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1 Background

We developed and validated a first-generation compact hand-
held device for real-time wireless monitoring of tissue oxygen sat-
uration during surgical procedures termed wireless intra-operative
pulse oximetry (WiPOX) [1,2]. The WiPOX provides a tool for
surgeons to objectively and reliably measure tissue viability dur-
ing surgery rather than rely solely on their subjective visual
inspection. Routine use of such a device could help surgeons
improve outcomes because the importance of adequate tissue oxy-
genation for healing and preventing postoperative complications
is well documented [3-5]. Tissue ischemia is a major cause of
wound dehiscence or anastomotic leakage resulting in significant
morbidity and mortality occurring at a rate of 15% to 25% [6].
Although measurement of systemic blood oxygenation status by
fingertip pulse oximetry is a mandatory requirement for every
anesthetized patient, there is no standard procedure for intra-
operative measurement of internal tissue oxygenation following
complex resections and reconstructions. Increasingly, surgical
procedures are performed by minimally invasive techniques,
which add complexity to this problem because surgeons are often
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unable to directly touch, feel, or visualize the organs to assess
oxygenation.

We successfully designed, constructed, and tested a novel
WiPOX device in both preclinical and pilot clinical testing, con-
firming that the device provides real-time, accurate, and conven-
ient intra-operative monitoring of tissue oxygenation. This
additional input enhances the ability of surgeons to ensure tissue
viability, improving surgical outcomes and decreasing mortality,
patient hospitalization, and associated costs. The WiPOX is a
small hand held probe that can be applied to the surface of tissue,
continuously displaying oxygen saturation on a built-in display.
The data can also be transferred to hospital computers for
real-time monitor display or data storage. The handheld display
provides both vital signs and “quality of contact” data, allowing
the operator to quickly and optimally position the sensor head on
the tissue.

Potential use-cases of WiPOX include over 300,000 intestinal
resection surgeries performed yearly in the U.S. alone [7], as well
as plastic and bariatric surgeries where tissue flap perfusion is
critical [8].

Based on clinical experience gained in our trials [1,9], we pres-
ent here the design of a second generation WiPOX that includes a
reticulated pressure-sensitive head serving two related functions.
First, the often-restricted and sensitive environment in which the
device is employed constrains both the angle of approach and visi-
bility, necessitating a self-correcting reticulated swiveling head
that acts to improve the contact angle between the sensor head
and the tissue. Second, because the devices are hand-held, the
pressure on the tissue (often a membrane) is determined by the
operator; too little pressure produces poor signal to noise ratio
(SNR) while too much pressure can occlude blood flow, also
reducing SNR and possibly yielding erroneously low oxygenation
measurements. To address this, our sensor head includes a novel
mounting for multiple “balloon” style pressure sensors that pro-
vide feedback on tissue contact pressure and contact angle. The
reticulated head and pressure sensor features function in tandem
to improve tissue contact and ensure reliable measurements.

2 Methods

Technical Solution 1. “Balloon” pressure sensor array and
integrated surgeon display: A key technical invention is the incor-
poration of on-board contact and orientation sensors at the distal
end of the WiPoX, alongside the existing optical pulsatile oxygen
saturation (SpO,) sensor. Positioned behind the optical sensor,
multiple contact (pressure/force) sensors provide real-time feed-
back of contact conditions on the handheld display, allowing the
surgeon to take corrective action and optimize contact. Due to the
inability to observe the contact location, and the need to precisely
control contact angle and pressure, this invention addresses a clin-
ical need. Moreover, in this specific implementation, the optical
sensor is mounted on four “balloon” style pressure transducers
that also provide some mechanical damping of hand movements,
further enhancing contact quality.

Technical Solution 2. Self-correcting reticulated shaft: Based
on operating room experience, our engineering/clinical team
developed a design for an articulated sensor head that facilitates
flat contact with the surface under conditions of minimal
visibility.

Technical Solution 3. Systemic pulse rate input to tissue oxy-
genation signal processing (pending): A third invention follows
from recognizing that the internal tissue pulsatile signal and sys-
tematic pulse signal have the same frequency and a fixed time
offset. The systemic pulse signal is readily available with high
SNR from standard equipment (electrocardiogram (ECG) or a fin-
gertip pulse oximeter). This systemic signal will be wirelessly
relayed to the hand-held WiPOX as an additional input to the
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Fig. 1 Design of the novel sensor head with passive ball-and-
socket reticulated head and four pressure-sensing balloons
supporting a jointly packaged optical emitter and detector

signal processing algorithm. Techniques such as frequency do-
main filtering the lower SNR tissue waveform using the high SNR
systemic pulse signal will then improve the accuracy of measure-
ments and potentially reduce the time (number of patient heart
beats) required to achieve a high-confidence tissue SpO, reading.
This is a critical next step to enable surgeons to make treatment
decisions and measure the efficacy of therapeutic interventions in
real-time.

3 Results

General Design. The design includes mechanical and elec-
tronic systems allowing for a ball and socket swivel joint and mul-
tiple pressure sensors working in concert with the optoelectronic
sensor. The swivel joint (Fig. 1(a)) naturally moves the optical
sensor into a flat-on orientation as it is pressed against tissue,
enhancing ease of use in minimally invasive surgeries. A pressure
sensor array (Fig. 1(b)) will provide feedback on both the contact
angle and the pressure applied. Moreover, a “balloon” sensor
design provides some secondary articulation and hand-motion
damping. New algorithms will process and display the contact ori-
entation and pressure data on the handheld screen in a user-
friendly form. On-board displays will warn surgeons when the
contact pressure exceeds a value that would occlude blood flow,
artificially lowering SpO, readings. The final, calibrated orienta-
tion and pressure display will allow for faster and more reliable
SpO, measurement through a lumen without the need for visual
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contact with the sensor head. The head is mounted on an articu-
lated neck that is optimized for specific surgical procedures, with
embedded circuitry and leads (Fig. 1(c)).

The “balloon” mounted optical sensor is, to our knowledge, a
novel design that provides both natural articulation (fine tilt in
addition to the coarser tilt allowed by the ball and socket joint) of
the sensor and meaningful tissue contact data (four pressure
sensors) to the operator. Thus, once the sensor tip contacts the tis-
sue, passive reticulation and display feedback allow the device
head to swivel such that the optical sensor surface is pressed flat
against the tissue.

Design Inputs for Fabrication. The target pressure in the bal-
loons that is indicated to the operator should be high enough to
allow optical coupling with the tissue, but not so high that blood
flow is disrupted or displaced, leading to erroneously low SpO,
readings. An initial guess may be obtained from fingertip readings
with varying pressure. Then, large-animal and eventual clinical
validations are required to determine the optimum pressure value
for each specific application and tissue type (e.g., esophageal
tissue).

Data from the pressure sensor array should be displayed in a
manner that clearly communicates contact pressure and orienta-
tion to the operator. We have found that monochrome organic
light-emoting diode displays are more readable than color displays
under operating room lighting conditions. Thus, the pressure dis-
play should use bar graphs or other monochrome techniques rather
than color coding. A possible design includes four bar graphs
simultaneously showing pressure on all four corners of the sensor
head, indicating absolute contact pressure at each corner and over-
all contact orientation. The display should be updated frequently
by the embedded software so that there is no noticeable latency.
Depending on processor speed, this may factor into the graphic
design, since indicators using more pixels take longer to update.

4 Interpretation

This design has been evaluated by our surgical team and is con-
sidered to provide meaningful advantages over the existing
WiPOX device (which is in ongoing human trials). Large-animal
and preclinical testing of this second generation WiPOX design is
pending.

References

[1] Servais, E. L., Rizk, N. P., McGwyver, L. O., Rusch, V. W., Bikson, M., and
Adusumilli, P. S., 2010, “Real-Time Intraoperative Detection Of Tissue Hypoxia
in Gastrointestinal Surgery by Wireless Pulse Oximetry (WiPOX),” Surg.
Endosc., 25(5), pp. 1383-1389.

[2] Oliveira, L., Servais, N., Rizk, N., Adusumilli, P. S., and Bikson, M., 2009,
“Intra-Operative Pulse Oximetry,” ASME J. Med. Devices., 3(2), p. 027533.

[3] Attard, J. A., Raval, M. J., Martin, G. R., Kolb, J., Afrouzian, M., Buie, W. D.,
and Sigalet, D. L., 2005, “The Effects of Systemic Hypoxia on Colon Anasto-
motic Healing: An Animal Model,” Dis. Colon Rectum, 48(7), pp. 1460-1470.

[4] Sheridan, W. G., Lowndes, R. H., and Young, H. L., 1987, “Tissue Oxygen
Tension as a Predictor of Colonic Anastomotic Healing,” Dis. Colon Rectum,
30(11), pp. 867-871.

[5] Anegg, U., Lindenmann, J., Maier, A., Smolle, J., and Smolle-Juttner, F. M.,
2008, “Influence of Route of Gastric Transposition on Oxygen Supply at Cervi-
cal Oesophagogastric Anastomoses,” Br. J. Surg., 95(3), pp. 344-349.

[6] Alanezi, K., and Urschel, J. D., 2004, “Mortality Secondary to Esophageal Anas-
tomotic Leak,” Ann. Thorac. Cardiovasc. Surg., 10(2), pp. 71-75.

[7] National Commission on Digestive Diseases, 2009, “Opportunities & Challenges

in Digestive Disease Research: Recommendations of the National Commission

of Digestive Diseases,” National Institute of Diabetes and Digestive and Kidney

Diseases, Bethesda, MD.

Pestana, I. A., Coan, B., Erdmann, D., Marcus, J., Levin, L. S., and Zenn, M. R.,

2009, “Early Experience With Fluorescent Angiography in Free-Tissue Transfer

Reconstruction,” Plast. Reconstr. Surg., 123(4), pp. 1239-1244.

[9] Colovos, C., Rizk, N. P., Singh, N., Bains, M. S., Bikson, M., Rusch, V. W.,
and Adusumilli, P. S., 2011, “Real-Time Intraoperative Tissue Oxygenation
Monitoring by Wireless Pulse Oximetry (WiPOX) to Assess Gastric Conduit
Oxygenation During Esophagogastrectomy: A Prospective Feasibility Study,”
J. Am. Coll. Surg., 213(3), p. S45.

[8

Transactions of the ASME

Downloaded From: https://medicaldevices.asmedigitalcollection.asme.org on 06/05/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use


http://dx.doi.org/10.1007/s00464-010-1372-8
http://dx.doi.org/10.1007/s00464-010-1372-8
http://dx.doi.org/10.1115/1.3147487
http://dx.doi.org/10.1007/s10350-005-0047-3
http://dx.doi.org/10.1007/BF02555426
http://dx.doi.org/10.1002/bjs.5997
http://www.atcs.jp/pdf/2004_10_2/71.pdf
http://dx.doi.org/10.1097/PRS.0b013e31819e67c1
http://dx.doi.org/10.1016/j.jamcollsurg.2011.06.092

	s1
	s2
	f1
	l
	s3
	s4
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	F1

