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The standard of clinical care in many pediatric and neonatal
neurocritical care units involves continuous monitoring of cerebral
hemodynamics using hard-wired devices that physically adhere to
the skin and connect to base stations that commonly mount on an
adjacent wall or stand. Risks of iatrogenic skin injuries associated
with adhesives that bond such systems to the skin and entangle-
ments of the patients and/or the healthcare professionals with the
wires can impede clinical procedures and natural movements that
are critical to the care, development, and recovery of pediatric pa-
tients. This paper presents a wireless, miniaturized, and mechani-
cally soft, flexible device that supports measurements quantitatively
comparable to existing clinical standards. The system features a
multiphotodiode array and pair of light-emitting diodes for simul-
taneous monitoring of systemic and cerebral hemodynamics, with
ability to measure cerebral oxygenation, heart rate, peripheral ox-
ygenation, and potentially cerebral pulse pressure and vascular
tone, through the utilization of multiwavelength reflectance-mode
photoplethysmography and functional near-infrared spectroscopy.
Monte Carlo optical simulations define the tissue-probing depths for
source–detector distances and operating wavelengths of these sys-
tems using magnetic resonance images of the head of a represen-
tative pediatric patient to define the relevant geometries. Clinical
studies on pediatric subjects with and without congenital central
hypoventilation syndrome validate the feasibility for using this sys-
tem in operating hospitals and define its advantages relative to
established technologies. This platform has the potential to substan-
tially enhance the quality of pediatric care across a wide range of
conditions and use scenarios, not only in advanced hospital settings
but also in clinics of lower- and middle-income countries.
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Over 900,000 children with ages between 0 and 19 y in the
United States suffer from neurological injuries linked to ir-

regular cerebral perfusion every year, with causes ranging from
genetic mutations (1), premature birth (2), cardiac diseases (3),
surgical intervention (4), and physical impacts (5). Such impaired
cerebral perfusion may lead to brain damage (6), persistent neu-
rologic disability (7), or death (6). These risks can be particularly
high in certain pediatric populations (5). Specifically, premature
infants with birth weights less than 1,500 g are prone to cerebral
tissue injuries due to their fragile cerebral vasculature, underde-
veloped autoregulation system (8), and the incomplete fusion of the

skull plates (9); 25 to 35% of such infants develop periventricular–
intraventricular hemorrhage due to significant fluctuations in arte-
rial blood pressure or obstruction of the venous system, and up to
50% develop diffuse white matter injury due to disturbances in
heart rate (HR) and cardiac output, inadequate blood supply to the
white matter, and/or limited ability to autoregulate cerebral blood
flow. Such cerebral perfusion complications are linked to persistent
neurodevelopmental impairment and higher risks of death (2, 10).
Pediatric subjects with congenital heart disease, traumatic brain
injury, autoregulatory disorders, multiple organ dysfunction syn-
drome, or infections are under high risk of impaired cerebral
autoregulation and long-term neurological damage (3, 5, 11–13). As
a result, continuous monitoring of cerebral hemodynamics on pe-
diatric subjects is now the standard of care in many pediatric and
neonatal neurointensive care units and a subset of cardiac intensive
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care units, with the aim of identifying risk and decreasing mortality,
morbidity, and negative neurodevelopmental outcomes (14–16).
Current technologies for evaluating cerebral regional blood

flow and oxygenation include transcranial ultrasound (17), mag-
netic resonance imaging (18), and cerebral near-infrared spec-
troscopy (NIRS) (19). The former two options have limited
effectiveness due to their intermittent (as opposed to continuous)
manner of use. Standard devices for cerebral NIRS rely on con-
tinuous monitoring from sensors physically attached onto the skin
and tethered to separate base stations via hard wires, thereby
limiting the subject’s range of motion, impeding engagements with
parents and healthcare workers, and imposing physical and eco-
nomic barriers to widespread, routine use. Although recent re-
ports describe wireless NIRS systems for adults (20, 21), their
relatively large sizes, rigid designs, and heavy construction are
nonideal for children, especially infants at high risk for iatrogenic
skin injuries due to the fragility associated with their immature,
delicate skin (22) and the high degree of curvature associated with
their small heads. A technology that overcomes these limitations
has great potential utility in pediatric and neonatal care.
This paper reports a soft, flexible, wireless cerebral hemody-

namic monitoring device designed specifically for these infants
and children. The key attributes include miniaturized dimensions,
lightweight construction, gentle interfaces to the skin and shape
conformability to the heads of even the smallest premature neo-
nates. In addition to the advanced mechanics and physical form
factors, these devices feature 1) multiphotodiode systems with
four source–detector distances to allow simultaneous probing of
systemic and cerebral hemodynamics and 2) replaceable, mag-
netically coupled batteries to minimize size and weight and to
support options for replacement while the device remains adher-
ing to the patient’s skin. Monte Carlo modeling of the optics de-
fines the probing depth through the skin and skull and into the
brain, using geometries defined by MRI profiles of the head and
cerebral tissue. Clinical studies on pediatric patients ranging from
0.2 to 15 y of age with and without impaired cerebral autoregu-
lation validate the clinical applicability of this system.

Results
Design Layouts and Mechanical Characteristics. Fig. 1A presents an
exploded schematic illustration of the technology. The minia-
turized, mechanically compliant design allows gentle placement
on the curved skin of a child’s forehead via a medical-grade
silicone adhesive, thereby enabling wireless, real-time monitor-
ing of cerebral physiological signals, including cerebral oxygen-
ation, cerebral vascular tone, pulse oxygenation, and HR. The
overall layout includes a flexible printed circuit board with two
main units: 1) a Bluetooth low-energy (BLE) system on a chip
(SoC) module (nRF52832; Nordic Semiconductor) with associ-
ated components for power regulation and wireless communi-
cation and 2) an optical sensor for continuous monitoring of
systemic and cerebral hemodynamics. The construction involves
a process of folding the individual islands to reduce the overall
size of the system, as shown in SI Appendix, Fig. S1. Encapsu-
lation with a medical-grade silicone elastomer yields a compact
device with dimensions of 33 × 16 × 3 mm and a mass of 2.8 g,
approximately an order of magnitude lighter than NIRS probes
currently used in the clinic. Data pass wirelessly from the sensor
to a BLE-enabled device such as a tablet computer or a smart-
phone for real-time graphical display, data storage, and pro-
cessing. Together, these features form the basis of a wireless
cerebral hemodynamic sensor with applicability across a wide
range of clinical settings and subjects, focused on, but not limited
to, the pediatric population.
A modular, encapsulated battery electrically and mechanically

couples to the device via embedded magnets (Fig. 1B), with a
configuration of polarities that enforces proper orientation. This
strategy 1) allows for replacement of the battery without

disrupting the device–skin interface, thereby eliminating the risk
of skin injury and disturbance of the optical coupling interface,
and 2) mechanically decouples the rigid battery unit from the
device for improved bendability and compliance onto highly
curved anatomical features. Caregivers can select batteries with
capacities to support operating lifetimes that meet requirements
for a range of use cases: A CR1220 rechargeable coin cell battery
with a capacity of 8 mAh allows for an operating time of 1 h,
whereas a rechargeable lithium-polymer battery with a capacity
of 18 mAh and 45 mAh can operate for 6 h and 14 h, respec-
tively. Operational details such as the duty cycle and the power
supplied to the light-emitting diodes (LEDs) can be refined to
extend these times. The size and shape of the battery can be
designed to avoid the risk of choking for children under age 3 y,
as shown in our previous work (23).
The sensor unit features a pair of LEDs that emit at wave-

lengths of 740 nm and 850 nm along with an array of silicon
photodiodes to define source–detector distances of 5, 10, 15,
and 20 mm. This layout allows recordings of hemodynamic
signals at different tissue depths for detection of peripheral and
cerebral hemodynamics. The optical sensor includes a soft
encapsulating layer on the bottom, skin-facing side of the sys-
tem based on a black silicone material that serves as an optical
barrier to eliminate effects of parasitic optical responses to the
ambient environment and to light that passes directly from
the LEDs without transmission through the tissues (Fig. 1C). The
device employs a thin, 100-μm-thick layer of transparent poly-
dimethylsiloxane (PDMS) patterned and aligned to form soft
optical windows between the skin and the LEDs and photode-
tectors. This layer also reduces the change in refractive index at
the skin interface, to decrease the reflectance relative to that
expected for polymer–air or air–tissue interfaces. Specifically, given
the refractive index of the LED silicone encapsulant, the scalp and the
PDMS (nLED Encap ≈ 1.45, nscalp ≈ 1.37, nPDMS ≈ 1.43), these PDMS
windows improve the coupling efficiency of light into the tissue by∼6%
based on a simple estimation using Fresnel reflection at normal inci-
dence (TLED Encap→air→scalp = 0.9427,TLED  Encap→PDMS→scalp = 0.9995).
This same improvement occurs as light returns at near-normal
incidences from the tissue into the photodiodes, but with
additional benefits in reducing total internal reflection (TIR)
for collection of light that arrives at angles above the cutoff
(TIRscalp→air = 46.8°,TIRscalp→PDMS = NA). This same soft inter-
face also improves mechanical coupling to the skin. The device
naturally adheres to the contours of the skull and provides a stable
base for optical measurements in a manner that eliminates para-
sitic effects of relative motions of the device to the surface of the
skin. Also, without the PDMS, the air gap between the optical
elements and scalp could allow the distance and orientation of the
LED/photodiodes to vary with respect to the scalp, thereby in-
troducing additional sources of error, variability, and artifacts.
A key feature of this platform, especially for its potential de-

ployment into lower- and middle-income countries, is its use of
standard, cost-effective, off-the-shelf electrical components and
conventional manufacturing schemes. Within these constraints,
advanced concepts in hybrid flexible electronics can nevertheless
yield soft and conformable properties at the system level, to al-
low mounting on the highly curved anatomical features and
fragile skin of the youngest neonates. Specifically, guided by
three-dimensional (3D) finite element analysis (FEA) of the
mechanics, serpentine interconnects with optimized geometries
connect a collection of islands that support components for 1)
power regulation, 2), BLE SoC, and 3) bidirectional radio
communication. The result is a bendable (Fig. 1D) and twistable
(Fig. 1E) platform that allows for a gentle skin interface and a
nonirritating but robust optical and mechanical coupling to the
skin. The FEA results in Fig. 1F indicate that the maximum
equivalent strains in the Cu traces are below 0.3% (the limit for
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Fig. 1. Design and mechanical characterization of a soft, wireless device for cerebral hemodynamic monitoring on pediatric subjects. (A and B) Schematic
illustration and exploded view of (A) a device with (B) a modular, rechargeable coin cell battery. The main body consists of serpentine interconnects between
islands of electrical components for wireless operation and optical tissue profiling, with four photodiodes each featuring a distinct source–detector distance.
The main body and the modular battery both feature a pair of magnets for mechanical and electrical coupling, all encapsulated within soft, medical-grade
silicone. (C) Photograph of the skin-oriented side of the main device unit, with a pair of LEDs and four photodetectors encapsulated between a black silicone
optical barrier and coated with transparent PDMS for effective optical coupling. (D and E) Photograph of a device upon mechanical stresses of (D) bending
and (E) twisting. (F) Computed strain distribution in the copper layers (first Cu layer is the closest to skin) of the device with a bending radius of 2.5 cm. (G)
Mechanical characterization of the device main unit compared with pig skin using a three-point flexural test. (H–J) Photographs of a device with a modular
battery mounted on the forehead of a 9-wk-old infant during (H) resting, (I) feeding, and (J) tummy time.
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plastic deformation) for a bending radius of 2.5 cm, which is
much smaller than that required for a neonatal forehead [the
head of a 24-wk gestational age neonate has a radius of ∼3.5 cm
(24)]. Fig. 1 D–G shows the device bent to a radius of 3.5 cm and
twisted by >30°. A three-point flexural test (Fig. 1G) indicates a
flexural modulus of 780 ± 70 kPa (mean ± SD), comparable to
that of porcine skin at the same thickness (120 ± 20 kPa; mean ±
SD). SI Appendix, Table S1 presents the cost structure associated
with all aspects of the device, including components, encapsu-
lation materials, and fabrication. The analysis reveals a cost of
under $25 per device. These results highlight a robust yet flexible
design strategy with cost, manufacturability, and an ability to
accommodate realistic physiological motions with little con-
straint on the underlying skin as key considerations.
Fig. 1 H–J show the device interfaced with a 9-wk-old infant

during daily activities such as resting, feeding, and tummy time.
Here, a coin cell modular battery (CR1220) serves as the power
supply. The miniaturized design enables flexible placement on
the limited anatomical area of the infant’s forehead, and the low
modulus construction minimizes stresses and irritation at the
skin interface. The wireless operation eliminates the complica-
tions of wires associated with conventional medical devices,
thereby allowing the closely supervised infant to behave naturally
and without constraint, to facilitate movement, growth, and de-
velopment, while continuously monitoring key physiological
parameters.
These devices, when placed on different regions of the head,

can monitor changes in optical parameters (e.g., light absorption
and scattering) of the brain using functional NIRS (fNIRS).
fNIRS uses a diffuse optical imaging approach to provide mea-
sures of the concentration of oxy- and deoxyhemoglobin, as well
as tissue oxygenation level, in particular brain regions. fNIRS
provides, therefore, data of significance for cognitive neuroscience
due to their noninvasive, portable, and continuous monitoring
capabilities (25). For example, studies show that placement of an
NIRS probe on the neonatal temporal area can detect changes in
regional blood flow indexing cortical activation correlated with
auditory stimulation (26). Current fNIRS devices rely on wired
systems; although portable systems have been developed, they are
bulky in size with the need for separate backpacks for the elec-
tronic components (25). The soft mechanical properties and small
sizes of the devices presented here enable placement and simulta-
neous operation at multiple locations on an infant’s head, con-
strained only by the confounding effects of high-density hair-bearing
regions. SI Appendix, Fig. S2 demonstrates the placement of two
devices on an infant: one on the anterior fontanelle and one above
the temporal lobe, reflecting the potential to measure cerebral
signals from multiple locations. The BLE interface supports oper-
ation of 20 devices simultaneously, without reductions in sampling
rate. The device is reusable after the replacement of the skin-
interfacing adhesive and disinfection of the device with alcohol
wipes, as according to guidelines from the Centers for Diseases
Control and Prevention (27).

Optical Modeling. Optical simulations based on Monte Carlo
analysis and realistic magnetic resonance images of the skin, skull,
and brain tissues of pediatric patients elucidate the physiological
basis of the measurements, guide the choices of source–detector
distances and their corresponding probe tissue depths, and esti-
mate the propagation of light within the cerebral tissues for
placement on the forehead. The specific implementation of the
simulations reported here allows for direct use of physiologically
realistic, tetrahedral meshes created from medical images (28, 29).
Fig. 2 A and B shows MRI data from a representative term-born
infant [Neonatal Brain Atlas (30)]. Manually segmenting the
volumetric MRI data into tissue regions (scalp, skull, cerebral
spinal fluid, gray matter, and white matter) provides the labeled
overlays of Fig. 2 A and B and allows discretization into

tetrahedral meshes with dynamic sizing (minimum 0.1 mm, max-
imum 1.5 mm) [NIRFAST-Slicer (31, 32)]. Optical properties of
the respective materials evaluated for the specific wavelengths used
here (740 nm and 850 nm; SI Appendix, Table S2) map to the mesh.
The Monte Carlo approach statistically builds models of the

light propagation through a volume by tracking the trajectories
of millions/billions of photons as they undergo scattering and
absorption events. Fig. 2C shows the resulting normalized flu-
ence through the simulation volume for a given source location
and input direction (red dot). Black dashed lines indicate tissue
boundaries; white dashed lines represent light fluence contour
lines in 1 log10 increments. Photons that reach the photodiodes
(indicated by green dots, 7.5 mm2) represent back-scattered light
available for detection. Tracking the pathlengths of these de-
tected photons serves as a mechanism to deduce the fraction of
detected light that penetrates to a given material layer. The re-
sults in Fig. 2D show the relative partial pathlengths at each de-
tector as a function of propagation within each respective tissue
type. As expected, the percentage of light that propagates through
shallow tissues (e.g., scalp and bone tissue) increases with de-
creasing source–detector separation. At separations of 15 mm and
20 mm, a significant percentage of light propagates through neural
tissue. These relative pathlengths correlate to the amount of static
signal (direct current, DC) vs. hemodynamically modulated signal
(alternating current, AC) measured by the device, thereby allowing
measurements of changes in oxygenation from the respective tissue
layers. In this manner, the array of detectors allows simultaneous
depth-resolved oximetry and supports advanced schemes in re-
ducing the effects of motion artifacts by eliminating common noise.
The selection of source–detector distances of this platform follow
explicitly from considerations of small head geometries and real-
istic tissue thicknesses of pediatric patients, optimized for infants.
Guided by optical simulation results, a choice of source–detector
distances of 15 mm and 20 mm supports probing of pediatric ce-
rebral hemodynamics, with distances of 5 mm and 10 mm for
probing of peripheral tissues.

Optical and Electrical Characteristics. This system utilizes a pair of
LEDs at different NIR wavelengths to optimize transmission for
measurement of deep tissue cerebral hemodynamics. Tissue
chromophores such as hemoglobin and melanin have strong
absorption at wavelengths <650 nm and water absorbs at wave-
lengths >900 nm, yielding an optimal window for transmission
between wavelengths of 650 nm and 900 nm (33). Because of the
different absorption spectra of oxy- and deoxyhemoglobin, con-
current measurements at multiple wavelengths (appropriately
chosen to be relatively more sensitive to one or the other chro-
mophores) can be used to independently estimate the concentration
of these chromophores (provided that the optical pathlength in
tissue for each wavelength can be estimated), as well as their sum
(total hemoglobin concentration). As the optical absorbance spec-
trum of hemoglobin undergoes distinct changes based on its oxy-
genation state (Hb and HbO2), optical profiling with two or more
wavelengths serves as the basis for determining tissue oxygenation
(34). Wavelengths of 740 nm and 850 nm for cerebral hemodynamic
detection (SI Appendix, Fig. S3A) satisfy two criteria to maximize
the sensitivity because they lie 1) above and below the isosbestic
point of Hb and HbO2 (∼805 nm) (35) and 2) within the NIR
window of 700 and 900 nm.
A compact circuit design (29 × 1.2 × 0.4 mm) drives these

LEDs in a low-duty-cycle mode, alternatively (SI Appendix, Fig.
S3B), processes and sample signals from all four photodiodes,
filters and packages the raw data, and wirelessly communicates to
an external device via Bluetooth protocols, as shown in Fig. 3A.
The 740-nm (QBHP684-IR4XU; QT-Brightek Co.) and 850-nm
LEDs (SFH 4059; OSRAM Opto Semiconductor Inc.) receive
power from the driving circuit, modulated by the microcontroller.
For present purposes, the currents for the 740- and 850-nm LEDs
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are 10.0 mA and 11.7 mA, yielding irradiance values of 11.0 and
4.8 mW, respectively (SI Appendix, Fig. S3 A and B). A duty cycle,
defined as the ratio between the LED pulse duration and the
duration of the cycle, of 10% (SI Appendix, Fig. S3B) balances
signal quality with power consumption and temperature control.
Upon operating for 1 h continuously on human skin, the skin
temperature does not change in a physiologically relevant fashion
(i.e., remains below 37 °C; SI Appendix, Fig. S4). Four photode-
tectors (PDs) are evenly distributed along the middle line of the
two LEDs, with an edge-to-edge spacing of 5 mm. Each photo-
detector has a radiant sensitive area of 7.5 mm2 and a quantum
efficiency of 70% for 850 nm and 59% for 740 nm. The output of
each PD passes through a transimpedance amplifier to convert the
photocurrent to an amplified voltage signal. A linear relationship
connects these voltages to the detected irradiance (SI Appendix,
Fig. S3C). The slope of this relationship depends on electronic
amplification factors chosen based on the source–detector dis-
tance. Specifically, the amplification settings increase with distance
to compensate for corresponding reductions in detected light.
Four 14-bit analog–digital converters in parallel support signal
sampling at a rate of 200 Sa/s, corresponding to 100 Sa/s for each
LED channel from each PD. The signal-to-noise ratios of each PD
are 59.0, 56.7, 58.4, and 54.5 dB, respectively, in the order of in-
creasing source–detector distance when placed on the forehead of
an African American female young adult. The microcontroller
unit performs smoothing on the raw data with a finite impulse
response 7-point moving average filter, providing a low-pass filter
with cutoff frequency of 6.4 Hz. Data transfer occurs wirelessly to
a personal computer through BLE protocols. A custom graphical
user interface (GUI) software (SI Appendix, Fig. S3B) serves as a
control interface and mechanism for data storage and display.

Data are stored in the format of .txt files, for easy integration into
standard data analysis packages.

Data Analytics and Validation. Continuous monitoring of cerebral
hemodynamics is critical for the evaluation and detection of
impaired cerebral autoregulation and its associated risk of brain
injury during pediatric development, including infants with im-
mature cerebral autoregulation systems (36), pediatric subjects
with genetically induced autoregulation disorders such as con-
genital central hypoventilation syndrome (1) (CCHS), and dur-
ing surgical procedures of the cardiac and respiratory systems
(37). Cerebral oxygenation and vascular tone are two important
indicators of cerebral hemodynamics. The former quantifies the
amount of oxygenated hemoglobin in the cerebral tissue to
evaluate tissue perfusion and the neuronal microenvironment,
while the latter reflects the autoregulation response of the ce-
rebral vascular system upon time-dependent differences in blood
oxygenation concentration (38, 39). In addition to regional he-
modynamics of the cerebral tissue, systemic hemodynamic pa-
rameters such as HR and arterial blood oxygenation provide
further insights in the general health status of the subject, as part
of the current standard of care (40). As time-dependent differ-
ences in regional hemodynamics are often associated with sys-
temic hemodynamics, the integration of regional and systemic
hemodynamics enables a wholistic evaluation of the subject’s
physiological state, which is especially critical for neonatal and
pediatric subjects (41).
Fig. 3C outlines the procedures for extracting the cerebral oxy-

genation, pulse oxygenation, HR, and cerebral vascular tone from the
measured data. Signals captured by PD1 and PD2, corresponding
to source–detector distances of 5 mm and 10 mm, respectively, reflect

Fig. 2. Optical distribution of NIR light in the cerebral tissue. (A and B) Representative MRI data from a term-born infant and manually defined scalp (coral),
skull (light gray), cerebral spinal fluid (blue), gray matter (dark gray), and white matter (gray) in the (A) axial view and (B) sagittal view. (C) Computed optical
distribution of NIR light (850 nm) via Monte Carlo simulation (red: light source; green: photodetectors). (D) Relative partial pathlength of light at each
source–detector distance within each respective tissue type.

31678 | www.pnas.org/cgi/doi/10.1073/pnas.2019786117 Rwei et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2019786117


hemodynamics of shallow peripheral tissues to define arterial blood
oxygenation levels (SpO2); signals captured by PD3 and PD4, cor-
responding to distances of 15 mm and 20 mm, respectively, reflect
hemodynamics of deep cerebral tissues to define the cerebral tissue
oxygenation levels (ScO2). Data from PD4 can be used to determine
the cerebral vascular tone. All PDs contribute to the detection of HR.
Cerebral oxygenation corresponds to the nonpulsatile (DC)

component of the blood volume (42). For analysis, the raw data
from PD3 and PD4 first passes through a second-order Butter-
worth low-pass filter with a cutoff frequency of 0.2 Hz to extract
the DC component. SI Appendix, Fig. S5 compares the oxygen-
ation measurements determined with this platform to that from
a standard, commercialized oxygenation probe (Swan–Ganz
catheter; Edwards Lifesciences Corporation) in a controlled
laboratory setting using commercially available fresh horse blood
(Quad Five Inc.). The absorbance spectra of the oxygenated and
deoxygenated blood show an expected decrease in absorbance of
deoxygenated hemoglobin and increase in absorbance of oxy-
genated hemoglobin with wavelengths between 700 nm and
900 nm (SI Appendix, Fig. S5A). The measurements reflect these
changes, in which the absorbance at 740 nm decreases and the
absorbance at 850 nm increases upon oxygenation (SI Appendix,
Fig. S5B). Oxygenation measurements calculated in this manner
show a linear correlation with those obtained using the com-
mercialized platform (R2 = 0.999; SI Appendix, Fig. S5C).

Fig. 4A presents time-dependent variations of ScO2 obtained
from a healthy adult, in which the cerebral oxygenation de-
creases upon holding of the breath, defined as “full breath in and
holding at end inspiration” (end inspiratory breath hold). Analysis
using the Bland–Altman method shows a mean difference of
0.01 ± 0.9% (mean ± SD, n = 3; Fig. 4B) when compared to a
medical-grade NIRS (INVOS 5100C Cerebral/Somatic Oximeter;
Medtronic).
The pulsatile (AC) components of the data (presumed to re-

flect volumetric changes of arteries during each pulsation) can be
obtained via a second-order Butterworth band-pass filter be-
tween 0.5 and 6 Hz and then used to calculate the SpO2 (43).
Fig. 4C presents time-dependent variations of SpO2 obtained
from a healthy adult, showing a decrease in arterial oxygenation
upon holding of the breath. Analysis using the Bland–Altman
method shows a mean difference of 0.35 ± 0.63% (mean ± SD,
n = 3; Fig. 4D) when compared to a medical-grade finger SpO2
probe (GE Dash 3000; GE Healthcare).
HR follows from peak detection of the AC component.

Fig. 4E presents time-dependent variations of HR on a healthy
adult, compared to measurements from a medical-grade finger
probe (GE Dash 3000; GE Healthcare). Bland–Altman analysis
shows a mean difference of −0.2 ± 1.51 bpm (mean ± SD, n = 3;
Fig. 4F).

Fig. 3. Operational characteristics of our device for cerebral hemodynamics monitoring. (A) Schematic block diagram for our BLE electronic module. The
module contains the LEDs and the driving circuit, PDs, and transimpedance amplifier circuits, a BLE microcontroller with a custom-developed program, and
peripheral circuits. (B) GUI for the cerebral oximeter. The GUI supports real-time visualization, storage, and analysis of measurement data and provides a
control interface for setting parameters for the BLE module. (C) Flowchart of the data analysis procedure for extraction of cerebral oxygenation (ScO2),
peripheral oxygenation (SpO2), HR, and cerebral vascular tone. LPF = low-pass filter, BPF= band-pass filter, R = red, and IR = infrared. PD1, PD2, PD3, and PD4
correspond to source–detector distances of 5, 10, 15, and 20 mm respectively.
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Fig. 4. Data collection of systemic and cerebral hemodynamics from healthy young adults. (A) Representative cerebral oxygenation measurements from our
device and a commercialized NIRS instrument during end inspiratory breath-hold studies on a 20-y-old African American subject. (B) Bland–Altman analysis of
cerebral oxygenation measurements between our device and a commercialized NIRS instrument (n = 3 subjects, three breath-hold events per subject). (C)
Representative pulse oxygenation measurements from our device and a standard SpO2 finger probe during end inspiratory breath-hold studies on a 29-y-old
subject. (D) Bland–Altman analysis of pulse oxygenation measurements between our device and a commercialized SpO2 finger probe (n = 3 subjects, three
breath-hold events per subject). (E) Representative HR analysis from our device and a clinically used finger probe during end inspiratory breath-hold on a
19-y-old subject. (F) Bland–Altman analysis of HR analyses between our device and a medical-grade finger probe during end inspiratory breath-hold exercises
(n = 3 subjects, three breath-hold events per subject). (G and H) Representative vascular tone and pulse pressure measurements from our device, reflected
from the change of peak amplitude, during (G) end inspiratory breath-hold (eight events) and (H) breath-in (defined as deep inspiration, followed by im-
mediate expiration, five events) exercises on a 16-y-old subject.
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Recent advances in optical monitoring of cerebral activity
suggest that cerebral vascular tone may correspond to peak-to-
peak variations of the amplitude of individual arterial pulses,
which, when assuming arterial compliance to be constant over
the period of measurement, reflects the difference between
systolic and diastolic arterial blood pressure, referred to as pulse
pressure (44, 45). Pulse pressure decreases with vasodilation and
increases with vasoconstriction. Fig. 4 G and H and SI Appendix,
Fig. S6 present time-dependent variations of pulse pressure
during breath-hold and deep breathe-in exercises by healthy
adolescents and young adults (n = 3, ages 16, 19, and 20 y).
During breath-hold, the pulse amplitude significantly decreases
when compared with an initial 30-s baseline period (P < 0.01,
eight breath-hold events per adult), indicating vasodilation and a
corresponding decrease in pulse pressure (Fig. 4G and SI Ap-
pendix, Fig. S6, Left); during deep breathe-in exercises, the pulse
amplitude significantly increases when compared to baseline
(P < 0.05, five breathe-in exercises per adult), indicating vaso-
constriction and a corresponding increase in pulse pressure (Fig.4H
and SI Appendix, Fig. S6, Right). These advances suggest possibilities
in convenient, routine, and noninvasive monitoring of dynamic ce-
rebral autoregulation and cerebrovascular health without restraint
on subject activity across all patient populations (46).

Pediatric Clinical Pilot Studies. Fig. 5 presents wirelessly captured
cerebral oxygenation signals from eight pediatric subjects with
PHOX2B mutation-confirmed CCHS and from four subjects
with dizziness (without other health abnormalities). Age of these
subjects range between 2 mo and 15 y, covering a range of skin
colors and their corresponding optical absorption properties (SI
Appendix, Table S3). Clinical assessments of the physiological
function of the autonomic nervous system and respiratory con-
trol follow from four challenges: head-up tilt (HUT), hyperoxia,
hypoxia, and hypoxia–hypercapnia. Hyperoxia primarily sup-
presses peripheral chemoreceptors, hypoxia primarily stimulates
peripheral chemoreceptors, and hypoxia–hypercapnia stimulates
both central and peripheral chemoreceptors (1). Fig. 5A shows
the cerebral oxygenation response during the orthostatic chal-
lenge of HUT from an 8-y-old African American boy with
CCHS. The results indicate a significant decrease in cerebral
oxygenation upon tilting to a 70° upright position when com-
pared with the initial 0° baseline period (Fig. 5B; P < 0.01, n =
10). Measurements using a wired, commercialized NIRS device
(INVOS 5100C Cerebral/Somatic Oximeter; Medtronic), posi-
tioned on the opposite side of the forehead, confirm these
findings. The HUT response is comparable to reported findings,
in which a tilt-induced decrease in cerebral blood flow results in
decrease of cerebral oxygenation.*
Fig. 5C presents results from a hyperoxia challenge on a

4-y-old Caucasian girl with CCHS. The protocol involves a 3-min
clinical hyperoxia challenge following a baseline period of the
same duration, per a published protocol (1). Cerebral oxygena-
tion measured by the wireless platform indicates an increase
during the hyperoxia challenge, confirmed by results from the
commercial NIRS system. SI Appendix, Fig. S8 presents our re-
sults from a hypoxia–hypercapnia challenge on the same subject,
with the same baseline protocol and a gas challenge of 14% O2
and 7% CO2 balanced with nitrogen (N2). The wireless results
show an initial decrease in cerebral oxygenation upon the initi-
ation of the hypoxia-hypercapnia challenge, followed by an in-
crease in cerebral oxygenation after 2 minutes of exposure and
maintained during the recovery phase, confirmed by the com-
mercial NIRS system. Fig. 5D presents results from a 13-y-old
Hispanic girl with CCHS during a clinical hypoxia challenge with

five breaths of nitrogen after a 3-min baseline period. Wirelessly
obtained results show a decrease in cerebral oxygenation during
the challenge, verified by the commercial system. These results
are similar to those of previous reports (1).
Fig. 5E and SI Appendix, Fig. S7 presents a proof-of-concept

demonstration of cerebral oxygenation monitoring on a 2-mo-old
newborn engaged in normal daily age-appropriate activities. The
results show a steady cerebral oxygenation trend. The wireless
measurements, including autoregulatory challenges of subjects
between age 4 and 15 y, and normal activity for subjects between
age 0.2 and 2 y old, compare well with those of the commer-
cial NIRS device, as analyzed by the Bland–Altman method
(Fig. 5F). Results showed a mean difference of −0.06 ± 2.30%,
demonstrating high accuracy and precision in operation for these
testing conditions. The soft mechanics of the device allow for its
removal from the skin in a two-step process, beginning with the
disruption of the adhesion force at the edge of the device, fol-
lowed by a slow, gentle removal of the thin adhesive layer from
the skin. This sequence minimizes the potential for skin injury.
Visual inspection confirmed the absence of skin effects related to
wireless probe use.

Discussion
This paper introduces a class of soft, skin-interfaced, wireless
devices for continuous monitoring of cerebral hemodynamics,
with an emphasis for use on the most vulnerable pediatric and
neonatal patients. The compliant, flexible device mechanics and
the gentle skin contact serve as the basis for a skin-safe, con-
formable interface to the high curvature surfaces of the fore-
heads of infants across a wide range of ages (Fig. 1), including
the youngest premature babies. The optical and mechanical as-
pects of the interface materials allow efficient optical coupling
and robust bonding, for high signal quality and low motion ar-
tifacts. The miniaturized sizes of these devices allow placement
on nearly any location across the small heads of pediatric sub-
jects, limited only by dense, hair-bearing regions. Pilot studies in
operating hospital environments indicate no negative skin effects
during device operation. The skin-interfacing adhesives and the
device encapsulation materials are similar to those tested on over
100 neonatal and pediatric subjects, including premature babies
born as young as 24-wk gestational age, for up to 24 h at 8 wk of
postnatal life without any negative skin effects on their fragile
premature skin (23). These results further support the clinical
safety and feasibility of the systems reported here.
The required operational lifetimes depend on the details of

the clinical use case, according to which the engineering pa-
rameters, most notedly the duty cycle of LED irradiation and the
sampling rate, can be optimized. A balancing consideration is
that the signal-to-noise ratio generally decreases with the duty
cycle (47). The results described previously utilize a 10% duty
cycle, but studies of other related platforms suggest that a 5%
duty cycle can support reliable operation, with an enhancement
in battery life of ∼1.5 times (47). Sampling rate is determined
based on the clinical requirements. The sampling frequency used
here, 100 Hz, allows for high-resolution determination of SpO2,
HR, and cerebral vascular tone. Under an alternative-use case
that requires only cerebral oxygenation, frequencies as low as a
hundredth of a hertz can be considered, as described in com-
mercialized systems (48), such that the power consumption
would be decreased by ∼3.5 times, enhancing the operational
lifetime of a given battery.
The Monte Carlo optical simulations quantify the underlying

physics using realistic models, thereby serving as the basis for
optimized selection of operating parameters for the LEDs and
distances between the sources and detectors for the pediatric
population. The differences in head size and tissue profiles of
pediatric subjects, especially young infants, compared with adults
are critically important considerations in this optimization. The

*C. Coleman et al., Pediatric Academic Societies Annual Research Conference, April 25–28,
2015, San Diego, CA.

Rwei et al. PNAS | December 15, 2020 | vol. 117 | no. 50 | 31681

EN
G
IN
EE

RI
N
G

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019786117/-/DCSupplemental


computational framework reported here simulates the photon
propagation pathway based on realistic tissue geometries, taking
advantage of 3D medical imaging databases collected in hospi-
tals from patients. Similar strategies can be used to define en-
gineering parameters for detection of cerebral hemodynamics of
age groups beyond those that represent the focus of this paper,
such as the aging population for investigation of neurodegener-
ative disease diagnosis and progression monitoring.
As the PDs and the LEDs of the device are sealed with PDMS,

the presence of biofluids, such as sweat, have negligible effects on
the electrical performance of the device. In addition, given the
high transparency of sweat in the NIR region of the spectrum—

being largely composed of water with trace dopants—the intro-
duction of sweat alone will not decrease the DC amplitude or
AC signals of the patient. However, the introduction of artifacts
due to sweat at the optical coupling interface (such as delamina-
tion) may influence the measurement. Although the data show no
such effects during our clinical studies, the operation during
high-sweat-rate events (such as physical exercise) requires further
investigation.
Continuous monitoring of cerebral vascular tone provides in-

sights into the transient states of cerebral autoregulation (49);
high levels of cerebral autoregulation are associated with im-
proved outcomes in patients with brain injury (46). The results
presented here demonstrate wireless measurements of cerebral
pulse pressure and vascular tone. The methods for measuring
pulse pressure and cerebral vascular tone rely on strategies
reported in the context of clinical studies across a wide-ranging
age group, from premature neonates to older adults (2–4). Op-
tical measurements of the pulse reflect changes in the diameter
(and therefore volume) of arteries during the pulse cycle. These
volumetric changes cause differences in the local concentration
of hemoglobin over the volume explored by the measurements,

and of the associated light absorption. The change in diameter of
the arteries follows from variations in pulse pressure, closely
related to vascular tone. As a consequence, although the abso-
lute value of the optical pulse amplitude only loosely relates to
pulse pressure, rapid variations in the amplitude of the optical
pulse may be linked to variations in pulse pressure and vascular
tone. Moreover, pulse pressure in the brain is difficult to mea-
sure directly—but sudden drops in this pressure may have sig-
nificant clinical effects. Measurement of pulse amplitude can
provide useful information about states of cerebral vasodilation
(2). A number of additional factors, however, can influence pulse
amplitude such as changes in the optical-coupling interface due
to sweat or motion artifacts. Under controlled laboratory set-
tings, results reported here support the validity of using pulse
amplitude to determine cerebral vascular tone. Future studies
will explore the applicability of this method during physical ac-
tivities and in various clinical scenarios. This platform features
simultaneous measurements of both systemic and cerebral hemo-
dynamic monitoring through the differentiation of source–detector
distances. Systematic tests indicate feasibility for recording cerebral
oxygenation and cerebral vascular tone through optical measure-
ments of pulse pressure during a breath hold at end inspiration
with young adult subjects (Fig. 4). Further studies demonstrate
capabilities in both systemic hemodynamics (HR and SpO2)
through use of signals captured at multiple source–detector dis-
tances and their corresponding tissue depths. This system may
provide further insights into the interactions between systemic and
cerebral hemodynamics, crucial for cerebral autoregulation moni-
toring, especially for patients susceptible to impaired cerebral flow,
such as premature neonates (50) and hemodynamically unstable
pediatric intensive care unit patients.
Pilot studies on pediatric CCHS patients highlight the effec-

tiveness in continuous monitoring of pediatric patients with

Fig. 5. Data collection from pediatric subjects with and without CCHS. (A) Representative NIRS measurements from our device and medical-grade NIRS on
pediatric subjects during a HUT challenge on an 8-y-old African American boy with CCHS. (B) Relative changes in cerebral oxygenation of pediatric subjects
measured by our device and a commercialized NIRS system during tilt phase and recovery phase relative to a 10-min baseline period (n = 10). Statistical
analysis was performed by a paired Student t test. *P < 0.01 when compared with baseline. A P value <0.05 was considered statistically significant. (C)
Representative NIRS measurements during a hyperoxia challenge with 100% oxygen on a 4-y-old Caucasian girl with CCHS. (D) Representative NIRS mea-
surements during a hypoxia challenge with 5 breaths of 100% nitrogen gas on a 13-y-old Hispanic girl with CCHS. (E) Photograph of our device on the
2-mo-old infant upon cerebral oxygenation measurements during normal activity. (F) Bland–Altman analysis of our device compared with a medical-grade
NIRS device from HUT, hyperoxia (100% O2), hypoxia challenges (100% N2), and hypoxic–hypercapnia (14% O2 and 7% CO2 balanced with nitrogen [N2]) with
pediatric subjects aged 4 to 15 y and during normal activity (NA) with pediatric subjects aged 0.2 to 2 y.
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disorders of autonomic regulation. The results indicate high
accuracy and precision during continuous, wireless monitoring of
cerebral oxygenation in four clinical physiologic challenges: HUT,
hyperoxia, hypoxia, and hypoxia–hypercapnia as compared with
data collected using clinical-standard monitoring instruments. Fur-
ther, clinical studies may validate monitoring of cerebral hemody-
namic parameters beyond those reported here, such as cerebral
blood flow, cerebral pulse pressure, and cerebral hemoglobin
concentrations.
The engineering approaches reported here strongly leverage

nursing input for robust and clinically focused designs, featuring
flexible mechanics for gentle, conforming interfaces and effective
optical coupling to highly curved body parts and miniaturized
sizes for pediatric subjects. The replaceable battery approach
and the continuous, wireless, and real-time monitoring of cere-
bral hemodynamics suggest the potential for clinical use and
broad scalability. Pilot clinical studies indicate feasibility for use
on a variety of age groups (from infants to young adults), skin
colors, and sex. The outcomes have the potential to enhance
neonatal and pediatric care in clinical environments, including
but not limited to peri- and postoperative recovery, cerebral
hemodynamics monitoring on infants in anticipation of potential
cerebral lesions induced by the immaturity of their neurovascular
autoregulation system, and continuous monitoring of patients
with inherent impaired autoregulatory systems. Further clinical
validation may broaden the application of this system to both
enhance global health in low-resource environments, as well as
advancing current state-of-the-art clinical practices for preven-
tion and investigation of cerebral pathologies.

Materials and Methods
Device Fabrication. Fabrication began with a 25-μm-thick polyimide sheet,
with 12-μm-thick Cu on both sides (AP7164R; Dupont) and outlined using an
ultraviolet laser cutter (ProtoLaser U4; LPKF). Electronic and sensor compo-
nents, along with a pair of magnets (5862K13; McMaster Carr), were bonded
to the circuit board by solder paste (TS391LT; Chip Quik). The board was
folded and encapsulated within thin layers of medical-grade silicone (Silbione
RTV 4420; Elkem) defined by an aluminum mold and subsequently filled with
soft silicone (Ecoflex 00-10; Smooth-On). The final shape was outlined using a
CO2 laser cutter (VLS3.5; Universal Laser).

Data Analytics.All analyses usedMATLAB (R2019b) for technical computing. A
moving mean window of 5 s was applied to all analyses. The following he-
modynamic parameters were used during the analysis (51): «Hb,740nm = 0.40,

«Hb,850nm = 0.19, «HbO2 ,740nm = 0.13, «HbO2 ,850nm = 0.25, DPFR−IR = 1.3, and h
ranged between 5.5 × 10−4 and 6.2 × 10−4 (nm−1) for 850 nm and between
6.3 × 10−4 and 7.2 × 10−4 (nm−1) for 740 nm, empirically determined.

Clinical Studies. Clinical studies were performed under the permission of the
Institutional Review Board (IRB no. 2017-1376) at Ann & Robert H. Lurie
Children’s Hospital of Chicago. Patients were recruited from clinical practice
at the Center for Autonomic Medicine in Pediatrics in the division of Au-
tonomic Medicine at Ann & Robert H. Lurie Children’s Hospital of Chicago. A
consent was read to each family prior to the study. After the staff answered
all questions raised by the family, consent was then signed by families and
the staff obtaining consent. Copies of the signed consents were given to
each family and sent to health information management to be placed in a
patient’s medical record. Detailed protocols of clinical studies appear in
SI Appendix.

Statistical Analysis. Cerebral oxygenation during tilt and recovery periods was
compared with the initial baseline period. Statistical analysis was performed
via paired Student t tests. P < 0.05 was considered statistically significant.

Data Availability. All study data are included in the paper and SI Appendix.
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