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Abstract

Microvascular anastomoses for the transfer of viable tissue are the basis of reconstructive surgery,
and they are used to treat a broad spectrum of clinical problems. Recent advances in technology
are promising in the improvement of microsurgery outcomes. The primary threat in reconstructive
surgery is anastomotic vascular thrombosis, which can lead to tissue loss with potentially destruc-
tive consequences. Postoperative monitoring of tissue perfusion is critical because early recogni-
tion of vascular compromise and a rapid surgical intervention are associated with tissue recovery.
Conventional flap monitoring methods used to be the primary means of monitoring during post-
operative follow-up, but they were highly subjective and observer dependent. Medical devices
introduced in flap monitoring have eliminated many of these shortcomings and have greatly im-
proved this critical stage of reconstructive surgery. Although the features of the ideal monitoring
device have been defined, there is no existing device that could meet all the currently expected
requirements. In the near future, we are more likely to see further enhancement and clinical appli-
cations of existing technologies.
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INTRODUCTION

Free flap was first introduced in the late 1950s, and it became a widely used tool in the recon-
struction of large defects, with a success rate of up to 95% after the development of microsurgical
techniques (1-4). Many etiologies, including cancer, trauma, infection, and congenital defects,
may lead to microvascular reconstruction (5). For example, an amputated finger can be rescued
only when the blood supply is restored by performing microvascular anastomoses in trauma
patients who are admitted to our clinic and operated on after their informed consent forms are
received (Figure 1). When the mastectomy is performed in women with breast cancer after
obtaining their consent, the abdominal tissue is usually transferred to regenerate the breast
(Figure 2). This technique has recently been used for tissue transfers such as facial and hand
allotransplantation between different individuals (6, 7).

Along with the development of auxiliary flap monitoring techniques, the success rates, including
a lower number of complications, increased efficiency, a shorter hospital stay, and improved over-
all results, have increased (8). This article summarizes current literature that supports the devices
and protocols that are routinely used for postoperative free flap monitoring techniques and are
planned to be used in the future.

Flap Monitoring
The primary threat to reconstructive surgery is vascular thrombosis, which may occur in the anas-
tomosis line due to some characteristics of the recipient. If surgery is not performed, tissue loss
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Figure 1. Restoration of blood flow after fingertip
amputation and replantation in a trauma patient
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accompanied by devastating consequences may occur. Since an
early diagnosis of the vascular problem and the surgical inter-
vention are closely related to the tissue recovery, postoperative
monitoring of the perfusion of the transplanted tissue is
extremely important.

Conventional flap monitoring methods include the clinical eval-
uation of the skin color, capillary filling, turgor, and flap tem-
perature; however, these values are highly subjective and are
observant dependent. The use of assistive technologies for flap
perfusion and monitoring can provide early detection of possi-
ble complications. In 1975, Creech and Miller described the fea-
tures of an ideal monitoring device as safe, fast, sensitive, reli-
able, and applicable to all flap types (9). In addition, the fea-
tures that are expected from an ideal device are cost efficiency,
ease of use, and continuous monitoring. While all these criteria
appear to be reasonable, there are no existing devices that cur-
rently meet all these requirements.

Figure 2. a-d. Microvascular breast reconstruction; (a) Planning of microvascular free tissue transfer from the abdomen in a
patient undergoing mastectomy for left-side breast cancer; (b) Preparation of the abdominal tissue for transfer; (c) Vessels in
which microvascular anastomosis will be performed for the transplantation of the abdominal tissue; (d) Postoperative image
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Figure 3. Hand Doppler

Flap monitoring techniques can be classified according to the
monitoring mechanism (vascular flow measurement according
to tissue ischemia); time of use (intraoperative and postopera-
tive); and invasiveness (invasive and noninvasive). The tech-
niques monitoring the vascular flow include hand Doppler,
implantable Doppler, color duplex ultrasonography, fluores-
cence angiography, and laser Doppler flowmeter (LDF). The
techniques monitoring the tissue metabolism and ischemia are
near-infrared spectroscopy and microdialysis. There are addi-
tional developing techniques such as thermal imaging, pH
monitoring, transit-time volume flow measurement, and spatial
frequency domain imaging (SFDI).

Hand Doppler

Acoustic Doppler sonography is the most commonly used
method for free flap monitoring. Typically, it is used in accor-
dance with physical examination. The most common type of
this device is the one that is handheld, and it is connected with
a probe to a central component containing the power and
sound source (Figure 3). Handheld Doppler with a low-frequen-
cy continuous 8 mHz wavelength probe, which was first
described by Karkowski and Buncke as a postoperative moni-
toring technique, is used to qualitatively determine the vascular
flow (10). Since the distribution of arteries and vessels within the
flap is not uniform, the probe is often applied to the flap sur-
face before the surgery is completed, and the signal locations
are then marked for postoperative monitoring. It is important to
know that these surface signals generally represent the blood
flow through smaller and more peripheral blood vessels close
to the surface of the flap, but not the blood flow through the
vessels involved in the microvascular anastomosis, which are
generally embedded in the flap and cannot be accurately evalu-
ated. It is also important that they cannot be evaluated with
these handheld probes.

The advantages of hand Doppler include ease of use, noninva-
siveness, and reusability. Its disadvantages are the difficulty in
determining whether the signal source is from the vascular ped-
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icle or from the recipient vessels, and the lack of quantitative
measurement.

Color Duplex Ultrasonography

Color duplex ultrasound is a noninvasive flap monitoring tech-
nique that uses ultrasound to visualize microanastomosis ves-
sels. The device consists of an ultrasound probe and a monitor
that can be used in the radiology chamber or can be transport-
ed to the patient room. The person using the device first uses
grayscale ultrasound to identify the static structures in the envi-
ronment, such as postoperative fluid, and the vessels that have
newly been anastomosed. Since the shift of ultrasound waves in
the Doppler is in the audible range, and since different tones are
assigned to different rates on the color scale, the flow through
the anastomosis is visually noticeable (11). Often, the red color
tints are used to indicate the current flowing toward the probe,
and the blue color tints are used to indicate the current moving
away from the probe. The use of this device requires a trained
radiology technician, and a microsurgeon to assist with anatomi-
cal orientation, in addition to clinical radiologist.

The advantages of the device are that it is noninvasive, it can
directly visualize the precise and quantitative characterization of
in and outflow from the anastomotic openings of both vessels,
and it can also be used in embedded flaps. Its disadvantage is
that an experienced ultrasound technician or radiologist is
needed to use the device.

Implantable Doppler

This device allows continuous monitoring of free flaps by apply-
ing the Doppler principle to an area adjacent to the microvas-
cular anastomosis. It was first described by Swartz et al. in 1988,
and little change has been made in its design so far (12).
Implantable Doppler uses a T mm? piezoelectric crystal that acts
as a 20 MHz ultrasonic Doppler probe. The probe is mounted
on a 0.5-cm-wide silicone cuff, which is applied circumferentially
around a blood vessel immediately distal to an anastomosis.
The cuff is then secured to the two ends of the blood vessel
using any of the variety of methods, including surgical clips,
sutures, or fibrin glue (13). The probe and the cuff are connect-
ed to an audio and power source producing an audible signal
through a wire coming out from the surgical incision and trans-
mitting the Doppler signal. Once the postoperative monitoring
is complete, the crystal and wire are easily separated from the
cuff. The implantable Doppler can be applied to the artery,
vein, or both if two devices are to be used. Many surgeons pre-
fer to keep the device in venous anastomosis where both arteri-
al and venous problems are more evident, rather than in arterial
anastomosis where venous problems cannot be detected. The
ability to make continuous measurements, ease of use, and the
availability of embedded flaps are among the advantages of the
device. The fact that it lacks quantitative measurement and that
it is an invasive technique despite relatively simple mounting
and removal are among the disadvantages.

Fluorescence Angiography

Infrared fluorescence angiography has recently been developed
for the clinical use in microsurgery. The indocyanine green, a
non-toxic dye, is injected into the vessel and circulated through
the vascular system. It is then illuminated with laser that can be
captured by a near-infrared camcorder, causing the stimulation
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of the dye in the vascular system of the related tissue and then
an infrared energy emission. A real time video visualization of
the vascular flow is displayed on a monitor. Fluorescence angi-
ography samples include the fluorescence-assisted resection
and exploration (FLARE) imaging system (Curadel,
Marlborough, MA) and the SPY fluorescence imaging system
(Stryker, Kalamazoo, MI) (Figure 4) (14,15). Smaller systems such
as PDE Neo (Mitaka, Denver, CO) have been developed. The
advantages of fluorescent angiography include direct visualiza-
tion of vascular flow and tissue perfusion. An instant data cap-
ture, a high cost of the device, and a relative contraindication in
patients with iodine allergy and renal failure are among the dis-
advantages. In addition, although frequent use is possible, the
large size and cost of the device limit the bedside use of the
monitor postoperatively.

Laser Doppler Flowmeter

The reflection of coherent laser light in Doppler is used to mea-
sure the blood flow velocity in LDF. The laser light is emitted from
a source, and the back-scattered light, through which the fre-
quency shift is determined, is collected. This frequency shift is
proportional to the number and speed of the red blood cells in
the measured area. The measurements are expressed as relative
velocities, usually in the form of mL/min/100 g, which are the
abbreviated LDF units (16,17). It is a noninvasive and continuous
imaging device that evaluates perfusion and shows the flow with-
in the tissue capillaries rather than pedicles. Periflux System 5000

¥

Figure 4. SPY fluorescence imaging system
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(Perimed, Kings Park, NY) and O2C (Oxygen to See, LEA
Medizintechnik, Giessen, Germany) are the examples of this tech-
nology. It was first described in 1977 by Stern et al. to assess skin
perfusion (18). Early device configurations included LDFs that
were physically connected to a separate personal computer to
automatically and continuously record data. Existing device mod-
els for flap monitoring have concentrated the data-processing
component into a much smaller portable unit. The probes are
applied to the flap surface and radiate the laser light to a depth
of 8 mm (19). The reflected light is collected by the same probe,
and the frequency shift between the transmitted and the reflect-
ed light is calculated to display a numerical flow value (20). The
advantages of the device are that it provides a continuous moni-
toring, it is noninvasive, and it allows the recognition of possible
flap failures prior to clinical findings. In contrast to other devices,
it has various probes that can be applied to various types of tis-
sues, including skin, muscle, and internal organ flaps. A high cost,
the inability to discriminate arterial and venous pathology, sensi-
tivity to small movements, relative value reporting, and the lack
of a critical threshold to demonstrate the flap failure are among
the disadvantages.

Near-Infrared Spectroscopy

In this technique, a source emits the light of a given wavelength
toward an object, and a detector measures the decrease in light
intensity and scattering. Based on the characteristic absorption
spectrum, the concentration of a particular chromophore can
be determined. The spectroscopic devices used for free flap
monitoring generally use near-infrared light (650-900 nm) that
can penetrate to a depth of 20 mm with a light source and a
detector located within a single probe. The probe is easily
applied and fixed using an adhesive wrap or suture (21). The
chromophores of light spectrum in human tissues for this region
are deoxygenated (Hb) and oxygenated hemoglobin (HbO,)
(22). The sum and rate of these two measurements can be used
to calculate the relative changes in the total hemoglobin con-
centration and oxygen saturation (StO,), the two most common-
ly reported values by tissue spectrometry devices. ViOptix T.Ox
(ViOptix, Newark, CA) is among the commercial examples of
near-infrared spectroscopy. The advantages of the device are
that it provides a continuous monitoring, it is noninvasive, it is
less sensitive to motion (different from a LDF), and it allows the
detection of the possible flap failures before the clinical find-
ings. Its disadvantages are that it has a high cost, it cannot dis-
tinguish between an arterial and venous pathology, and it
reports the relative values rather than the absolute ones.

Microdialysis

Microdialysis, used for the first time in 1998 by Réjdmark et al. in
flap monitoring, is an invasive technique that allows intermittent
flap monitoring (23). A regional blood flow disorder causes a
decrease in tissue oxygen, which requires transition to anaerobic
metabolism. Thus, an increase in the concentration of anaerobic
metabolic products indicates local hypoperfusion and ischemia.
Microdialysis evaluates the concentration of these products in the
regional tissue with the dialysis membrane placed in the subcuta-
neous, adipose, or intramuscular tissue of the flap by inserting a
sterile double-lumen microdialysis catheter. The physiological
fluid delivered through the catheter along the dialysis membrane
is balanced by the interstitial fluid surrounding the catheter on
either side of the membrane. Thus, the collected liquid sample
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reflects the composition of the interstitial fluid and the tissue con-
centration of metabolites, such as glucose, lactate, and pyruvate,
which are shown numerically and graphically via a monitor, can
be analyzed at the bedside. Ischemia is characterized by low glu-
cose, high lactate, an increased lactate/pyruvate ratio, and high
glycerol. The fact that it can be used in embedded flaps can be
considered among the advantages.

To improve free flap reliability and flap monitoring, the interest
in innovations and technology is increasing every day. Although
high-resolution thermal imaging cameras are often quite expen-
sive, the newly developed FLIR ONE (FLIR Systems, Inc.,
Wilsonville, OR) is a lower-resolution, smartphone-compatible
miniature thermal camera with less than $200. Similar to micro-
dialysis, pH monitoring also permits an increase in hydrogen ion
concentration, indications of regional anaerobic metabolism
developing secondary to flap ischemia, and thus a mediator for
vascular compromise. Transit-time volume flow measurement is
a non-Doppler-based ultrasound technology that does not pro-
vide a continuous display, that detects physiological parameters
of blood vessels and particularly vascular flow and resistance,
and that improves cardiac surgery results when previously used
to assess the coronary artery bypass quality. Finally, the SFDI is a
new, infrared, and wide-field imaging technology with a mecha-
nism similar to FLARE, but it is noninvasive and does not require
dye injection. Although these devices equipped with new tech-
nological developments have a limited clinical use, they are
commercially under development.

CONCLUSION

Traditional monitoring methods are cheap, accurate, and easy to
follow. However, the implantable Doppler system, LDF, and
near-infrared spectroscopy are continuous methods that have
been reported to detect the flap failure earlier than traditional
methods and that appear to be the best monitoring techniques
for most types of flaps currently. In addition, implantable Doppler
and microdialysis techniques have been shown to be used suc-
cessfully in embedded flaps. In the near future, there is a high like-
lihood of further development of existing technologies and their
clinical applications. For example, new products that combine two
existing technologies (such as spectroscopy and LDF) and that
transmit devices with additional data sources (such as heat, acous-
tic Doppler) to mobile devices in real time will be developed.
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