












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.
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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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