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Accurate, real-time monitoring of intravascular oxygen levels is important in tracking the cardiopulmonary health
of patients after cardiothoracic surgery. Existing technologies use intravascular placement of glass fiber-optic
catheters that pose risks of blood vessel damage, thrombosis, and infection. In addition, physical tethers to power
supply systems and data acquisition hardware limit freedom of movement and add clutter to the intensive care
unit. This report introduces a wireless, miniaturized, implantable optoelectronic catheter system incorporating
optical components on the probe, encapsulated by soft biocompatible materials, as alternative technology that
avoids these disadvantages. The absence of physical tethers and the flexible, biocompatible construction of the
probe represent key defining features, resulting in a high-performance, patient-friendly implantable oximeter
that can monitor localized tissue oxygenation, heart rate, and respiratory activity with wireless, real-time, contin-
uous operation. In vitro and in vivo testing shows that this platform offers measurement accuracy and precision
equivalent to those of existing clinical standards.

INTRODUCTION
The cardiovascular system delivers oxygen and nutrients to tissues

global balance between oxygen delivery and consumption as it is mea-
sured in the pulmonary artery) or as central venous oxygen saturation

and cells in the body (I). Maintaining an adequate balance between
oxygen delivery and consumption is essential for cellular physiological
function (2). Accurate and real-time monitoring of specific intra-
cardiac and major vascular oxygen saturations after open-heart surgery
is critically important for treating patients, especially those who suffer
from cyanotic congenital heart defects. Widely used wearable oximeters
(3) and the clinical pulse oximeters (4) capture global oxygenation
of the body. These measurements do not contain information on
localized tissue oximetry (5), either the intracardiac or intravascular
oxygen saturation. The measurement of these saturations is per-
formed during diagnostic cardiac catheterization to calculate cardiac
output and derive vascular resistances. In the intensive care unit
(ICU) setting, the intravenous fiber-optic oximetric catheter is used
to monitor continuously blood oxygen saturation (6, 7), obtained
either as mixed venous oxygen saturation (SvO,, a reflection of the

(ScvOy, a reflection of regional oxygen extraction from the brain
and the upper part of the body as it is measured from a central vein)
(1,2,8,9).

Existing fiber-optic catheter oximeters use hard glass fiber wave-
guides to deliver light from an external source to the blood at the tip
of the catheter and to transmit some fractions of the backscattered
light back to an external unit for detection (10). Here, the fiber-
optic catheter connects to a light source and sensing module (11),
and an additional interface joins the system to an apparatus that
contains processing and driving circuits, display monitor, and con-
trolling software (12). The complete system provides an effective tool
for monitoring venous oxygenation via insertion of the catheter
probe through a vein to a desired location, but it tethers the patient
to bedside hardware, thereby limiting their freedom of movement and
complicating the simultaneous use of other diagnostic or therapeutic
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tools. Moreover, the rigid properties of the glass fiber can induce
adverse events during long-term implantation, e.g., damage to blood
vessels, infection, or thrombosis (13-17). For all patients who re-
ceive catheters, mechanical complications are reported to occur in 5 to
19% of patients, infectious complications in 5 to 26%, and thrombotic
complications in 2 to 26% (13). Alternative approaches based on bio-
material waveguides, sometimes bioresorbable materials, have some
utility but suffer from disadvantages in transmission losses, coupling
losses, and time-dependent effects associated with bending and other
motion-related artifacts (18, 19). In addition, these platforms can
induce similar adverse complications as with conventional fiber-optic
catheters. Such complications are particularly frequent and severe
in infants and children. An unmet clinical need is in an alternative
type of oximeter designed to provide real-time, accurate intravascular
oxygen saturation yet avoid adverse effects that can occur in these
and other high-risk patients.

Recent advances in soft, wireless electronics (20-24) and in asso-
ciated technologies for wireless localized tissue oximetry (25) and
wearable oximetry (3, 20) provide the foundations for designing
unique platforms that overcome these challenges in cardiovascular
monitoring. The platform introduced here consists of a thin, flexible
catheter-type optoelectronic probe that connects to a small, wear-
able electronic module for wireless, real-time, and continuous mea-
surements of intravascular oxygen saturation with clinical-grade
accuracy. The probe tip in this case includes high-performance,
miniaturized light-emitting diodes (LEDs) and photodiode (PD), fully
encapsulated with medical-grade, soft, transparent silicone elasto-
mer. The electronic module supports rechargeable powering, cir-
cuit control, signal processing, and wireless data communication
based on Bluetooth protocols. A graphical user interface (GUI)
deployed on a smartphone or tablet computer or ICU monitoring
display enables real-time visualization, storage, and analysis of
measurement data. The absence of physical tethers, the soft, bio-
compatible construction of the probe, and the lateral (as opposed
to distal) configuration of the measurement represent key defining
features.

Systematic studies of these systems inform optimized choices for
the materials, the mechanical layouts, the thermal management ap-
proaches, the encapsulation strategies, and the optical setups. Tests
on healthy human volunteers yield data that are in excellent agree-
ment with clinical standard pulse oximeters for global oxygen satu-
ration and heart rate (HR) measurement. Investigations using rat
models show that the catheter can be implanted and sutured to the
cardiac surface and that the measured oximetry values match those
determined using a clinical blood gas analyzer. These results repre-
sent potentially important advances in wireless optoelectronic tech-
nologies for cardiovascular care.

RESULTS

Design features

Figure 1A illustrates the operational characteristics of an implant-
able, wireless catheter-type optoelectronics system, highlighting its
miniaturized, biocompatible design and capabilities for wireless
[Bluetooth low energy (BLE)], real-time monitoring at the surface
of the heart. The integrated platform, fully encapsulated with a
medical-grade silicone layer, consists of three main components:
(i) a low-modulus, flexible catheter with an optoelectronic sensor
that contains two light-emitting diodes with emission wavelengths
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of 645 and 950 nm, respectively, and one silicon PD; (ii) a bendable,
miniaturized, battery-powered BLE electronic module that can gently
mount onto the skin; and (iii) a custom GUI deployed on a handheld
device that supports real-time visualization, storage, and analysis of
measurement data and provides a control interface for setting the
illumination parameters for the LEDs (Fig. 1A). In the use case con-
sidered here, the sensing probe can be placed on the surface of the
desired cardiovascular structure, where it is mechanically stabilized
with fine sutures. Electrical interconnects attach to the BLE module,
secured with a skin-safe adhesive onto the chest.

The exploded view schematic illustration of this module (Fig. 1B)
highlights an elastomeric substrate (Silbione RTV 4420, Elkem), a
flexible printed circuit board (fPCB) with a collection of electronic
components, a rechargeable lithium-ion battery, and a top encapsu-
lation layer (Silbione RTV 4420, Elkem). Figure 1C presents a mag-
nified view of the probe, with its two LEDs and PD, and two opaque
silicone-based cuboid structures [polydimethylsiloxane (PDMS)
mixed with 5% of Silc-Pig silicone opaque dye; L x W x H: 1 mm x
0.5 mm X 0.8 mm)] for light blocking, all mounted on an fPCB in the
geometry of a narrow, thin strip (width, 1.3 mm; thickness, 111 um;
length, 14 mm), which connects, through thin, Teflon-coated copper
wires (diameter, 80 um), to the BLE module. A small plug-in con-
nector serves as an electrical interface between the probe and the
module and allows battery recharge using a wired interface. A medical-
grade, biocompatible silicone (MED-1000, Avantor Inc.) fully en-
capsulates the optical sensing probe to define a cylindrical shape
(diameter, 1.5 mm) and smooth surface that facilitates surgical manip-
ulation and insertion. The light-blocking elements lie between the
PD and LEDs and at the probe tip close to the other sides of the
LEDs to eliminate parasitic transmission of light from the LEDs
directly to the PD without passing through the surrounding tissue
of interest. The distance between the LEDs and the PD sets the char-
acteristic depth associated with the detected backscattered light
(25, 26). Increasing this distance enlarges the effective probing volume
and enhances the changes in signal associated with changes in blood
oxygenation but also decreases the amount of light detected by the
PD due to increased absorption and scattering events in the light
path (3, 27). The geometry reported here positions the PD equidis-
tant between the two LEDs, at a distance of 2 mm, selected to bal-
ance sensing depth, probing volume, and signal-to-noise ratio.

Figure 1D presents an image of a device wrapped onto a glass rod
with radius around 1 cm to highlight its flexibility. Figure 1 (E and F)
shows top-down views of the layout of the electronic components,
with a corresponding schematic block diagram in Fig. 1G. The red
and near-infrared (NIR) LEDs at the tip end of the probe receive
power from driving circuitry modulated by a microcontroller unit
(MCU) in the BLE module such that the LEDs turn off and on out
of phase. The PD output passes through a transimpedance amplifier
to yield an amplified voltage signal. A 14-bit analog-digital converter
(ADC) supports signal sampling at a rate of 200 samples per second
(Sa/s), corresponding to 100 Sa/s for each LED. The MCU per-
forms smoothing on the raw data with a finite impulse response
seven-point moving average filter, as a low-pass filter with a cutoff
frequency of 6.4 Hz at a sampling speed of 100 Sa/s. Data transfer
occurs wirelessly to a personal computer through BLE protocols.
A custom GUI software serves as a control interface and mecha-
nism for data storage and display. Established data analytics rou-
tines yield HR and oximetry values, as described in Materials and
Methods.
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Fig. 1. Implantable, wireless catheter oximeter for real-time monitoring of cardiac physiology in the context of surgical procedures. (A) Schematic illustration of
the use of an implanted device for wireless blood oximetry near the cardiac surface. The system consists of a catheter-type oximeter with sensing tip sutured onto the
surface of the heart, interfaced to an electronic module that attaches to the skin for signal collection and wireless data transmission through Bluetooth protocols. A cus-
tom GUI displays and records the data on a computer and serves as a control interface to the device. (B and C) Exploded view schematic illustration of the device design.
(B) The electronic module contains five layers: a bottom elastomeric substrate, a flexible PCB, a collection of electronic components, a lithium ion battery, and a top
elastomeric encapsulation. (C) The enlarged image shows the sensor probe, which consists of a flexible PCB, optical stimulation and sensing components, and optical
blocking modules. The probe has a diameter of 1.5mm and is fully encapsulated with transparent, biocompatible silicone. (D) Image of a catheter oximeter wrapped
around a glass rod. (E) Image of an electronic module without encapsulation. (F) Image of a catheter-type oximetry sensor. (G) Schematic block diagram of the system.
Photo credit: Wei Lu and Wubin Bai, Northwestern University.

Optical, thermal, and electrical characterization

Oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb) correspond to
hemoglobin with and without bound oxygen, respectively. Well-
known optical approaches provide effective estimates of blood oxygen
saturation, defined as the fraction of HbO, relative to total hemo-
globin (HbO; + Hb) (4, 28), by comparing the distinct absorp-
tion spectra of HbO, and Hb in the visible and NIR spectral range.
Figure 2A shows the measured emission spectral profiles of the red and
NIR LEDs and their peak emission wavelengths at 645 nm and 950 nm,
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respectively, along with the molar extinction coefficient (€) spectra of
HbO; and Hb (29). The data show an isosbestic point near 800 nm,
where Hb and HbO, have the same &. For wavelengths above and be-
low, the values of € for HbO, and Hb change in relative magnitude.
The large differences at 645 and 950 nm establish the basis of optical
measurements of blood oxygenation based on the Beer-Lambert law.

The probe uses a single high-speed PD (TEMD7000X01,
Vishay Semiconductors Inc.) with relative spectral sensitivities S(A)
at 950 and 640 nm of 99 and 54%, respectively (fig. S2A) (30). Figure
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Fig. 2. Optical, thermal, and electronic characteristics. (A) Spectral properties of light emission from the red and NIR LEDs used for the sensor probe. These LEDs (peak
wavelengths of 645 and 950 nm) cover the parts of the spectrum of reversed absorption properties for Hb and HbO,. (B) Measured photocurrent as a function of input
current for red and NIR LEDs, with the sensor probe implanted into raw meat. The experimental setup appears in fig. S3. (C) Monte Carlo simulation of the spatial distri-
bution of normalized emission intensity profiles from the NIR and red LEDs in cardiac tissue. (D) Thermal image showing the temperature distribution of the skin of an
adult arm with a catheter probe placed on top. (E) Measured temperature of the oximeter sensor probe during operation, with activation at 1 min and deactivation at
4 min. The sensor induces minimal increase in temperature (less than 0.08°C). (F) Measured photovoltage output from the amplifier circuit as a function of time during a
driving clock sequence of red and NIR LEDs and ADC sampling. Narrowing the driving pulses for the LEDs effectively reduces the power consumption and prolongs bat-
tery lifetime. (G) Battery voltage as a function of working time. A 45-mAh lithium battery supports operation for at least 22 hours.

S2B illustrates the photocurrent response to illumination with light
passed through a chopper (red light, wavelength: 633 nm). The re-
sults suggest response times less than 1 ms, sufficient for current pur-
poses. Figure 2B shows the photocurrent from the red and NIR
LEDs with the probe buried inside muscle tissue collected from a
bovine model (fig. S3A). The red light induces lower photocurrent
response compared to the NIR by a factor of ~6.5 for the same drive cur-
rent, consistent with differences in the efficiencies of the two LEDs
and in the spectral response of the PD. The PD exhibits a linear re-
sponse with illumination intensity at both wavelengths. Based on
these observations and on power and circuit considerations, the
devices use drive currents of 3.1 mA (9.2 mW/mm?) and 1.8 mA
(14.4 mW/mm?) for the red and NIR LEDs, respectively, thereby
generating corresponding photocurrents with a ratio of 1:2.3.

The physics of light transport in biological tissues can be cap-
tured numerically using the Monte Carlo method (31). The results
provide quantitative insights into the illumination distributions
around the LEDs and into aspects of light detection by the PD
(Fig. 2C). The model uses the optical properties of human cardiac
muscle tissue found in the literature (32). Other details of the
simulation appear in Materials and Methods. Figure 2C shows
normalized emission intensity profiles of the red and NIR LEDs as
a function of distance, in three dimensions (left) and in two dimen-
sions at a cross-sectional plane across the LEDs (right). The pene-
tration depth, where the optical irradiance decreases to 0.01 mW/mm?,
is 3.84 and 5.16 mm for the red and NIR LEDs, respectively. The
illumination volume is 85.3 and 159.8 mm?, respectively, for red
and NIR LEDs (fig. S4, A and B). Moreover, by varying the inten-
sity from 0 to 50 mW/mm? (fig. S4, C and D), the penetration depth

varies from 0 to 7 mm, with an illumination volume up to 600 mm”.
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This adjustable illumination depth and volume can be useful for
different application requirements, from thin tissues associated with
blood vessels to thick tissues such as those of the myocardium, to
measure either intracardiac or intravascular oxygenation.
Thermal images (Fig. 2D) collected with an IR camera (FLIR
A325SC, FLIR Systems) show no apparent increase in temperature
around the LEDs during operation of a device pressed against the skin.
Driving the LEDs and sampling the PD response at low duty cycles
(10% duty cycle with 1-ms pulse widths at 100-Hz sampling rate, as
shown in Fig. 2F) leads to low power consumption and low heat gener-
ation while preserving well-defined modulation, as shown for the case
of the probe placed at the fingertip (Fig. 4C). A small-scale negative
temperature coefficient (NTC) thermistor allows quantitative eval-
uation of the temperature near a probe inserted into pieces of raw meat
(fig. S3B). The measurements indicate a small increase in temperature
(~0.08°C) during operation of the device (Fig. 2E), consistent with the
results of finite element analysis (FEA) in which the average tempera-
ture rise of four points around the active LEDs in the probe is roughly
0.1°C, as shown in fig. S5. Although this increase is higher than that
expected for conventional fiber-optic catheter oximeters, it is more
than 30 times lower than the maximum allowed increase in the tem-
peratures of internal tissues (i.e., 3°C) (33, 34). The measured rise time
is comparable to that determined by simulation, i.e., ~20 s (details on
this measurement and simulation appear in Materials and Methods).
Minimizing the duty cycle also reduces the power consumption of
the system and thereby extends the battery life. The system reported
here uses a 45-mAh rechargeable lithium battery. For operational
parameters described previously, this battery supports continuous oper-
ation and wireless data streaming at 200 Sa/s for more than 22 hours
using a 10% duty cycle (Fig. 2G). Reducing the sampling frequency
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can further prolong the battery life, depending on requirements. For
instance, measurements performed every 5 min, for a duration of 5 s,
with the system in sleep mode for other times will extend the battery
life by 60 times, corresponding to roughly 1300 hours.

Mechanical characterization and encapsulation performance
The compliant mechanical properties of the device minimize me-
chanical forces on adjacent biological tissues for improved biocom-
patibility. Human skin has Young’s modulus between ~400 and
~800 kPa (35, 36), while human cardiac muscles have Young’s moduli

of ~100 kPa (37). The BLE module uses a biocompatible silicone
(Silbione RTV 4420) for encapsulation, with a modulus in the range
of human skin. The catheter oximeter probe uses three different
biocompatible silicones (MED-1040, MED-1000, and MED-1037,
Avantor Inc.), with Young’s modulus values of 797, 1022, and 1667 kPa
as in Fig. 3A (measurement data are shown in fig. $6), suitable for
different medical applications. Choices of the silicone and the
diameter of the copper wire can be selected to achieve bending stiff-
nesses of 1.6, 1.8, and 2.3 to 20 N/mm®. By comparison, commercial
catheter oximeters for central venous applications use optical fibers

A B C
2000 =
& 2501
= - - MED-1000 N
5 1500 | »
x ——— MED-1037 % 2301
2 ‘3:: 7 20 4
S »
-§ 1000 [ 2 20}
= '-g |
a 1.6 1.8 2.3
0 o il ] - -
MED-1040 MED-1000 MED-1037 MED- MED- MED- Stiff Edwards Strain (%)
1040 1000 1037  wire
D E F
- —— . - L T T T N
5 2500f 5 3000
& &
o I o
g —— Red LED 2 2000} —— Red LED
o —— NIR LED 3 —— NIR LED
3 1500f 3
2 2 1000}
= & —
‘\,____o\,___._.
500 " i A n " i A i
2000 6000 10000 0 2 4 6 8
Number of stretching cycles PBS immersion time (week)
G H
103 3 -
B Experiment Il Experiment
- Control -Control
102
102 E
2 2
c c
3 =]
<3 <3
o (&)
10" | L
10°
100

WBC GLU

RBC HGB HCT MCV MCH RDW PLT TRIG ALT AST ALP CHOL PHOS Ca

Fig. 3. Mechanical encapsulation and biocompatibility characteristics. (A) Measured Young'’s moduli for three catheter probes (inset images; scale bar, 2 cm) encap-
sulated with three different biocompatible silicone elastomers (labeled: MED-1040, MED-1000, and MED-1037, respectively). The Young’s moduli of the three catheter
probes range from 800 to 1700 kPa. (B) Measured bending stiffnesses for the three catheter probes in (A), a catheter probe fabricated from relatively stiff copper wire
encapsulated with MED-1000, and a commercial fiber-optic catheter (Swan Ganz 777F8, Edwards LifeSciences Inc.). The bending stiffnesses are 1.6, 1.8, 2.3, 20, and
243 N/mm?, respectively. (C) Finite element modeling of the sensor probe and catheter subjected to a bending radius of 22 and 27 mm, respectively. (D) Measured
photovoltage from the catheter probe as a function of cycles of compression and bending. Experimental details appear in figs. S7 and S8. The photovoltage generated
from the photodetector corresponds to operation of the two LEDs (peak wavelengths of 645 and 950 nm, respectively) at the tip of the catheter probe. a.u., arbitrary units.
(E) Measured photovoltage as a function of immersion time in PBS solution at 37°C. Experimental details appear in figs. S10 and S11. The data indicate negligible change
in performance over 8 weeks. (F) CT image of the catheter sensor after 2 weeks of implantation. (G and H) Analysis of complete blood count (G) and blood chemistry (H)
for mice with an oximetry probe implanted subcutaneously for 30 days (labeled as Experiment) and for mice without device implantation (labeled as Control). Additional
experiment results, abbreviations, and corresponding units are presented in fig. S13.
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(e.g., Swan Ganz 777F8, Edwards LifeSciences Inc.) with bending
stiffnesses of ~250 N/mm? (Fig. 3B), which is 10 to 150 times larger
than those of devices reported here. The left ventricle of the adult
human cardiac tissue has a typical thickness of 12 to 15 mm (38).
The resulting bending stiffness is ~50 times larger than that of the
probe. The probe can therefore easily and conformally deform with
the heart muscle with negligible mechanical load or associated damage
to the heart, although the modulus of the probe is higher than that
of the cardiac tissue.

Results of FEA in Fig. 3C show that the strain distribution in
the copper remains below the elastic strain limit (0.3%) in the sen-
sor probe and silicone-based catheter for a bending radius of 22 and
27 mm, respectively. Studies indicate that bending to radii of 5 mm
for more than 10,000 cycles leads to no change in the device perfor-
mance (fig. S7B). Specifically, Fig. 3D shows consistent photovolt-
ages generated from the PD by operation of the red and NIR LEDs,
with additional measurements inside an integrating sphere after vari-
ous bending cycles (measurement data in fig. S8). Figure S9 shows
signals generated from a finger, indicating stable performance over
10,000 bending cycles. The silicone encapsulation also provides an
adequate barrier to biofluids. Immersion into a bath of phosphate-
buffered saline (PBS) at 37°C for 8 weeks (fig. S10) induces a negli-
gible change in device performance examined by both in vitro
measurements inside the integrating sphere (Fig. 3E and fig. S11) and
tests on the fingertips (fig. S12). The data of Fig. 3E use the same
measurement approach as those in Fig. 3D; fig. S12 uses the methods
of fig. S9. All results indicate that the system supports stable perfor-
mance over 8 weeks of immersion in PBS.

Figure 3F presents a computed tomography (CT) image of a
mouse model 2 weeks after subdermal implantation of a device on
the back near the spine. Analysis of complete blood count (Fig. 3G)
and blood chemistry (Fig. 3H) for mice with implants for 30 days
(labeled as Experiment) and mice without implants (labeled as Control)
indicates no sign of organ damage or injury and no change in the
electrolyte or enzyme balance. More measured parameters are pre-
sented in fig. S13 (details appear in Materials and Methods).

Bench tests

SvO; and ScvO; are two essential diagnostic indicators. The former,
measured in the pulmonary artery, reflects the global balance be-
tween oxygen delivery and consumption. The latter, measured via a
central venous catheter, reflects principally the degree of oxygen
extraction from the brain and the upper part of the body (I, 2, 8, 39).
Major surgeries, especially cardiac surgeries, rely on monitoring of SvO,
and ScvO, with fiber-optic oximeters (e.g., Swan Ganz series catheter
and HemoSphere monitoring platform, Edwards LifeSciences Inc.)
to guide care (6, 7). Such devices are implanted transvenously, where
the fiber optics support the optical transmission from external sources
and sensing of backscattered light using external detectors, thereby
tethering the patient to bedside apparatus (2, 40). Figure 3 (A and B)
summarizes some advantages of the introduced wireless catheter
probe in materials and mechanical properties, compared with a
commercially available fiber-optic probe, and Fig. 4 (A and B) of-
fers comparisons of optical performance and sensitivity of these
two systems.

Figure 4A (left) shows comparisons based on measurements
obtained by placing both the wireless catheter oximetry probe and
a commercial fiber-optic oximetry catheter (Swan Ganz 777F8,
Edwards LifeSciences Inc.) in a fluorescent solution with 0.3 uM
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Alexa Fluor 647 (emission maximum at 672 nm when excited at 651 nm).
The device introduced here involves a divergent illumination pat-
tern normal to the surface of the LED and lateral to the long axis of
the probe. By contrast, the commercial device exhibits a conical pat-
tern of illumination with a low divergence angle centered at the tip
of the fiber (Fig. 4A, left). Monte Carlo simulations of the light
emission profiles for these two type sensors (Fig. 4A, right) are con-
sistent with experimental results (Fig. 4A, left). The divergent and
lateral emission features of the LED system maximize light-tissue
coupling for a range of implantation sites, especially those that in-
volve coupling to the surface of the heart. Moreover, the probe volume
and probe depth can be adjusted by control over the light intensity
(fig. S4) and the distance between the LEDs and PD to allow optimi-
zation for measurements of localized tissue oximetry across various
length scales, ranging from those relevant for small animals (e.g., rat)
to large animals (e.g., swine) and humans. Adjusting the pulse
width and duty cycle for operating the LEDs and optimizing the
configuration of the light blocking elements (Fig. 1C) in the probe
eliminate limitations associated with thermal effects and optical
interference.

In vitro tests of the device with horse blood (Fisher Scientific) at
various oxygenation levels yield results that agree well with those
measured with the commercial system (Fig. 4B), with a correlation
coefficient of 0.979. Adding sodium dithionite into the blood effec-
tively transforms oxygenated hemoglobin into the deoxygenated
form. The amount of sodium dithionite defines the oxygenation
level across a relevant range (measurement and calculated data are
shown in figs. S14 and S15, and details on the measurements and
calculation methods appear in Materials and Methods). The results
demonstrate measurement capabilities for assessments of SvO, and
ScvO; across relevant ranges.

A simple demonstration involves measurements of pulse oxygen
saturation by pressing the device onto an index finger (fig. S16), as
raw pulse signal shown in Fig. 4C. Standard postprocessing algo-
rithms based on the Beer-Lambert law (Fig. 4D) yield the pulse
oxygen saturation (SpO,) and HR (with the algorithms described in
detail in Materials and Methods). Figure 4 (E and F) presents results
from a subject during a period of rest followed by a breath holding
and then another period of rest. The data match well with those
determined with a clinical pulse oximeter (DASH 3000 Patient
Monitor, General Electronic Inc.) attached onto the other finger.
Additional independent experiments on different subjects appear
in fig. S17. The Bland-Altman plot in Fig. 4 (G and H) highlights
excellent agreement between the wireless catheter oximeter and the
clinical gold standard oximeter in measuring pulse oximetry and
HR. With a total of 801 data points on four independent subjects,
the 95% confidence interval for SpO; is [-3.61 to 3.90] and for HR
is [-4.05 to 3.85] bpm (breaths per minute).

In vivo studies

The primary envisioned application of the technology introduced here is
in the context of pediatric cardiac surgery and recovery, where sutures
hold the probe against the surface of major cardiac vessels for real-time
monitoring of oxygen saturation within that vessel during the early and
critical postoperative period of several days. Experiments on rat models,
asillustrated in Fig. 5A, demonstrates the key features. Figure S18 shows
some details. The implantation procedures appear in Materials and
Methods. Sutures hold the probe to the anterior wall of the left ventricle
[with thickness of ~2.6 mm (41)] close to the left anterior descending
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Fig. 4. Performance characteristics for oximetry measurements. (A) Comparisons of light emission profiles of a commercial catheter oximeter (Swan Ganz 777F8,
Edwards LifeSciences Inc.) and the device introduced here. (B) Comparisons of the commercial catheter oximeter and the device introduced here in measuring the oxygen
saturation in blood solutions with different ratios of HbO, and Hb. The inset image shows a comparison of the wireless catheter probe and a commercial fiber-optic catheter
(scale bar, 1 cm). (C) Measured pulse signals from the device placed on the index finger of an adult. (D) Algorithm flow chart of the calculation of pulse oximetry based on
photovoltage signals. (E and F) Measured SpO; (E) and HR (F) during a period of rest followed by a breath hold and then another period of rest. The results match those
obtained with a commercial oximeter (General Electronic Inc). The results of additional experiments appear in fig. S17. (G and H) Bland-Altman plots. (G) SpO, from finger
(four subjects, 801 points). (H) HR from finger (4 subjects, 801 points).
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Fig. 5. In vivo demonstration of real-time monitoring of cardiac physiology in a rodent model. (A) 3D schematic illustration of the placement of the catheter oxim-
eter around the heart of a rat with the wireless module placed on the back. (B) Signal waveform captured with this system. Modifying the settings associated with the
ventilator that supports respiration provides access to different cardiac conditions (labeled as Normal, Hypoxia, and Arrhythmia). (C) Measurements of cardiac activity
(beating patterns, HR, and RR). (D) Measured oxygenation of the heart. Induced changes in cardiac pulse oximetry (SpO,) match well with the changes on the ventilator
machine. (E) Measured cardiac oxygenation using the wireless catheter oximeter and using a commercial blood gas analyzer. The analyzer measures blood sampled from
the left ventricle, while the wireless catheter oximeter measures the oxygen saturation from the heart surface immediately after collecting blood samples.

coronary artery. Adjustments of the ventilation rate and tidal volume on
the ventilator allow induced hypoxia and arrhythmias, for purposes
of testing. As shown in Fig. 5B, the device captures changes in HR,
respiration rate (RR), ischemia, and arrhythmias (# = 6 biologically
independent rats, signal labeled as Normal, Hypoxia, and Arrhyth-
mia, respectively). Figure 5C highlights the signals associated with
probing with red and NIR light, each of which shows expected wave-
forms, along with calculated RR and HR from these signals (n = 6 rats
per group). The RR follows the ventilator machine settings, i.e., 66 bpm
in the beginning, 38 bpm in the middle, and back to 66 bpm until the
end, while the HR follows a normal value for rats. Figure 5D summariz-
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es calculated cardiac pulse oxygenation levels that can be captured by the
implanted wireless sensing system. Figure 5E presents results for cardiac
oxygenation (n = 4 biologically independent rats) and comparisons
against measurements performed with a commercial blood gas analyzer
using samples of blood from the left ventricle, starting with the initial
phases of the open-chest experiment. The high degree of correlation
(Pearson correlation = 0.971) demonstrates that the device offers suffi-
cient sensitivity and precision in real-time oxygenation monitoring for
use during cardiac surgery and associated surgical recovery (details
on the measurements and signal processing algorithm appear in
Materials and Methods).
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DISCUSSION

The results presented here include design features, feasibility test-
ing, and validation data for an implantable optoelectronic system
tailored for use in cardiovascular monitoring, specifically in the
context of surgical operations. The designs yield devices that are
mechanically compliant and water resistant. This millimeter-scale,
wireless optoelectronic platform enables chronic, continuous, pre-
cision sensing of intravascular or intracardiac oxygen saturation, free
from the entanglement by conventional catheter oximeters. The
advancement in mechanical compliance and material softness, com-
pared with fiber-optic catheter, suggests opportunities in mitigating
the complications seen by old technology. Moreover, the lateral mode
of illumination maximizes light-tissue coupling, allowing a range of
implantation sites including blood vessel and cardiac tissue. Com-
parison test and validation studies on blood samples, on human
fingertips, and on cardiac surfaces in live animal models indicate
measurement performance comparable to that of clinical standard
oximeters and with values that match those determined with a blood
gas analyzer.

The values of cardiac oxygenation saturation detected using the
platforms described here correlate with the oxygenation of left ven-
tricular blood measured using a blood gas analyzer in experiments
on anesthetized rats. The wall thickness of the left ventricle in rats is
1.5 to 2.8 mm (42, 43). With a penetration depth of 4 to 5 mm in
muscular tissues, light can pass through the entire transmural ex-
tent of left ventricular wall to detect the oxygen saturation of the
blood inside. As mentioned previously, the penetration depth can
be changed by adjusting the optical power. Future studies will ex-
amine the efficacy and reliability of the catheter-type oximeter in
quantifying the oxygen saturation of the heart, superior vena cava,
and main pulmonary artery in larger animals and patients undergo-
ing open-heart surgery.

These in vivo results must, however, be interpreted within the
constraints of a few potential limitations. In addition to intracardiac
oxygen saturation, oxygenation levels of the superior vena cava or
main pulmonary artery are important in open-heart surgery. The
small-animal studies here prevent evaluations of capabilities in such
anatomic locations. Additional work is necessary to test the accura-
cy and efficacy of the device in these major vascular locations acute-
ly, and after the chest is closed in larger animals. The small-animal
studies also prevent in vivo chronic demonstration of the reported
device. Systematic examination of the inflammatory responses as-
sociated with subdermal implantation of the optical probes reveals
no observable increases in leukocytes, indicating negligible inflam-
matory response (Fig. 3, G and H). Experiments to examine effects
with large-animal models are a subject of ongoing work. Another
research direction is to examine further, through in vivo experi-
ments, the mechanical compliance of the presented catheter and
associated capabilities for mitigating complications often encoun-
tered with conventional fiber-optic systems, such as blood vessel
damage, infection, and thrombosis. Other possibilities for future
work include incorporation of multiple LEDs and additional wave-
lengths for additional measurement capabilities and by integrating
collections of PDs for depth profiling. Additional options are in
combinations with sensors of pressure (44, 45) and flow (46, 47) or
for drug delivery, using concepts adapted from those recently re-
ported for animal experiments in neuroscience (48-50).

In conclusion, the present study indicates that a flexible, thin,
catheter-type oximeter can accurately monitor venous and cardiac
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oxygenation levels in real time. Specifically, results demonstrate that
this millimeter-scale, wireless optoelectronic platform can detect
cardiac oxygenation saturation in rats during open-heart surgery.
To explore the potential of the device to monitor oxygenation levels
in main vessels, further studies will focus on the efficacy and reli-
ability for detecting the oxygenation saturation in the superior vena
cava and main pulmonary artery of large animals, mimicking open-
heart surgery of patients.

MATERIALS AND METHODS

Fabrication of catheter-type oximeter probe

A flexible sheet of copper-clad polyimide (PI) (Cu/PI/Cu, 18/75/18 pum,
AP8535R, Dupont, Pyralux) served as the substrate for the fPCB,
with conductive traces, pads, and outline defined by patterned abla-
tion of the copper using an ultraviolet (UV) laser system (ProtoLaser
U4, LPKF Co.). The surface mount (SMT) electronic components,
red, NIR LEDs, and PD were placed and attached using reflow sol-
dering with low-temperature solder paste (Indalloy 290, Indium
Corporation). This electronics module was connected to a detach-
able connector through four Teflon-coated copper wires (40 AWG
enameled copper, Remington Industries) with a length between a few
centimeters to 30 cm, depending on the application. Both the elec-
tronics module and the thin wires were inserted into a flexible tube
(Tygon S3 E3630 Flexible Tubings, Fisher Scientific). A biocompatible
silicone (MED-1000, Avantor Inc., mixed with 5% of Silc-Pig sili-
cone opaque dye) prepolymer injected into the tube using a syringe
was fully cured in 12 hours. The flexible tube was then removed.

Design and fabrication of the electronic modules

The wireless electronics module was designed using EAGLE 8.5
(Autodesk Inc.). The schematic and PCB layout are in the Supple-
mentary Materials. A micropower, zero-input crossover distortion
amplifier (ADA4505-1, Analog Devices Inc.) acts as a transimpedance
amplifier. A BLE microcontroller (NRF52832, Nordic Semiconductor
Inc.) with a custom program performs data sampling, controls the
LEDs in low-duty cycle mode, executes data processing, and operates
Bluetooth communication. With a feedback resistor of 2 megohms,
the catheter probe and the wireless electronic module have a dark
noise (root mean square) of 1.9 mV for NIR LED and 1.72 mV for
red, which correspond to a photocurrent sensitivity of 0.95 nA for
NIR LED and 0.86 nA for red.

Fabrication involved procedures similar to those described above,
with an fPCB patterned using the laser ablation tool, and SMT com-
ponents assembled using reflow soldering. A three-axis milling ma-
chine (Roland MDX-540) formed aluminum molds in geometries
defined by three-dimensional (3D) computer-aided design (CAD)
drawings created using ProE Creo 3.0. Films of a soft silicone material
(Silbione RTV 4420, part A and part B, mixed with 5% of Silc-Pig sil-
icone opaque dye) created in the mold by drop-casting and other
films formed by spin-casting (250 rpm) on glass slides, both ther-
mally cured in an oven (70°C for 30 min), served as top and bottom
layers, respectively, for a soft, encapsulating enclosure. Placing the
fully assembled electronic module into the molded layer, pouring a
solution of soft silicone to fill the voids in between electronics and the
top layer, and attaching the glass slides with silicone films defined the
surface for the skin interface. Clamping the parts together and placing
the entire assembly into an oven for curing (70°C for 30 min) com-
pleted the encapsulation. A final cutting process with a CO, laser
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(Universal Laser Systems, Inc.) defined a smooth perimeter boundary
for the system, and a manual cutting process with a small blade
defined openings for the connector and switch.

Characterization of the optoelectronic performance
Spectroscopic measurements (using FOIS-1 Fiber Optic Integrating
Sphere, Ocean Optics; FLAME-S-UV-VIS Spectrometer, Ocean Optics)
yielded the emission spectra for the red and NIR LEDs. Exposing the
photodetector to light passed through a chopper and recording the
photocurrent using a data acquisition system (PXI-1031, National
Instruments) provided measurements of the response time.

Monte Carlo simulation of the optical characteristics
Simulations of light transport in biological tissues used Monte Carlo
methods for the devices reported here and for conventional fiber-
optic systems to define the spatial illumination profiles (31). The
simulations used a 3D computational space with 700 x 700 x 700 bins
of 8 x 10~ cm® volume and a total of 11 x 10° photon packets for
each simulation. Commercial LEDs with peak emission wavelengths
at 645 nm (red) and 950 nm (NIR) served as light sources, with both
active illumination areas of 0.25 mm x 0.25 mm and emission angles
of £60°. For the optical fiber system, the optical core had a diameter of
0.2 mm and a numerical aperture of 0.22 to yield illumination in a +£9.5°
emission cone in aqueous solution (#yqueous = 1.38). The irradiances
at the illumination surfaces for both setups were 9.21 mW/mm? for
red and 14.4 mW/mm? for NIR. Light propagation was simulated in
cardiac muscle tissue with the corresponding wavelength-dependent
scattering anisotropy factor (gred-m = 0.93, gnir-m = 0.93), absorption
coefficient (Ha.red-m = 0.56 cm ™, pla Nirm = 0.46 cm ™), and scattering
coefficient (Ws.red-m = 79 cm ™, te-NtRm = 64 cm ™) (32). Additional
simulations in aqueous solution defined the illumination profiles
produced by both systems at the red wavelength. The scattering
anisotropy factor (gred-a = 0.95), scattering coefficient (U ped-a =
1cm™), and absorption coefficient ({1, req-a = 0.43 cm™!) were used
for a solution with 1.6 uM concentration of fluorescent dye (Alexa
Fluor 647) as alocal illumination reporter (molecular weight = 1.25 kDa
and e = 270 x 10° cm ™' M™"). The illumination profile was extracted
from the simulation volume given by the photon fluence (¢), which
represents the phenomenological optical irradiance.

Figure 2C (right) presents results of simulations for the catheter
probe in cardiac muscle tissue. Figure 2C (left), presented as a 3D
rendering (Paraview 5.7.0), highlights the 0.01 mW/mm? fluence
contour for red and NIR illumination (5I). Figure S4A shows the
light decay from the catheter-muscle tissue interface along the LED’s
normal direction. Furthermore, fig. S4B shows the illumination volume
in muscle tissue predicted by the simulations at different irradiance
thresholds. For an illumination threshold of 0.01 mW/mm?, the
penetration depth from the catheter-muscle interface along the LED’s
normal direction is 3.84 and 5.16 mm, and the illumination volume
of the tissue is 85.3 and 159.8 mm” for the red and NIR wavelengths,
respectively. Figure 4A (right) shows the simulated illumination
profiles, produced by red light for the catheter-type probe and the
optical fiber in aqueous solution.

Characterization of the thermal properties of the catheter
oximeter probe

An NTC component (ERTJZEG103FA, with dimensions of 600 pm x
300 um x 300 um, Panasonic Co.) attached to the outer encapsulation
layer, at a position directly above the LEDs, yielded measurements
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of temperature for the case of insertion inside a piece of pork
belly. The thermistor was connected to the input of a digital multi-
meter (PXIE-4065, National Instruments) through Teflon-coated
copper wires (40 AWG enameled copper, Remington Industries)
for continuous resistance measurements. The oximeter probe was
activated at 1 min and deactivated at 4 min, for a total recording
of 6 min. Converting the resistances into temperatures using the
manufacturer’s specifications yielded changes in temperature as a
function of time during this simple on-and-off cycle, as shown
in Fig. 2E.

Heat transfer analysis (fig. S5) was performed with the com-
mercial software COMSOL 5.2a (Heat Transfer Model User’s
Guide) to compute the change in temperature (AT) in the heart
as a result of the thermal power associated with operation of the
LEDs and with absorption of the emitted light. Heat generated by
cardiac metabolism and the effects of blood perfusion were not con-
sidered in the simulation. The Pennes’ bioheat equation (52) is then
written as

oT
PCPE

+ Vo (=k V T)= Otne + 0La

where T is the temperature; ¢ is the time; k, p, and Cj, are the ther-
mal conductivity, mass density, and heat capacity of the heart, re-
spectively; and Qu, is the heat generated from thermal power of the
LEDs. The heat associated with light emission was calculated as the
product of the light fluence rate ¢ obtained in the optical simulation
and the absorption coefficient 1, of the cardiac muscle tissue. The
optical and thermal properties appear in Tables 1 and 2. The cardiac
tissue, probe geometry, and the LEDs were modeled using four-
node tetrahedral elements. Convergence tests of the mesh size were
performed to ensure accuracy. The total number of elements in the
models was approximately 650,000.

Measurements of Young’s moduli

The Young’s moduli of different coating materials were measured
by indentation testing (Hysitron BioSoft Indenter, Bruker) with an
indenter radius of r = 200 um. Tests on films of different materials
(~1 mm in thickness) generated force-displacement curves upon
contact of the indenter and the film surface. The Young’s modulus
was calculated by fitting the force-displacement data within an in-
dentation depth 8 = 20 um using a Hertzian contact model.

Measurements of bending stiffness

Catheter tubes with different coating materials and conductive copper
wire diameters exhibit different bending stiffnesses, as measured by
cantilever bending tests using a dynamic mechanical analyzer (RSA-G2,
TA Instruments). A wire sample (L = 19 mm) with one end clamped
and the other end under a point load applied by an indenter served
as a cantilever for bending stiffness measurement (fig. S7A). For a
cantilever beam with a point load at the end, under small deflections,

Table 1. Cardiac muscle tissue absorption coefficients p, (cm'1) used
in the optical simulations at red and NIR wavelengths.
Red light (645 nm) NIR light (950 nm)

Cardiac tissue
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Table 2. Thermal properties of materials and cardiac tissues used in
the thermal simulations.

Thermal Specific heat Density p
conductivit¥ k capacity C, (kg m™)
(wm'K Ukg' K™

Cardiac 0.493 3212 1041
Copper 377 385 8960
Polyimide 0.21 2100 909
PDMS 0.2 1460 970
LEDs 130 490 6100

the relationship among the end deflection 3, force F, and bending
stiffness EI is given by

FL®

= 3Ep

ford < L

The bending stiffness EI can then be calculated as

_FL?
El = 5%

For each measurement, the force-displacement data from initial
contact between the indenter and the wire to a deflection of § = 0.2 mm
were used for the calculation of bending stiffness. Four measurements
at different sections of the wire were taken for each sample.

Characterization of the mechanical properties

of the catheter oximeter probe

The FEA commercial software ABAQUS (Analysis User’s Manual
2010, v6.10) was used to study the mechanics and to optimize the
design layouts and materials selections. The objective was to decrease
the strains in the Cu wire interconnects and the Cu layers in the sensor
probe during mechanical deformations. The silicone, Cu wires (80 um
diameter), and PI films (75 um thick) were modeled by hexahedron
elements (C3D8R), while the thin Cu layer (18 um thick) of the fPCB
was modeled by shell elements (S4R). The minimal element size was
one-fifth of the width of the narrowest interconnects (15 um) to
ensure the convergence of the mesh and the accuracy of the simulation
results. The values of the elastic modulus (E) and Poisson’s ratio (v)
used in the analysis were Ecy = 119 GPa, vc, = 0.34, Ep; = 2.5 GPa,
Vp1 = 0.34, ESlicone =1 MPa, and VSlicone = 0.49.

Cyclic bending and PBS soaking tests

The two ends of a device were clamped (the distance between the
two clamped ends is 4 cm) to two translational stages. Repeatedly
moving one translational stage toward the other back and forth by a
distance of 3 cm led to bending of the probe to minimum bending
radius of ~5 mm. After every 2000 bending cycles, the probe was
removed from the apparatus, inserted into an integrating sphere
(Fiber Optic Spectrometer FOIS-1 Integrating Sphere, Ocean Optics),
connected to the electronic module, and activated to yield measure-
ments of photovoltages corresponding to emission from the two LEDs.
Gripping the tip of the probe between the thumb and index finger,
connecting the probe to the electronic module, and operating the
system yielded photoplethysmograms. Such tests were performed
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up to 10,000 bending cycles. The soak tests began with immersion
of the probe into a chamber filled with PBS and mounting in an
oven at 37°C. Evaluations of the devices occurred once per week,
according to procedures described above, for a total of 8 weeks.

In vivo tests of biocompatibility

A medical-grade autoclave system (Tuttnauer EZ10 Fully Automatic
Autoclave) was used to sterilize the optical sensing probe, with LEDs,
PD, and light-blocking elements on the fPCB, and fully encapsulated
with a medical-grade silicone material (MED-1000) in a cylinder
(diameter, 1.5 mm; length, 16 mm) just before implantation. The
procedures involved anesthetizing a female CD-1 mouse (Charles
River Laboratories) with isoflurane gas (~2%), opening a 2-cm-length
pocket at the subcutaneous region on the back near the spine, insert-
ing the device into the pocket, and suturing to close the surgical
opening. The procedures were approved by the Institutional Animal
Care and Use Committee of Northwestern University (protocol
IS00005877). The health status of each animal was checked daily.
Euthanizing the mice at 1 month after device implantation preceded
the extraction of blood. Charles River Laboratories conducted com-
plete blood counts and blood chemistry tests on samples collected
in K-EDTA tubes and gel tubes, respectively.

Analysis of complete blood count (Fig. 3G) and blood chemistry
(Fig. 3H) for mice with the probe implanted in subcutaneous region
on the back near the spine for 30 days (labeled as Experiment) and
for mice without device implantation (labeled as Control) indicated
no sign of organ damage or injury and no change in the electrolyte
and enzyme balance for 1 month. During the period of study, the
data showed no notable change in average count of white blood cells
(WBC), red blood cells (RBC), platelets (PLT), hemoglobin (HGB),
hematocrit (HCT), mean corpuscular volume (MCV), mean corpus-
cular hemoglobin (MCH), red cell distribution width (RDW), and
mean platelet volume (MPV) compared with control group, indi-
cating the absence of any abnormalities, including anemia, nutrition-
al deficiency, liver disease, bleeding disorder, and heart attack (Fig. 3G
and fig. S13A). Tests of blood chemistry yielded information on
enzymes and electrolytes, as diagnostic biomarkers of organ-specific
diseases and metabolic disorders. In all cases, the results fell within
confidence intervals of control values (Fig. 3H and fig. S13B). Spe-
cifically, normal levels of albumin (ALB), total protein (TP), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), and aspartate
transaminase (AST) indicated normal liver function. Normal lev-
els of blood urea nitrogen (BUN) and creatine (CREA) indicated
normal kidney function. Normal levels of glucose (GLU), calcium
(Ca), sodium (Na), potassium (K), chloride (Cl), and phosphorus
(PHOS) suggested normal function of the metabolic system.

In vitro experiments to compare the performance

of the wireless catheter oximeter with a conventional
fiber-optic device

Defibrinated horse blood (100 ml, from Fisher Scientific) contained
in a cylindrical reservoir (diameter, 4 cm; height, 30 cm) was main-
tained at 37.0 + 0.1°C with a temperature controller (Fisher Scientific).
Inserting both the catheter probe of the wireless sensing system and
a commercial fiber-optic catheter oximeter (Swan Ganz 777F8, re-
corded by HemoSphere monitoring platform, Edwards LifeSciences
Inc.) into the reservoir with the sensing tips 3 cm below the surface
of the horse blood and in the center of the reservoir to eliminate
effects of the reservoir sidewalls enabled comparative measurements
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of oxygenation. Adding reducing agents (ranging from 0.01 to 0.1 mg
of sodium dithionite, purchased from MilliporeSigma) into the reser-
voir converted some of the oxygenated hemoglobin into deoxygenated
hemoglobin, to define, in a controlled manner, the oxygenation level
across a relevant range from 35 to 73%.

Human tests of pulse oximetry

Testing on human subjects involved placing the wireless catheter
probe on the index figure. A standard transmissive oximeter
(GE DASH 3000) was clasped on the index finger of the other hand (fig.
S15). Both systems recorded HR and oximetry information from subjects
simultaneously for roughly 4 min (Fig. 4, F and G, and fig. S17). In the
experiment, the subject remained at rest for the first 30 s to define a
baseline and then began to breath hold, followed by normal breathing
until the end of experiment. A diverse group of subjects (N > 4, in-
cluding East Asian, Indian, and Caucasian) demonstrated the device
capabilities across a range of physical conditions and skin types.

In vivo experiments to measure cardiac physiology

Male Sprague-Dawley rats (weight, 400 to 500 g; age, 14 to 16 weeks)
were purchased from Charles River Laboratories (Wilmington, MA).
The animals were kept on a 12-hour light-dark cycle in a temperature-
controlled room. The experimental procedures were approved by the
Animal Care and Use Committee of the Northwestern University and
conformed to the Guide for the Care and Use of Laboratory Animals
(Institute for Laboratory Animal Research, National Academy of
Sciences, ed. 8, 2011).

Sprague-Dawley rats were initially anesthetized in a chamber with
isoflurane gas (5% isoflurane and 100% oxygen). Once consciousness
was lost, the animals were intubated with a 16-gauge flexible catheter,
and endotracheal tube was connected to a mechanical ventilator
(Braintree VentStar ventilator) that provided positive-pressure venti-
lation with oxygen/isoflurane. The ventilator was set based on animal
weight: tidal volume (Vt, milliliters) = 6.2 x M"''and RR (min™}) =
53.5 x M2, M = animal weight in kilograms. Each rat was con-
nected to a vaporizer that delivers approximately 2.0% isoflurane
driven by 100% oxygen. Rats were placed in the dorsal decubitus posi-
tion on a warming platform. Intradermal bupivicaine was infiltrated
at the incision sites approximately 10 min before incisions. Rats were
maintained at approximately 37°C on a heating pad, with body tem-
perature monitored throughout the experiment using a rectal tem-
perature probe. The animal’s hair was removed from the surgical site
with hair removal cream NAIR after shaving. The surgical areas were
scrubbed and disinfected with a povidone iodine prep pad, and the
area was then wiped with an alcohol prep pad. Peripheral blood oxygen
saturation was monitored throughout the experiment using a com-
mercial pulse oximetry system (MouseSTAT Jr., Kent Scientific Co.).

Details of thoracotomy in rats appear elsewhere (53, 54). Briefly,
isoflurane-anesthetized rats were ventilated with room air supple-
mented with 100% oxygen. A left thoracotomy was performed at
the fourth intercostal space, and the heart was suspended in a peri-
cardial cradle. The left lung was gently pushed away from the peri-
cardium with a small sponge. The oximeter probe was sutured to the
anterior wall of the left ventricle close to the left anterior descending
coronary artery with a nylon 6-0 suture, avoiding injuring coronary
vessels. The oximeter wire went through a subcutaneous tunnel to
the head. After instrumentation was completed, all rats were stabi-
lized for 30 min and subjected to hypoxia by adjusting ventilation
rate and tidal volume of the ventilator. The blood was withdrawn
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from the chamber of the left ventricle using a 27-gauge needle with a
1.0-ml syringe (shown in fig. S19). The blood samples were used to
measure pH, SO,, PO, (partial pressure of oxygen), and Pco, (partial
pressure of CO,) with a blood gas analyzer (i-STAT 1, Abaxis Inc.).

Data analysis and calculation of SpO,

Analysis of pulse oximeter data relied on a commercial software
package (MATLAB R2016b, The MathWorks Inc.). Data acquired
from the two LEDs (red, 640 nm; IR, 950 nm) were provided by the
system at a sampling frequency of 100 Hz. The signal at each wave-
length was band-pass—filtered (0.5 to 3 Hz for human data, 3.5 to
6 Hz for animal data, fourth order, zero-lag Butterworth digital fil-
ter) to extract the main frequency of the pulsating component [AC(#)]
and low-pass-filtered (0.5 Hz, fourth order, zero-lag Butterworth
digital filter) to estimate the slow fluctuating signal unrelated to
pulsation [DC(t), e.g., induced by respiration]. The relative pulsatile
signal intensity S(f) was computed as the ratio of the two signals for
both the red and IR wavelengths

AC(1)
DC(?) M)
A local minima () and maxima (M) identification algorithm in

the signal S(¢) identified the peaks of each pulse cycle and yielded an
interpolated modulation amplitude [A(f)] as

S(t)=

A(r)=M(t) —m(1) 2)
The ratio R(f) between the red and IR pulsatile components at
every sample was evaluated in a moving integration window of 5 s as

In(A(H)r + 1)

R(t)= ZSSln(A Ot 1)

3)

From photon-diffusion theory and the modified Lambert-Beer
equation (55), the following equation can be derived to express the
relationship between the percentage of arterial blood saturation
[SpOx(t)] and the R(¢)

€Hbg DPFR/IR — EHby R(t)
(EHbyg- €10, ) DPFryir + (EHbO,- EHby ) R(Y)

SpOs(t) = 100 (4)

where €pp0,, and ey, are the extinction coefficients of HbO, and
Hb for the red light, epbo,,, and ey, are the extinction coefficients
of HbO, and Hb for the IR light, and DPFg,, describes the ratio
between the differential pathlength factors (DPFs) at the two wave-
lengths of interest. The extinction coefficients of the two forms of
hemoglobin at the wavelengths of interest were extracted from Zijlstra
and colleagues (56): €xbo,, = 0.011 mm}, €pp, = 0.106 mm},
€HbO,,, = 0.028 mm}, and €Hp, = 0.018 mm . The quantity DPFr
describes the effects of the dissimilar optical path lengths (57). The
color dependence of the optical path length depends on the scatter-
ing nature of the biological tissue and its dependence on the light
wavelength. A practical problem when using Eq. 4 for SpO, estima-
tion is that the DPF ratio depends on the baseline optical properties
of the tissue, including the tissue microstructure and the SpO; itself
(58). This issue can be addressed by calibrating the oximeter empir-
ically. A constant DPF ratio can be considered over narrow ranges
of saturation (80 to 100%). On the basis of literature and empirical
results from our measurements, we set DPFr .= 1.4 (58, 59). This
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value accounted for the increased optical path length of red light
compared to IR light. Equation 4 yields arterial oxygen saturation
levels close to those determined by the commercial system on several
subjects and across the full range of saturation levels investigated.
The data were also used to determine the beats per minute, BPM(%).
The time dependence of the BPM was estimated from the interbeat
frequency f(t), evaluated as the inverse of the difference between the
times of two consecutive maxima M(t) in the NIR, within an inte-
gration period of 5 s as

BPM(1) = 60f(1)im.s 5)
Calculation of blood oxygen saturation
Evaluation of blood saturation in in vitro experiments used averages
of red and IR values converted into optical densities (ODs) accord-
ing to the equation

OD(i)=-In(I(i) /1,) (6)
where I(i) is the recorded signal intensity in each experimental
phase and I, is its value in the first phase. In the absence of pulsating
signals, assumptions on the baseline hemoglobin concentration and
its oxygen saturation are required to infer changes in the saturation.
We assumed a concentration of 15 g/dl for hemoglobin in the blood
solution (19, 60) and, based on the commercial catheter oximeter,
an oxygen saturation of 39% in the first experimental phase. When
considering that the molar mass of hemoglobin is 65 kg/mol, these
assumptions yielded a baseline HbO, and Hb concentration in
blood of HbO, = 0.90 mM and Hby = 1.41 mM, respectively. Cal-
culation of changes in HbO,, AHbO,, and Hb, AHb, were evaluated
using the modified Lambert-Beer law (55)

EHbR] ’IX[ODR(i)] 7

AHbOz(l) 1 E€HbO,x
EHbr ODr(i)

AHb() | ~ Peff |EHb0.

where pef is the effective photon path in the back-reflection record-
ing geometry and € are the extinction coefficients for the two
chromophores.

The saturation of blood for each phase was estimated as

Hb 020 +A HbOZ(l)

SOy(i)= HbO, + AHbO,(i) +Hbg + AHb(i)

The effective photon path of the probe was estimated experi-
mentally by fitting SO,(i) to the commercial catheter oximeter satu-
ration values, as shown in fig. S15.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabe0579/DC1

View/request a protocol for this paper from Bio-protocol.
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