lower urinary tract dysfunction. We 
present this article in accordance with the MDAR reporting 
checklist (available at https://tau.amegroups.com/article/
view/10.21037/tau-23-275/rc).

Methods

Participants

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the institutional review board at the 
Virginia Commonwealth University School of Medicine 
(No. HM20000453). Participants of both male and 
female biological sex and with no known urinary/bladder 
conditions were recruited. All participants were at least  
21 years old, healthy enough to undergo testing, and had no 
cognitive impairment. All participants had normal sensation of 
their bladder filling with no evidence of neurologic injury or 
disease that could affect the lower urinary tract. Participants 
were screened with the validated International Consultation on 
Incontinence Questionnaire (ICIq)-OAB (12), and included 
only if the urgency score (question 5A: Do you have to rush to 
the bathroom?) was 0–1 (0–4 scale). Age, race, biological sex, 
body mass index (BMI) and average daily fluid intake (using 
a 3-day void diary) were recorded. All participants provided 
written consent prior to participation.

Hydration protocol

Following our previously published methods (6,13-17). To 
establish a study baseline, enrolled participants voided prior 
to initiation of testing and post-void residual volumes were 
determined with ultrasound. Participants were trained to 
use our validated Sensation Meter (13-17), which allows 
recording real-time patient reported bladder sensation 
through a touch screen tablet (0–100%) with 100% defined 
as maximum sensory capacity. The Sensation Meter also 
allows for recording of sensory thresholds (first sensation, 
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first desire, strong desire) (18). Due to the consistency of 
participants reporting “first desire”, this terminology was 
used to separate periods of low (time before first desire) vs. 
high (time after first desire) bladder sensation and relate 
sensation changes to fNIRS signals. To minimize motion 
artifacts, participants were instructed to verbally report 
changing sensation values rather than directly using the 
tablet interface, which would likely involve a change in head 
tilt. Study time “0” was defined as the point when the study 
team started the Sensation Meter. At this point, participants 
were instructed to drink two liters of room temperature 
Gatorade G2® (PepsiCo, New York, USA) at an accelerated 
but comfortable pace. Recording was stopped at sensory 
capacity (100%) when patients were allowed to void in 
private bathroom with notation of voided and post-void 
residual volumes. Sensation data was recorded during filling 
over two complete fill-empty cycles over two separate visits.

fNIRS protocol

At time “0” participant head circumferences were measured, 
and they were each fitted with an appropriately sized 
(according to manufacturer’s guidelines) “Brite” head 
cap (Artinis Medical Systems, Elst, The Netherlands) 
with a 24-channel emitter/receiver optode array custom-
designed using a neoprene sports cap and a punch tool. 
Optodes were positioned close to the forehead to maximize 
prefrontal cortex signal and minimize interference from 
hair using the manufacturer recommended frontal cortex 
optode template (24 long channels) (Figure 1). The head 
cap was aligned along the nasion-inion plane, and optodes 
were positioned according to anatomic landmarks using 

a Polhemis magnetic pencil (Artinis Medical Systems). 
During head cap fitting, we record fNIRS signal to check 
for signal quality and optode light saturation. Changes in 
O2Hb were recorded at 10 Hz over two complete bladder 
filling and emptying cycles. Optical density (OD) raw data 
were wirelessly collected through a built in Bluetooth 
module to the manufacturer’s software (Oxysoft, 3.2.72, 
Artinis Medical Systems). Portable batteries allow for 
mobility. However, the head cap battery has a practical time 
span of about 1.5 hours, so a power bank was required. Data 
was then exported to MATLAB (MathWorks, Natick, MA, 
USA) for further signal processing. To minimize motion 
artifact during data acquisition, participants were instructed 
to limit movements (particularly head motion). A high back 
chair and neck pillow were used to provide head stability 
(Figure 1), improve comfort, and decrease movement. 
Testing was completed during daylight hours in the same 
room (to standardize ambient light) with the blinds closed.

Signal processing

fNIRS data from each participant’s most steady overall 
fill [based on inertial measurement unit (IMU) showing 
the fill with the lowest amount of angular fluctuations 
and most constant IMU signal periods] were analyzed in 
three steps: (I) importing; (II) low pass filtering; and (III) 
mono-exponential curve fitting (Figure 2). Each step was 
applied to the 24 individual channels then grouped to create 
averaged left (nine channels), middle (six channels) and 
right (nine channels) cortical regions. In addition, due to 
wide variations in filling times between participants, the 
time for each low and high sensation phase was determined, 

fNIRS headcap
Bluetooth module

R
M

L

Long back chair

Neck pillow
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Figure 1 fNIRS experimental set-up. (A) Participant positional set up with “Brite” fNIRS headcap, Bluetooth module, long-back chair, 
and neck pillow (arrows). (B) 24-channel optode confirmation designed to maximize prefrontal cortical signal and minimize interference 
from hair, boxes highlight averaged brain regions. This image is published with the participant’s consent. fNIRS, functional near infrared 
spectroscopy; R, right; M, middle; L, left. 
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and fNIRS data was interpolated to this reference time to 
standardize reporting.

Electrical interference and motion artifact

A fully charged Brite battery lasts only ~1.5 hours, requiring 
an additional power source. However, connecting directly 
to a 120 Volt alternating current power outlet impacts 
signal quality which can be avoided through use of a power 
bank (Figure 3A), and the manufacturer provides a list of 
products which limit electrical interference. For consistency, 
the power bank was connected during all periods of data 
collection. To compensate for motion artifact, the Brite 
system is equipped with a built-in IMU which captures 
spatial orientation. The IMU data (10 Hz sampling) was 
used to identify motion artifact events, corresponding 
to rapid, high-amplitude fluctuations in fNIRS signal. 
A custom algorithm in MATLAB was coded to visually-
identify segments of motion artifact (with a 3 s buffer on 
each end) and then splice the pre- and post-artifact tracings 
together. Splicing adjusted the post-artifact O2Hb value 
level to equal the pre-artifact level, and signal interpolation 
was used to compensate for any data loss. Finally, the signal 

was low pass filtered to remove heartbeat fluctuations  
(Figure 3B-3E).

Statistical analysis

Data were compared using Student’s t-tests and Mann-
Whitney U tests where P<0.05 was considered significant. 
For fNIRS data, the change in O2Hb for early and late 
sensation was compared.

Results

Eight participants completed the study including four 
biologic males and four biologic females. There were no 
differences (P>0.05) for all sociodemographic variables 
examined between male and female groups. Eighty-seven 
point five percent were White and 12.5% were Black.  
Table 1 presents individual participant data as well as median 
and interquartile range (IQR) for the female and male groups.

Signal segmentation during low and high sensation

Initial attempts at signal processing focused on the entire 
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Figure 3 fNIRS signal processing. (A) AC outlet electrical interference (yellow box) is corrected with use of a power bank. (B) Motion 
artifacts (yellow boxes) visually identified in O2Hb signal. (C) Motion artifacts (yellow boxes) visually identified from the IMU tracing. (D) 
O2Hb signal with removal, splicing, offset correction, and signal interpolation. (E) O2Hb signal after application of Gaussian low pass filter. 
AC, alternating current; O2Hb, oxyhemoglobin; fNIRS, functional near infrared spectroscopy; IMU, inertial measurement unit. 

Table 1 Participant characteristics

Characteristics

Patient ID

Female Male

1 2 3 4 Median [IQR] 5 6 7 8 Median [IQR]

Age (years) 24 24 28 68 26 [34] 23 26 63 61 43.5 [38.75]

BMI (kg/m2) 23.0 19.3 21.8 25.1 22.4 [4.6] 25.1 25.1 28.6 23.7 25.1 [3.7]

Daily fluid intake (mL) 1,892.5 3,785.0 1,774.2 946.2 1,833.3 [2,158.6] 3,785.0 2,217.8 1,774.2 946.2 1,996.0 [2,239.9]

Baseline bladder volume (mL) 3.3 20.0 39.0 6.3 13.2 [30.2] 35.0 36.0 23.0 1.0 29.0 [29.3]

Total fill time (min) 31.0 53.4 50.1 55.0 51.8 [18.8] 43.0 65.0 56.0 66.0 60.5 [19.5]

Total voided volume (mL) 700 300 750 300 500 [437.5] 800 400 400 500 450 [325]

IQR, interquartile range; BMI, body mass index. 
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fill (0% to 100% sensation). However, using an iterative 
process, signal partitioning in two phases (low sensation 
vs. high sensation) was adopted following the International 
Continence Society (ICS) recommendation to use three 
standardized verbal sensory thresholds to define areas of 
sensation: first sensation of filling, first desire to void, and 
strong desire to void. Therefore, the term “first desire”, 
the middle of the three terms, was used as a semi-objective 
way to separate low from high sensation (Figure 4). Using 
these combined methods, it was determined that the fNIRS 
relative change in O2Hb signal decreases with time during 
low sensation phases and increases during the high sensation 
phases, compared to their respective baselines (initial time 
of each section) (Figure 5, P<0.05) in all pre-frontal cortical 
regions.

Discussion

This study demonstrates the ability to measure changes 
in prefrontal O2Hb through natural bladder filling in a 
physiologic seated position. fNIRS signals are sensitive 
and prone to signal interference; therefore, we propose a 
stepwise approach to improve collection and processing 
of the raw OD output. First, a stable, comfortable patient 
set-up is needed to minimize head movements. Second, 
choose a head cap configuration to optimize prefrontal 
optode placement, avoid hair, and maximize signal. Third, 
use the IMU channel to identify periods of motion artifact 
which can be excised. Finally, divide bladder filling data 
into low and high sensation segments which enables clear 
comparisons.

Figure 4 Example fNIRS data showing the entire process for signal analysis. (A) Raw data for the complete fill with participant-defined 
point of high sensation (arrow). The raw data is then split into low (B) and high (C) sensation segments. IMU tracings for low (D) and high (E) 
sensation were then used to visually identify regions of motion artifact (yellow boxed in B,C). Areas of motion artifact are then excised, and 
the remaining data is spliced, off-set corrected, and interpolated in both low (F) and high sensation (G). Finally, data is low-pass filtered to 
remove physiologic artifact from heart beats (H,I). O2Hb, oxyhemoglobin; IMU, inertial measurement unit; fNIRS, functional near infrared 
spectroscopy. 
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Traditionally bladder sensation is quantified during 
invasive urodynamic studies where the bladder is filled 
through a catheter in a retrograde fashion. To quantify 
sensation during filling, the subject is traditionally asked a 
series of provocative questions from which standard sensory 
thresholds including “first sensation of filling”, “first desire 
to void”, and “strong desire to void” as well as bladder 
capacity are recorded (18). Employing the methodology 
proposed in this stepwise protocol, bladder sensation is 
recorded in a continuous fashion using a Sensation Meter 
which has been validated in studies of natural bladder 
filling (13,15). The benefit of this approach includes real 
time, continuous sensation recording during fNIRS data 
acquisition, thereby increasing the potential to directly 
correlate changes in bladder sensation with changes in 
prefrontal cortical fNIRS O2Hb signals.

The majority of available literature for fNIRS related to 
bladder function presents results using a 3D brain model 
(9,19). The 3D brain model relies on grouped smoothing 
and averaging of the optical densities from optodes in 
the region of interest, and the Artinis Oxysoft processing 

averages neighboring optode signals. This averaging makes 
it more challenging to identify specific regions of data 
irregularity (especially for long periods of data collection) 
and doesn’t offer any correction for signal alterations due to 
irrelevant protocol events such as head movements, visual or 
auditory stimulating events (phone calls, etc.), and optode 
disconnection or misplacement which are all random events 
that we have witnessed during testing. To account for these 
factors, we presented the data in the form of O2Hb OD 
signals. This enables easy visual identification and removal 
of artifacts using our stepwise methodology.

Head movement is a significant limiting factor in 
brain fNIRS. Certain movements alter the hemodynamic 
characteristics of a tissue and therefore change the measured 
O2Hb OD signal. This is especially prevalent in for long 
protocols similar to our own, where it is challenging to 
keep participants steady for periods of bladder filling that 
can last more than an hour. Artifacts are also introduced 
with interference from ambient light, loss of contact with 
the scalp, and change in optode to emitter distance. Some 
investigators have attempted to overcome these limitations 



Ghatas et al. fNIRS to assess bladder urgency during natural filling1484

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2023;12(10):1477-1486 | https://dx.doi.org/10.21037/tau-23-275

by completing experimentation in the supine position with a 
patient’s head resting and their eyes closed (10). Wiener and 
Kalman filtering techniques (20), have been proposed to 
remove motion in fNIRS signals, but these techniques use 
a trained data set with timed, single dimension movement. 
In contrast, our technique adjusts for random movement 
in three dimensions using an adaptive algorithm with 
concurrent real time accelerometer data to process brain 
fNIRS signals.

fMRI studies have identified several key brain regions 
and processing pathways that may be different in OAB 
(increased urgency) as compared to normal voiding. These 
regions include the anterior cingulate gyrus and prefrontal 
cortex (21-25), which is the key region of focus in our 
current fNIRS investigation. Although fMRI enables 
visualization of the entire brain during filling, there are 
multiple issues with the technology. Many studies involve 
artificial bladder filling through a urinary catheter, and, 
while some investigators have developed natural-filling 
fMRI protocols (21-24), most are completed in an unnatural 
supine position. A strength of this protocol is the ability 
to study subjects in an upright position and during natural 
bladder filling. The importance of the latter in new study 
protocols to evaluate lower urinary tract symptoms has been 
emphasized in the literature (26). In addition, fMRI has a 
much higher cost and requires dedicated equipment, space, 
and personnel expertise. Comparison of fMRI and fNIRS 
has been performed and demonstrated correlation in the 
detection of neuroexcitation in the anterior cortex (27-29). 
Thus, fNIRS may serve as an effective tool for measuring 
bladder sensation in the cortical brain. A pilot study of 
fNIRS and fMRI in six patients with OAB found agreement 
on activated cortical areas during urinary urgency (30). 
Further investigation with direct comparisons between 
fNIRS and fMRI is needed to continue to improve adoption 
of fNIRS.

Limitations of the current study include the small sample 
size and testing only on normal participants (without 
OAB or other forms of lower urinary tract dysfunction). 
In addition, our methodology requires post-hoc visual 
identification of IMU-detected motions and cannot 
currently be performed in real time. Furthermore, brain 
fNIRS is limited by depth of signal penetration and can 
only examine cortical brain regions. In addition, although 
each participant completed four fill-empty cycles (over two 
separate visits), we only analyzed one fill per participant 
with the best IMU data. To overcome some of these 
limitations, we are currently employing periods of required 

“stillness” during fNIRS studies and are developing an 
automated approach to signal processing.

Conclusions

fNIRS is a non-invasive, relatively inexpensive tool that can 
be used to provide in-vivo measurement of cortical O2Hb 
and compared during periods of low and high bladder 
sensation. In this study, we describe the development of a 
stepwise approach for data acquisition and signal processing 
based on optimized patient positioning, prefrontal optode 
placement, and visual identification of IMU-detected 
regions of motion. The methodological framework provided 
in this fNIRS investigation may present a reproducible 
technique for future researchers investigating brain-bladder 
signaling in OAB and other forms of lower urinary tract 
dysfunction.
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