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Abstract Background Current near-infrared spectroscopy (NIRS)-based systems for continuous flap
monitoring are limited to flaps which carry a cutaneous paddle. As such, this useful and
reliable technology has not previously been applicable to muscle-only free flaps where other
modalities with substantial limitations continue to be utilized.
Methods We present the first NIRS probe which allows continuous monitoring of local tissue
oxygen saturation (StO2) directly within the substance of muscle tissue. This probe is flexible,
subcentimeter in scale, waterproof, biocompatible, and is fitted with resorbable barbs which
facilitate temporary autostabilization followed by easy atraumatic removal. This novel device was
comparedwith aViOptix T.Oxmonitor in aporcine rectus abdominusmyocutaneousflapmodel of
arterial and venous occlusions. During these experiments, the T.Ox device was affixed to the skin
paddle, while the novel probe was within the muscle component of the same flap.
Results The intramuscular NIRS device and skin-mounted ViOptix T.Ox devices produced very
similar StO2 tracings throughout the vascular clamping events, with obvious and parallel changes
occurringuponvascular clampingandrelease.Thenormalizedcross-correlationat zero lagdescribing
correspondence between the novel intramuscular NIRS and T.Ox devices was >0.99.
Conclusion This novel intramuscular NIRS probe offers continuous monitoring of oxygen
saturation within muscle flaps. This experiment demonstrates the potential suitability of this
intramuscular NIRS probe for the task of muscle-only free flap monitoring, where NIRS has not
previously been applicable. Testing in the clinical environment is necessary to assess durability
and reliability.
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Microsurgical transfer of a free muscle flap requires micro-
vascular anastomosis to establish tissue perfusion. In the
first several postoperative days, these anastomoses are sus-
ceptible to thrombosis and careful monitoring of the trans-
ferred muscle is included in the standard of care. Given the
short time period after anastomotic thrombosis wherein a
threatened flap may be salvageable, prompt detection of this
complication is desirable.1

Serial physical examination and external pencil Doppler
check are widely employed method of muscle flap monitor-
ing, but these intermittent modalities are limited by their
inherently subjective nature and requirement for skilled
bedside personnel.2 Overlying dressings, skin graft, and
variable lighting complicate serial visual assessment, and
probe positioning and nearby nonpedicle vessels may con-
found external Doppler examination. Additionally, intermit-
tent assessment strategies are subject to delayed detection of
malperfusion because clear external signs of flap malperfu-
sion may take several hours to become clinically apparent.2

Internal Doppler systems3–5 have been designed to miti-
gate some of the earlier concerns. These systems position a
wired Doppler probe directly at (Synovis Flow Coupler5;
Baxter Inc., Deerfield, IL) or adjacent to the anastomosis
(Cook-Swartz Doppler3,4; Catalent Inc., Somerset, NJ), and
provide a continuous audible signal which reflects blood
flow in the monitored artery or vein. While this may reduce
the delay in detecting flap malperfusion associated with
intermittent monitoring strategies and improve flap salvage
rate,6,7 these systems provide subjective data that is not
suited to remote monitoring, and still require frequent
attendance by skilled bedside nurses to interpret the data
stream. Furthermore, these systems have a high rate of false-
positive alarms due to probe disengagement.8–11 These
events require immediate flap assessment by the surgeon,
and may even result in unnecessary emergent re-explora-
tion.10 Finally, as these wired probes are positioned directly
at or adjacent to the anastomosis, they may cause deforma-
tion of or trauma to the anastomosis during placement,
monitoring, and/or removal.5,7,8

In flaps which carry a skin paddle, many of the above
limitations have been overcome in recent years with appli-
cation of near-infrared spectroscopy (NIRS) to the task of free
flap monitoring. In the United States, ViOptix Inc. (Fremont,
CA) is a market leader in this space, and their T.Ox device has
gained wide adoption.7,9,12,13 This noninvasive skin-
mounted peripheral monitor is capable of using backscat-
tered near-infrared (NIR) light to measure tissue oxygen
saturation (StO2) which describes skin perfusion. This highly
sensitive9 device provides continuous objective data,
reduces the demand on bedside personnel, and facilitates
remote monitoring. Also, as it is positioned peripherally, it
does not pose a threat to the delicate anastomoses. Unfortu-
nately, as currently available NIRS devices require a cutane-
ous skin paddle for application, this technology is not
currently useful for muscle-only flap monitoring.

Recognizing the benefits of peripheral NIRS-based sen-
sors compared with intermittent monitoring and/or central-
ly placed continuous Doppler devices, it was our aim to

expand the applicability of NIRS technology to include
muscle flap monitoring. In this article, we introduce an
intramuscular NIRS probe which measures the StO2 of
muscle flaps continuously and in real time. This probe is
subcentimeter, biocompatible, flexible, waterproof, self-
stabilizing, and removable. Performance of this device is
evaluated in a head-to-head comparison with the T.Ox
system in a porcine rectus abdominus myocutaneous flap
model of arterial and venous compromise. It was our hy-
pothesis that the intramuscular NIRS probe would generate
an StO2 tracing similar to the skin-mounted T.Ox probe
throughout conditions of flap perfusion, ischemia, and
congestion.

Materials and Methods

Intramuscular NIRS Probe
►Fig. 1 presents schematic representations of an intramus-
cular NIRS probe and its operational modality. A thin narrow
polymeric substrate (polyimide; thickness, 75 µm; width,
400 µm) supports a collection of thin metal traces (copper;
thickness, 18 µm; width, 90 µm) that interconnect 2-micron
scale, silicon-based NPN phototransistors (length, 390 µm;
width, 390 µm; thickness, 185 µm). A thin encapsulation
layer (parylene, thickness, 14 µm) conformally coated onto
the probe prevents penetration of biofluids into the elec-
tronic components and ensures extended longevity of device
performance. Arrays of thin barbs made by laser cutting a
bioresorbable polymeric film (poly(lactic-co-glycolic acid)
[PLGA]) extend along the edges of the probe, as anchors to
fix the location of the probe at its implantation site and
minimize motion relative to the surrounding tissue. These

Fig. 1 An implantable intramuscular probe for providing real-time analysis
of near-infrared spectroscopy (NIRS) on muscle flap. (A) Schematic
illustration of the use of an implanted intramuscular NIRS probe for
monitoring tissue oxygenation inside the flap muscle. The system consists
of an intramuscular NIRS probe, interfaced to a data acquisition system
(PowerLab, ADInstruments, Inc) for signal collection and transmission to a
computer for real-time analysis and control. (B) Top-down view schematic
illustrationof thedesign of an intramuscular NIRS probe,which consists of a
flexible printed circuit board, anopticalfiber, sensing components (Si-based
NPN phototransistors), and bioresorbable barbs. The probe is conformally
encapsulatedwith a layer of transparent, biocompatible parylene and has a
diameter of 700µm. The barbs interface with the surrounding tissue to
minimize motions and their adverse effects on signal quality.
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PLGA barbs undergo slow hydrolysis reaction with water at
the implantation site, thus can terminate their anchoring
effects after a defined period of time ranging from 1 day to
several weeks depending on the thickness of the barbs.14 The
portion of the probewhich remains after barb resorption has
a needle-like shape that facilitates the device withdrawal
with minimal resistance.15 A thin silica-based optical fiber
(diameter, 230 µm) attached on top of the NIRS probe
delivers alternating red (660 nm) and NIR (850 nm) light
(frequency, 2Hz) from external light sources (fiber-coupled
LEDs, Thorlabs, Inc.) to the tip of the probe. This system offers
a high degree of bendability (minimum bending curvature,
5mm) without affecting the optoelectronic performance.
The distance between the end of the optical fiber and the
nearest photodetector (PD) is 5mm, and the distance be-
tween the two PDs is 3mm. This arrangement optimizes the
signal-to-noise ratio and ensures sufficient light-tissue inter-
actions. A data acquisition system (PowerLab, ADInstru-
ments, Inc) captures the electrical signals in the form of
voltage converted by a transimpedance amplifier from pho-
tocurrent generated by the two phototransistors. ►Fig. 2

shows the overall size and thin, flexible form factor of the
probe and its bioresorbable barbs.

Porcine Model
Animal research was performed with the approval of the
Institutional Animal Care and Use Committee at Washing-
ton University School of Medicine. This was performed as
per U.S. Department of Agriculture Animal Welfare Regu-
lations at an accredited facility. Four live pigs were utilized
in separate experiments for this study. Anesthesia was
induced with Telazol, ketamine, and xylazine followed by
maintenance with inhaled isoflurane. After the completion

of all experimentation, the animal was euthanized with
pentobarbital.

A left pedicled rectus abdominus myocutaneous flap was
raised based on the deep superior epigastric artery and veins
in addition to the superficial superior epigastric vein
(►Fig. 3). This flap harvest procedure was adapted from
Bodin et al.16

Experimental Design
To deploy the intramuscular NIRS probe, a 15 bladewas used
to make stab incision oriented along the axis of the muscle
fibers on the undersurface of the rectus abdominus muscle,
being careful to avoid the pedicle vessels (►Video 1). The
probe was then inserted into the muscle pocket. The entire
deployment procedure took less than 30 seconds. The
resorbable barbs on the probe secured its position after
insertion and no additional fixation was necessary
(►Fig. 4). The flap was restored to its anatomic orientation
and the intramuscular NIRS probe was connected to its
external processor. A ViOptix T.Ox probe was adhered to
the central portion of the skin paddle and then attached to
the external monitor via the fiberoptic cable. Each myocuta-
neous flap was monitored continuously throughout the
experiment using both devices in parallel (►Fig. 5).

Video 1

Insertion procedure for intramuscular near-infrared
probe. Online content including video sequences view-
able at: https://www.thieme-connect.com/products/
ejournals/html/10.1055/s-0041-1732361.

After achieving a stable baseline reading for each device
for 15minutes, an Acland clampwas applied to the right deep

Fig. 2 Image of an intramuscular near-infrared spectroscopy probe,
which highlights the sensing components (Si-based NPN
phototransistors; voltage bias, 2.5 V; photocurrents generated from
the phototransistors are converted into voltage signals by a
transimpedance amplifier), optical fiber, and bioresorbable barbs.

Fig. 3 (A) Bilateral pedicled rectus abdominus muscle have been
raised in a live anesthetized pig. In these experiments, the left flap was
used to test the intramuscular near-infrared spectroscopy device
against a ViOptix T.Ox control, and the right flap was used to test other
novel sensors. (B) A closer look at the deep superior epigastric artery
and venae comitans, in addition to the superficial superior epigastric
vein supplying the left flap.
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superior epigastric artery to induce complete ischemia.
Ischemia was maintained for 15minutes. The Acland clamp
was then released and 15minutes were then allowed for flap
recovery and re-establishment of a stable baseline reading.
Acland clamps were then applied to the deep and superficial
superior epigastric veins to induce venous congestion. Con-

gestion was maintained for 15minutes. The Acland clamps
were then released and 15minutes were then allowed for
flap recovery and re-establishment of a stable baseline
reading. The entire cycle then repeated one additional
time using the same flap. This experiment was then repli-
cated twice using new probes, and separate animals on
separate days to demonstrate reproducibility. A fourth ex-
periment was done on a separate animal using two intra-
muscular probes deployed within the same flap (in addition
to T.Ox) to demonstrate consistency between intramuscular
probes.

StO2 Calculation
Evaluation of blood saturation in the porcine model used
optical densities (ODs) corresponding to red light (660nm)
and NIR light (850 nm) by converting averages of the respec-
tive signals collected by the data acquisition system based on
the equation17:

where I(i) is the recorded signal intensity during the animal
experiments and Io is the intensity of light emitted from the
tip of the fiber. Based on measurements with a blood gas
analyzer, the concentration of hemoglobin and oxygen satu-
ration were fixed to 15 g/dl and 39%,17 respectively, for the
initial phase of experiments. With the molar mass of hemo-
globin (65 kg/mol), these assumptions yielded a baseline
HbO2 and Hb concentration in blood of HbO20¼0.90mM
and Hb0¼1.41mM, respectively. Calculation of changes in
HbO2, DHbO2, and Hb, DHb exploited the modified Beer–
Lambert’s law17–19:

where ρeff is the effective photon path in the back-reflection
recording geometry and ε are the extinction coefficients for

Fig. 5 The ViOptix T.Ox device is seen affixed to the skin paddle of a
left rectus abdominus myocutaneous flap, and the novel
intramuscular near-infrared spectroscopy probe is seen entering the
underlying rectus abdominus muscle laterally.

Fig. 4 The intramuscular near-infrared spectroscopy probe is shown before insertion (A). The near-infrared light is activated, and the small
resorbable barbs are visible. The probe is also show within the muscle after insertion but prior to activation (B), and after activation of the light
source (C).
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the two chromophores (oxygenated hemoglobin and deoxy-
genated hemoglobin).

The saturation of the intramuscular regime can be calcu-
lated using:

The effective photon path of the probe was estimated
experimentally by fitting SO2 (i) to the saturation values
collected by the blood gas analyzer.

Statistical Methods
Each experiment yielded 2,000 to 4,000 consecutive StO2

readings per sensor. Normalized cross-correlation at zero lag
was used to describe the correspondence between the
wireless NIRS and T.Ox sensors being compared.

Results

The ischemic and congested conditions were successfully
achieved and recovered using the earlier protocol, as con-
firmed by the expected changes in flap color and StO2.
Continuous monitoring was accomplished using both devices
throughout each of the two cycles of ischemia and congestion.
We encountered no technical disruptions or signal loss using
either device. The intramuscular and cutaneous (T.Ox) NIRS
devices produced very similar StO2 tracings throughout the
vascular clamping events, with precipitous changes occurring
upon arterial clamping, arterial release, venous clamping, and
venous release. The intramuscular and cutaneous NIRS trac-
ings for the first three animal trials are shown in ►Figs. 6–7
to 8. Small interdevice variations in absolute StO2 value read-
ings andmagnitude of changewere observed. The normalized
cross-correlations at zero lag describing correspondence be-
tween the intramuscular NIRS probe and T.Ox devices were

0.9908, 0.9934, and 0.9978, respectively, for the first three
animals. For the fourth animal, two intramuscularNIRSprobes
were deployed into the flap for monitoring the muscular
oxygenation simultaneously, in comparison with that of a T.
Oxdevicesmounted on theflap skin (►Fig. 9). Thenormalized
cross-correlations at zero lag describing correspondence be-
tween thefirst probe and the T.Ox device, between the second
probe and the T.Ox device, and between the first and
the secondprobes are 0.9981, 0.9978, and0.9980, respectively.

Discussion

The task of continuous free flap monitoring has been greatly
facilitated by the advent of NIRS technology. However, as
available devices require a cutaneous paddle to accommo-
date the probe, this technology has not been applicable to
muscle-onlyflaps. In this article,we offer proof of concept for
a novel intramuscular NIRS probe which mirrors the

Fig. 6 Simultaneous tissue oxygen saturation traces from the
intramuscular near-infrared spectroscopy (NIRS) and ViOptix T.Ox
probes during conditions of flap baseline perfusion, ischemia,
recovery/baseline, congestion, and recovery/baseline (two cycles in
succession; Animal 1).

Fig. 7 Simultaneous tissue oxygen saturation traces from the
intramuscular near-infrared spectroscopy (NIRS) and ViOptix T.Ox
probes during conditions of flap baseline perfusion, ischemia,
recovery/baseline, congestion, and recovery/baseline (two cycles in
succession; Animal 2).

Fig. 8 Simultaneous tissue oxygen saturation traces from the
intramuscular near-infrared spectroscopy (NIRS) and ViOptix T.Ox
probes during conditions of flap baseline perfusion, ischemia,
recovery/baseline, congestion, and recovery/baseline (two cycles in
succession; Animal 3).
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continuous monitoring functionality of the ViOptix T.Ox
device, without the need for a cutaneous paddle.

Potential Advantages of the Intramuscular NIRS Probe
This strategy of intramuscular NIRS monitoring has several
potential advantages compared with the implantable Doppler
systems which are currently used for muscle-only free flap
monitoring. First, as opposed to implantable Doppler systems
which require deployment at or adjacent to the delicate
vascular anastomosis, the intramuscular NIRS probe is applied
peripherally within the substance of themuscle. This obviates
the significant concern that the probe might kink, compress,
avulse, or otherwise disrupt the anastomosis and threaten the
flap.5,7,8 Second, while implantable Doppler systems gener-
ates auditory data which is only available at bedside, the
intramuscularNIRSprobe generates a continuousStO2 tracing.
This important difference reduces the care burden for bedside
personnel, produces a recordable data stream, facilitates re-
mote monitoring, and requires less subjective interpretation
which makes it more robust to frequent transitions of care.
Finally, while unintentional probe avulsion may affect any
wired monitoring device, the peripherally inserted NIRS de-
vice could be easily replaced at bedside which implantable
Doppler probes cannot. Furthermore, considering the source
material and fabrication processes, a rough estimation sug-
gests that the cost of an intramuscular NIRS probe could be as
low as $15. This is substantially less than the $380 to 1,450
price of Cook Doppler, flow coupler, and T.Ox probes.7

Intramuscular NIRS Probe Design
This novel device includes two PDs mounted at increasing
distances beyond a light source at the end of an optical fiber.
The light enters the volume ofmuscle surrounding it, and the
PDs record the intensity of backscatter at each of two
wavelengths. These data are transmitted via wired connec-
tion to an external console and localmuscle StO2 is calculated
in real time based on the known differential absorptive
properties of oxygenated and deoxygenated hemoglobin.

The optical fiber is very flexible, and the probe at its tip is
subcentimeter in scale. The entire assembly is encased in
waterproof and biocompatible polymer layer. Probe deploy-
ment requires only a single muscular stab incision in a
location remote from visible vessels. Early iterations of this
device required suture fixation to maintain stable place-
ment, but this need has been eliminated by the addition of
barbs on the probewhich slide into themuscle easily, but will
not slide out. The barbs are made from polyglactin, which is
the same resorbable polymer which comprises Vicryl suture,
and are designed to maintain probe stability during use
before harmlessly dissolving prior to removal by gentle
traction on the fiber.

Proof-of-Concept Experimentation
Itwasourhypothesis that the intramuscularNIRSprobewould
produce a similar StO2 tracing as a skin mounted T.Ox probe
throughout conditions of perfusion, ischemia, and congestion.
This hypothesis was tested using a myocutaneous flap model
that allowed us to mount both sensors on the same flap,
thereby producing parallel and comparable StO2 tracings.
We found that both the skin mounted and intramuscular
probes detected immediate and precipitous drops in the
StO2 tracing upon arterial or venous occlusion and prompt
increases upon release of the clamps. Cross-correlation values
(using the >20,000 StO2 data points gathered over the course
of experimentation in four animals) between the two devices
were >0.99, indicating strict agreement between the two
sensors tested at all times.

Small interdevice variations in absolute StO2 value and
magnitude of change were observed. This is expected given
that muscle and skin have different metabolic rates, and may
have different levels of baseline and perturbed oxygen satura-
tion. Despite these minor variations, we believe that the
cutaneous or intramuscular NIRS StO2 curve alone would
have been interpreted identically in a clinical setting. In the
third animal, there was again very close correspondence
between bothmuscle probes, and between eachmuscle probe
and the cutaneous comparator. Small differences between the
two simultaneous muscle probe measurements are attribut-
able to local oxygenation gradients within the muscle.

Study Limitations and Future Work
While this study introduces proof of concept for a new
technology with direct applicability to an unmet clinical
need, it has several limitations. This nonsurvival animal
model does not simulate all the demands of the postmicro-
surgical clinical environment. Clinical situations of micro-
vascular compromise may be more complex than the
complete and instantaneous vascular occlusive events simu-
lated in our model, and real-world clinical testing will be
necessary to validate the clinical utility and safety of this new
tool. Without human clinical testing, no conclusions regard-
ing the sensitivity and/or specificity of this device can be
drawn. However, given that in-human testing must neces-
sarily be preceded bya demonstration of device efficacy in an
animal model, this study represented a necessary preclinical
step in the maturation of this technology.

Fig. 9 Simultaneous tissue oxygen saturation traces from two separate
intramuscular near-infrared spectroscopy (NIRS) probes and one ViOptix T.
Ox probe during conditions of flap baseline perfusion, ischemia,
recovery/baseline, congestion, and recovery/baseline (one cycle; Animal 3).
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The nonsurvival nature of our animal protocol prohibited
the necessary study of barb dissolution and probe durability
over time. As such, probe longevity and stability with patient
movement remain to be addressed. Study of these issues is
underway in a rodent survival model.

To date, our experimentation with this novel implantable
probe has focused solely on muscle flap monitoring, and our
conclusions should not be generalized beyond this. Future
studies will assess the potential for this device to monitor
buried and difficult-to-access fasciocutaneous flaps, and
muscle perfusion in the setting of compartment syndrome.

Conclusion

We have introduced the first NIRS probe which allows
continuous monitoring of local StO2 directly within the
substance of muscle tissue. This probe is inexpensive, flexi-
ble, subcentimeter in scale, waterproof, biocompatible, and
is fitted with resorbable barbs which facilitate temporary
autostabilization followed by easy removal. This intramus-
cular NIRS probe was found to perform near-identically to a
cutaneous T.Ox probe in a live porcine myocutaneous flap
model of flap ischemia and congestion. This experiment
demonstrates the potential suitability of this intramuscular
NIRS probe for the task of muscle-only free flap monitoring,
and the presented device has the potential to improve
monitoring options for flaps which do not bear a skin paddle.
Testing in the clinical environment is necessary to assess
sensitivity/specificity, durability, and reliability.
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