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Abstract
Background—Vascular occlusion after tissue transfer is a devastating complication that can lead
to complete flap loss. Spatial frequency domain imaging is a new, noncontact, noninvasive, wide-
field imaging technology capable of quantifying oxygenated and deoxygenated hemoglobin levels,
total hemoglobin, and tissue saturation.

Methods—Pedicled fasciocutaneous flaps on Wistar rats (400 to 500 g) were created and
underwent continuous imaging using spatial frequency domain imaging before and after selective
vascular occlusion. Three flap groups (control, selective arterial occlusion, and selective venous
occlusion) and a fourth group composed of native skin between the flaps were measured.

Results—There were no statistically significant differences between the control flap group and
the experimental flap groups before selective vascular occlusion: oxyhemoglobin (p = 0.2017),
deoxyhemoglobin (p = 0.3145), total hemoglobin (p = 0.2718), and tissue saturation,(p = 0.0777).
In the selective arterial occlusion flap group, percentage change in total hemoglobin was
statistically different from that of the control flap group (p = 0.0218). The remaining parameters
were not statistically different from those of the control flap: percentage change in oxyhemoglobin
(p = 0.0888), percentage change in deoxyhemoglobin (p = 0.5198), and percentage change in
tissue saturation (p = 0.4220). The selective venous occlusion flap group demonstrated changes
statistically different compared with the control flap group: percentage change in oxyhemoglobin
(p = 0.0029) and deoxyhemoglobin, total hemoglobin, and tissue saturation (p < 0.0001).

Conclusions—Spatial frequency domain imaging provides two-dimensional, spatially resolved
maps of tissue oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue saturation. Results
presented here indicate that this can be used to quantify and detect physiologic changes that occur
after arterial and venous occlusion in a rodent tissue transfer flap model. This portable,
noncontact, noninvasive device may have a high clinical applicability in monitoring postoperative
patients.
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The process of reconstructive surgery using tissue transfer is a reliable method; however, it
is not without complications, some of which can be devastating for the patient. These
complications include vascular occlusion resulting in partial or complete flap loss. Overall
thrombosis rates between 3 and 16 percent have been reported after reconstructive surgery
using free tissue transfer.1–6 Venous thrombosis occurs more frequently than arterial
thrombosis, with rates reported between 2 and 8 percent,1–3,5 whereas the rates of arterial
thrombosis alone are reported to range from 0.7 to 2 percent.1,3,5,6 It has been well
established in the literature that early detection followed by early reexploration of vascular
compromised flaps results in improved salvage rates.1,3,5,7,8 Compared with arterial
ischemia alone, the pathophysiology involved in venous thrombosis is associated with a
greater degree of irreversible damage to the microvascular system of the flap9–11 and thus
results in lower salvage rates.1,5 Early detection and surgical reexploration after venous
thrombosis is imperative if a flap is to be salvaged. Both arterial and venous thromboses
involve injury to the microvascular system of the flap, the development of microthrombosis,
and tissue edema.9–11 The development of tissue edema and microthrombosis within the
capillary beds results in continued impairment of oxygen diffusion capacity within the flaps
after reestablishment of blood flow.9,10 Hjortdal et al.9,10 demonstrated that oxygen
transport from the vascular system to the tissues remains diminished after reestablishment of
blood flow. This phenomenon is more severe after venous thrombosis because of a greater
degree of congestion within the flap after venous thrombosis compared with isolated arterial
thrombosis. Arterial thrombosis is a rare event but may be difficult to detect based on
clinical examination alone, as the flap does not become congested in appearance, but rather
becomes pale.5 The difficulty in detecting arterial thrombosis is the rationale for the use of
adjuncts to clinical examination, such as audible bedside Doppler checks of the pedicle, pin
prick tests, and laser Doppler flowmeter monitoring.12–14

In this pilot study, we investigated the capabilities of a new optical imaging technology to
detect vascular occlusion in a pedicled flap model. This device is based on the principles of
spatial frequency domain imaging.15–19 The prototype device, called the Tissue OxImager,
is being developed by Modulated Imaging, Inc. (Irvine, Calif.) and marketed under the name
Introspective Medical (www.introspectivemedical.com). The prototype device used in this
experiment was a portable device on a cart measuring 2 × 2 × 3 feet. A new, second-
generation, handheld device has since been constructed.

The ideal tissue flap monitoring device should be capable of rapid data collection, be
noninvasive and noncontact, and provide quantitative information, which will assist the
clinician in evaluating the flap's viability. The Tissue OxImager is a noncontact spectral
imaging device that uses near-infrared light and is capable of rapid, wide-field
measurements from which two-dimensional maps of the optical properties of a tissue can be
generated.15–19 This prototype spatial frequency domain imaging device is able to measure
the absolute amount of deoxygenated hemoglobin and oxygenated hemoglobin in millimoles
per liter and from these data calculate the total level of hemoglobin in the tissue and tissue
saturation without the use of injectable contrast dyes. The device is different from other
tissue spectroscopy devices in that it is an imaging device able to generate two-dimensional
images of the tissue in a rapid fashion without scanning or movement of an imaging probe.
The technique of using spatial frequency domain imaging to obtain wide-field quantitative
maps of oxyhemoglobin and deoxyhemoglobin concentrations is, at this time, unique. There
are other devices that are commercially available, such as the T.Ox (ViOptix, Fremont,
Calif.) and the T-Stat (Spectros Corp., Portola Valley, Calif.), that are also capable of
reporting local oxyhemoglobin and deoxyhemoglobin concentrations. However, those
devices are fiber probe based, which requires contact with the tissue, and each probe
interrogates only a small region of the tissue with which it is placed in contact.
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Other groups have demonstrated that near-infrared tissue spectroscopy can detect and
differentiate between arterial and venous occlusion, but none of the technologies used were
imaging methods.20–23 In the study described here, we hypothesize that the spatial
frequency domain imaging device will detect and differentiate a viable flap from those
compromised by arterial or venous occlusion. In addition, we have examined the
performance of the device to quantitatively deduce changes in oxyhemoglobin,
deoxyhemoglobin, and total hemoglobin levels and tissue saturation.

MATERIALS AND METHODS
Bilateral fasciocutaneous pedicled flaps based on the inferior epigastric vessels were created
in 11 Wistar rats (400 to 500 g). All flaps were created by a single surgeon, with the left-
sided flap raised and set first, followed by the same process on the animal's right side. The
flaps on each animal were randomized to one of three groups: control flap (n = 7 flaps),
selective arterial ligation (n = 8 flaps), and selective venous ligation (n = 7 flaps). In addition
to the three flap groups, an additional fourth group of native skin between the flaps on each
animal was imaged simultaneously. The native skin group consisted of a region of skin
between the bilateral groin flaps that was not surgically manipulated, and consisted of tissue
near the flaps that remained outside of the surgical field. Figure 1 illustrates the orientation
of the control and experimental flaps, the region of the native skin group, and the location of
the caudal incisions used to selectively ligate the vessels in the experimental flaps. For each
flap, 6–0 silk sutures were placed around the femoral artery and vein just proximal and distal
to the inferior epigastric vessels. These sutures were used to selectively ligate the vessels
during the imaging process by means of an incision caudal to the flap. The sutures on the
control flaps were placed around the vessels but not ligated. The animals were imaged using
the spatial frequency domain imaging device continuously for a period of 10 minutes after
setting the second flap (from time −10 minutes to 0 minutes). This was performed before
selective ligation of the experimental flaps at 0 minutes. This was followed by continuous
measurements for an additional 55 minutes (from time 0 to 55 minutes) after ligation of the
experimental flaps (selective arterial or selective venous occlusion flaps). The bilateral flaps
and the native skin in the region between the flaps were imaged simultaneously during the
experiment. Induction and maintenance of anesthesia was achieved using intraperitoneal
injections of ketamine (75 to 100 mg/kg) and xylazine (5 to 10 mg/kg) in accordance with
the University of California, Irvine Institutional Animal Care Use Committee–approved
protocol (no. 2006–2693).

Imaging
The flaps were imaged using the Tissue Ox-Imager, a prototype device that uses spatial
frequency domain imaging principles and that has been described previously.17,18 In brief,
the device uses a sequential pattern of light that appears to the user like parallel lines
(actually a sine wave pattern) of various spacing, which is used to illuminate the tissue
region of interest. The light that is reflected/remitted from the tissue is then detected by a
charge-coupled device camera. In this study, we used light at 670, 730, 790, and 850 nm
because these wavelengths correspond with spectral features inherent in oxyhemoglobin and
deoxyhemoglobin. A mathematical algorithm that describes light transport through a
scattering and absorbing medium such as tissue is used to model the “blurring” of these
spatial patterns. This algorithm allows us to quantify the scattering and absorption properties
of the tissue of interest. Once we know the absorption properties at each wavelength of
interest, we can apply Beer's law to determine the concentrations of oxyhemoglobin and
deoxyhemoglobin from which total hemoglobin and tissue saturation are subsequently
calculated.19 The spatial frequency domain imaging device provides quantified values for

Pharaon et al. Page 3

Plast Reconstr Surg. Author manuscript; available in PMC 2012 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



each of the aforementioned chromophores in a two-dimensional format as illustrated in
Figure 2.15,16,19

Figure 2 illustrates typical results obtained in the control flap and selective venous occlusion
flap groups. Spatial maps of oxyhemoglobin and deoxyhemoglobin concentrations, and
calculated total hemoglobin and tissue saturation, are depicted in addition to a corresponding
image acquired using standard digital photography as a point of reference. Note that in
Figure 2 the control flap on the left of each image and the experimental flap on the right are
initially similar in appearance at time 0. After selective venous occlusion of the flap on the
right, the spatial frequency domain imaging device detects a progressive decline in the
amount of oxyhemoglobin and tissue saturation and a corresponding increase in
deoxyhemoglobin and total hemoglobin after selective venous occlusion. This is an expected
result, as the venous outflow to the flap is occluded and the flap becomes engorged with
deoxygenated blood.

For the purpose of the statistical analysis described below, the quantitative chromophore
maps generated by the spatial frequency domain imaging device were used to determine the
average value of each chromophore within the flap. This was performed by selecting an area
within each flap and calculating the average quantity of a given chromophore within the
region of tissue selected. During the continuous imaging portion of the experiment, each flap
was imaged several times per minute, and the mean value of all the repetitions for a given 1-
minute interval over a given region on the flap was used to compare the difference between
the flaps. Thus, the recorded value for each minute represents the average chromophore
concentration in the selected portion of the tissue on the flap and the averaged values over
several repetitions performed in a given 1-minute interval. The chromophore values were
then analyzed to determine whether the device was able to detect changes in the
chromophore values in pedicle flaps undergoing selective vascular occlusion.

Statistical Analysis
A one-way analysis of variance with Dunnett's posttest analysis was performed (GraphPad
Prism version 5.00; GraphPad Software, Inc., San Diego, Calif.) to compare the control flap
group to native skin outside the operative field, and to the two experimental flap groups
(selective arterial occlusion and venous occlusion). A Dunnett's posttest analysis allows for
a direct comparison of the baseline chromophore values (oxyhemoglobin, deoxyhemoglobin,
total hemoglobin, and tissue saturation) between the control flap group and the three other
groups (selective arterial occlusion flap, selective venous occlusion flap, and native skin
groups). A one-way analysis of variance with Dunnett's posttest analysis was also used to
compare the difference among the three flap types in terms of operative times and time from
inset of the flaps to first baseline measurement.

The effects of selective occlusion were compared in terms of percentage change from
baseline. The baseline values for each animal were defined as the average chromophore
values measured during the 10-minute period after setting the flaps but before selective
vascular occlusion (i.e., the average of values obtained for each flap between–10 and 0
minutes). This was performed to correct for any intraanimal variability in the values at
baseline between animals. The percentage change from baseline for each chromophore
parameter (oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue saturation) was
compared among the different flap groups. By definition, percentage change in
oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue saturation at 0 minutes
were equal to 0. Curves for each chromophore based on percentage change from baseline
versus time were generated for the experimental flap groups and were compared with the
values measured in the control flap using a repeated measures two-way analysis of variance
test. A Bonferroni posttest analysis was used to compare the differences at given time points
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along the curves. Four curves representing the four different chromophore parameters were
generated for each flap group and for the native skin group. Use of Bonferroni posttest
analysis allows for comparison of the data in a paired fashion. The pairing of the data among
all four groups was performed based on the length of time elapsed from selective arterial or
venous occlusion in experimental flaps (i.e., the time elapsed from 0 minutes).

RESULTS
The operative times required to elevate and set each flap group (control flaps, selective
arterial occlusion flaps, and selective venous occlusion flaps) did not vary statistically
among the three flap groups (p = 0.4006). Figure 3 and Table 1 illustrate that there was no
statistically significant difference in baseline values for each of the chromophores among all
four groups (control flap group, selective venous occlusion flap group, selective arterial
occlusion flap group, and native skin group) based on a one-way analysis of variance
analysis for each of the following measured parameters: oxyhemoglobin (p = 0.2017),
deoxyhemoglobin (p = 0.3145), total hemoglobin (p = 0.2718), and tissue saturation(p =
0.0777).

Selective Arterial Occlusion Results
When comparing the curves of the control flap group to the selective arterial occlusion flap
group in Figure 4, only the percentage change in total hemoglobin was statistically different
(p = 0.0256), with the selective arterial occlusion flap group decreasing over time. However,
there was no statistical difference in the percentage change in total hemoglobin between the
control flap group and the selective arterial occlusion flap group at any given time point
when a Bonferroni posttest analysis was applied. The percentage change in oxygenated
hemoglobin in the selective arterial occlusion flap group decreased compared with the
control flap group but did not become statistically significant over the entire postligation
time course (p = 0.0888). There were no statistically significant differences between the
control flap group and the selective arterial occlusion group in terms of percentage change in
deoxygenated hemoglobin (p = 0.5198). The percentage change in tissue saturation was also
not statistically different during the postligation measurement period (p = 0.4220).

Selective Venous Occlusion Results
After selective venous ligation, there were statistically significant changes in all four
measured parameters over time between the control flap group and the selective venous
occlusion flap group, as can be seen in Figure 5. The percentage change in oxyhemoglobin
was statistically different between the control flap group and the selective venous occlusion
flap group (p = 0.0029). Using a Bonferroni posttest analysis, the difference between the
control flap group and the selective venous occlusion flap group first occurred at 8 minutes
after selective venous ligation. The percentage change in deoxyhemoglobin, total
hemoglobin, and tissue saturation had a statistically significant difference between the
control flap group and the selective venous occlusion flap group (p < 0.0001) following
selective venous occlusion. Using a Bonferroni posttest analysis, the percentage change in
deoxyhemoglobin was first statistically different within 2 minutes after selective venous
ligation, whereas percentage change in total hemoglobin was different at 4 minutes after
ligation and percentage change in tissue saturation was different within the first minute after
venous ligation.

Native Skin Results
As expected, there were no statistically significant differences between the control flap
group and the nearby native skin group, which did not undergo surgical manipulation. When
comparing the percentage change in the control flap group with that of the native skin group,
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there was no difference in percentage change in oxyhemoglobin (p = 0.6074),
deoxyhemoglobin (p = 0.1775), total hemoglobin (p = 0.1770), or tissue saturation (p =
0.3355). Using a Bonferroni posttest analysis, there were no differences at any time point
along curves between the native skin group and the control flap group.

DISCUSSION
The use of free tissue transfer has become standard practice for complex reconstructions
after trauma or oncologic surgical resections, but the technique is not without complications.
Vascular occlusion can occur to the vessels supplying the flap, resulting in partial or
complete flap loss.1–3,6,24,25 This can be a devastating complication for the patient. Several
large studies have found that isolated venous thrombosis is far more frequent than isolated
arterial thrombosis.1,3,5,6 A majority of both venous and arterial occlusion occurs early in
the postoperative period, within the first 48 to 72 hours after surgery.3,6,13

The published literature suggests that early detection of a vascular compromised flap
followed by early exploration improves salvage rates.5 Because most arterial and venous
occlusions occur within the first 48 to 72 hours after surgery, several different monitoring
devices have been investigated as adjuncts to serial clinical examinations in the early
postoperative period. These adjunctive flap monitoring tools have been used as a means of
allowing for early detection of a compromised flap and thereby expediting surgical
reexploration in an attempt to improve salvage rates of flaps compromised by vascular
occlusion.

Control Flap, Native Skin, and Preselective Vascular Occlusion Data
There was no statistically significant difference among all four groups in terms of
oxyhemoglobin (p = 0.2017), deoxyhemoglobin (p = 0.3145), total hemoglobin (p =
0.2718), and tissue saturation (p = 0.0777) before selective vascular occlusion. The apparent
trend toward a difference with regard to tissue saturation between the native skin group and
the flap groups is likely attributable to multiple factors. We believe this likely reflects the
effects of raising and setting the flaps on the tissue within the flap compared with the native
skin in the two groin flaps, which has not undergone surgical manipulation. If the native skin
group is excluded from the analysis, and the baseline tissue saturation values are compared
in the control flap group, the selective arterial occlusion flap group, and the selective venous
occlusion flap group, there is no statistically significant difference among the groups (p =
0.2316).

It has been demonstrated by prior authors that the process of elevating a flap affects the
physiology of the microcirculation within the flap.26 Given that the native skin group had
the highest measured tissue saturation within the tissue imaged, we believed that the process
of elevating and setting the flap affects the microcirculation of the flap, resulting in a greater
degree of deoxyhemoglobin within the flap's tissues. One possible explanation for this
phenomenon is that in the process of elevating the flap there is disruption of the secondary
venous drainage system of the tissues, resulting in some degree of venous congestion.27,28

Another possible explanation for a higher tissue saturation within the native skin group
compared with the tissues within the three flap groups at baseline is that surgical
manipulation results in injury to the flaps, thereby resulting in an increased metabolic
demand, which in turn increases the oxygen extraction from oxyhemoglobin within the
flaps, resulting in an overall lower measured tissue saturation, which appears to be detected
by the spatial frequency domain imaging device.

As expected, the control flap group demonstrated stable values for all four parameters
measured (oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue saturation)
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during the entire time course after raising and setting the flap (from −10 minutes to 55
minutes). Both the selective arterial occlusion flap group and the selective venous occlusion
flap group demonstrated similar stable values in the preselective vascular occlusion imaging
period (from −10 minutes to 0 minutes).

Selective Arterial Occlusion
In the flaps undergoing selective arterial occlusion, we hypothesized that the spatial
frequency domain imaging device would detect specific patterns of change that have been
described by other groups using near-infrared spectroscopy.20 After selective arterial
occlusion, the amount of measured oxyhemoglobin should decrease nearly instantaneously
as oxygenated blood flow into the flap stops. The amount of deoxyhemoglobin should
initially increase as the tissue within the flap continues to extract oxygen from the
oxyhemoglobin, thereby converting oxyhemoglobin to deoxyhemoglobin. This would be
followed by a decrease in deoxyhemoglobin as the remaining blood within the flap drains
out of the flap because of gravity by means of the patent venous system to more dependent
tissues. The expected pattern of change for total hemoglobin would be a progressive decline
in the total amount of hemoglobin in the flap as blood drains from the flap out of the patent
venous system because of gravity. Tissue oxygen saturation would be predicted to decrease
progressively as the amount of oxyhemoglobin remaining in the flap diminishes over time
after selective arterial occlusion.20

In our study, we found that when comparing the control flap group to the selective arterial
occlusion flap group, only percentage change in total hemoglobin was statistically different
(p = 0.0256). The measured change in percentage change in total hemoglobin levels was as
expected and similar to the changes described by prior authors,20 with the total amount of
hemoglobin in the flap decreasing over time as blood within the flap drains out of the flap by
means of the patent venous system because of gravity. This is consistent with prior authors'
description of the expected changes seen after selective arterial occlusion in a tissue transfer
flap.20

The measured percentage change in oxyhemoglobin appeared to initially be similar to the
expected pattern change, with a decrease in the measured levels of oxyhemoglobin.
However, this did not become statistically significant over the time course of the experiment
(p = 0.0888). The measured levels of percentage change in oxyhemoglobin in the selective
arterial occlusion flap group appeared to initially have a rapid decline in oxyhemoglobin
levels as was expected. However, after approximately 10 minutes after selective arterial
occlusion, the levels of oxyhemoglobin appeared to increase slowly. One possible
explanation is that the Tissue OxImager is measuring the levels of oxyhemoglobin in the
abdominal wall musculature deep to the fasciocutaneous flap, as the average sampling depth
of the device is approximately 3 to 5 mm, which is deeper than the thickness of the
fasciocutaneous flaps in this model.17,18,29 As the blood drains from the flap following
selective arterial occlusion, the maximal sampling depth of the spatial frequency domain
imaging becomes greater. This would be analogous to light penetrating into the ocean from
the surface. If the clarity of the ocean is great, light is able to pass to greater depths; yet if
the water is murky, the amount of light reaching the sea floor will be considerably less.
Thus, as the blood drains from the flap after selective arterial occlusion, the clarity of the
flap becomes greater and the signal detected becomes proportionally more from the tissues
deep to the flap than from the flap itself. Another possible explanation for the slow increase
in percentage change in oxyhemoglobin several minutes after selective arterial occlusion is
that this represents the effects of diffusion of oxygen from the surface of the flap because of
plasmatic diffusion and imbibition from the tissues deep to the flap, in a similar fashion as
occurs with full-thickness skin grafts.
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After selective arterial occlusion, the measured level of percentage change in
deoxyhemoglobin within the selective arterial occlusion flap group was not significantly
different from the control flap group levels (p = 0.5198). Other groups have demonstrated an
increase in measured deoxyhemoglobin after selective arterial ligation.20 The control flap
group and the selective arterial occlusion flap group appear to have a decline in the
measured deoxyhemoglobin levels, as shown in Figure 4. It is possible that the declining
deoxyhemoglobin in the control flap group represents the recovery of the flap and the deeper
surrounding tissues near the flap after the trauma caused by surgical elevation and setting of
the flap. The decline in the selective arterial occlusion flap group represents the drainage of
blood from the flap caused by gravity and the fact that the differences between the two
curves are not statistically significant but are attributable to different mechanisms. It is also
possible that the decline in percentage change in deoxyhemoglobin in both the control flap
group and the selective arterial occlusion flap group is more indicative of the characteristics
of the tissues deep to the fasciocutaneous flap rather than the flap itself.

Tissue saturation, which represents the ratio between oxyhemoglobin and total hemoglobin,
was not statistically different between the control flap group and the selective arterial
occlusion flap group (p = 0.4220), as can be seen in Figure 4. The selective arterial
occlusion flap group appeared to initially have a modest decrease in tissue saturation
following occlusion of the arterial inflow, as would be expected based on previously
published data using tissue spectroscopy to detect selective arterial ischemia.10,11,20,21,30–32

However, after the initial decline, the measured tissue saturation appeared to improve
gradually, becoming near baseline approximately 20 minutes after selective arterial
occlusion and greater than baseline after 40 minutes of selective arterial occlusion. The
selective arterial occlusion flap group consistently had a lower measured tissue saturation
compared with the control flap group but was never statistically different at a given time
point after selective arterial occlusion. The initial decrease in measured percentage change in
tissue saturation suggests an initial desaturation of hemoglobin caused by lack of arterial
inflow. However, the following increase in the percentage change in tissue saturation
implies that the ratio of oxyhemoglobin to total hemoglobin measured eventually increases
over the time course of the experiment. Again, a likely explanation for this observed
phenomenon is that the spatial frequency domain imaging device is measuring the tissues
deep to the fasciocutaneous flaps and the tissues within the flap, and that as the amount of
chromophores present in the flap decreases, the interrogation depth increased as the tissues
become less “opaque” to the specific wavelengths of light used by the device. Thus, as the
total amount of blood within the flap decreased, the spatial frequency domain imaging
device's interrogation depth increases, and the “background signal” from the deeper tissues
beneath the flap becomes more prominent as the signal generated by the fasciocutaneous
flap diminishes. This dynamic phenomenon may also have contributed to the unexpected
results found in the selective arterial occlusion flap group. Given the limitations of the rat
pedicle fasciocutaneous flap model used attributable to the thickness of the flaps, we intend
to carry out a similar set of experiments using a model that more closely mimics the
properties and thickness associated with human tissues. A model using a swine-based
pedicle flap model would provide a flap with a thickness greater than the maximal
interrogation depth of the spatial frequency domain imaging device and would remove this
confounding variable. A swine model would also provide a tissue type more similar to
human skin compared with a rat-based model.33,34

Selective Venous Occlusion
Using the spatial frequency domain imaging device, we observed a rapid decrease from
baseline in the measured values of oxyhemoglobin immediately following selective venous
occlusion. This decrease from baseline became significantly different between the control
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flap group and the selective venous occlusion group after 8 minutes. We expected to observe
an initial increase in the measured amount of oxyhemoglobin within the flap, as arterial
inflow continued for some time until the pressure within the venous system became elevated
enough to equal the arterial inflow pressure and thereby result in cessation of blood flow in
the arterial system to the flap.20

The expected physiologic changes within the tissue with regard to deoxyhemoglobin, total
hemoglobin, and tissue saturation were observed. As expected, following obstruction of
venous outflow from a flap, the amount of deoxyhemoglobin and total hemoglobin
measured within the flap by the spatial frequency domain imaging device increased
dramatically over time as the flaps became engorged with deoxygenated blood. This is
similar to the data reported by other groups that have used near-infrared spectroscopy to
assess venous congested flaps.20,23,35

CONCLUSIONS
Near-infrared spectroscopy and imaging is a set of evolving diagnostic modalities that has
many potential applications in medicine.22 Several authors have published results using
various devices based on near-infrared spectroscopic principles as an adjunct to clinical
examination after tissue transfer.26,30,32,35–38 Generally, the majority of devices described in
the literature are able to detect oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and
tissue saturation from only a small localized region and require movement of a probe over
multiple locations on a flap to determine the chromophore concentrations throughout the
flap. The spatial frequency domain imaging device is capable of rapid, wide-field spectral
imaging in a noncontact manner, and is able to generate chromophore maps, over surface
areas as large as 100 cm2, simultaneously generating maps of oxyhemoglobin,
deoxyhemoglobin, total hemoglobin, and tissue saturation.15–19 In the study carried out here,
the clinical model was “fair skinned” (unpigmented), which reduces the complexity of the
optical problem of separating oxyhemoglobin and deoxyhemoglobin concentration from, for
example, melanin. In the next phase of research, a more advanced light propagation
algorithm will correct the optical signals for skin of arbitrary pigmentation. Another
limitation of this particular study is that each imaging cycle required 15.3 seconds to obtain
and requires tissue to be relatively motionless within the focal zone of the detection camera.
However, neither of these issues is a fundamental limitation of the technique. The next
generation spatial frequency domain imaging device that is being tested is able to acquire an
imaging cycle in less than 1 second and will continue to improve. The ability to acquire data
quickly reduces artifacts related to subject motion.

The spatial frequency domain imaging device has potential as an objective monitor of flaps
after pedicled or free tissue transfer following reconstructive surgery. Further studies using a
large-animal model that more closely simulates the properties and thicknesses encountered
in human skin are needed to determine whether the device can detect and differentiate
between a healthy flap and a flap compromised by arterial and/or venous occlusion.
Ultimately, we hope to assess the capabilities of the spatial frequency domain imaging
device to improve patient management after reconstructive surgery.
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Fig. 1.
Diagram of typical orientation of the flaps on the animal and the region imaged by the
prototype spatial frequency domain imaging device (Tissue OxImager). The illumined
region out-lined by the golden box is the region imaged by the device. The blue box is the
area outside of the surgical field used as the native skin group. The black boxes represent the
area on either the control flap or experimental flaps (selective arterial or selective venous
occlusion flaps). Note the incisions caudal to the flaps used to perform selective ligation of
the vessels.
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Fig. 2.
Sample of digital photograph and the corresponding chromophore maps as generated by the
Tissue OxImager for all four chromophores parameters (oxyhemoglobin, deoxyhemoglobin,
total hemoglobin, and tissue saturation). The flap on the left of each image represents a
control flap, whereas the flap on the right is an experimental flap that underwent selective
venous occlusion. The images at time 0 were obtained just before selective venous occlusion
to the flap on the right side. Note the similar appearance between the control flap and the
experimental flap at this time. The photographs and chromophore maps at time 5, 25, and 55
minutes illustrate the changes over time after selective venous occlusion of the flap on the
right of each image. Note how the Tissue OxImager detects changes in oxyhemoglobin,
deoxyhemoglobin, total hemoglobin, and tissue saturation by 5 minutes after selective
venous occlusion, whereas the clinical appearance of the flap as illustrated by digital
photography is only subtly different in appearance even after 55 minutes.
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Fig. 3.
Comparison of measured chromophore values among all four groups (control flaps, selective
venous occlusion flaps, selective arterial occlusion flaps, and native skin) during the
baseline measurement period from −10 minutes to 0 minutes. The mean values are depicted
as the center line and the error bars represent the range. The confidence interval of 2.5 to
97.5 percent is depicted by the colored boxes.
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Fig. 4.
Graphic illustration of the percentage changes from baseline for each parameter measured in
the control flap group compared with the selective arterial occlusion flap group (note the
scale differences on the y axis). Baseline measurements are from −10 minutes to 0 minutes.
Selective arterial occlusion occurred at time 0 minutes. The p values reflect the differences
over the entire time course between the curve representing the control flap group (gray) and
the selective arterial occlusion flap group (color). Only percentage change in total
hemoglobin was found to be statistically different between the control flap group and the
selective arterial occlusion flap group over the entire postocclusion time course (time 0 to 55
minutes). A Bonferroni posttest analysis did not reveal statistically significant differences at
any given individual time point in any of the four chromophore parameters (percentage
change in oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue saturation).
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Fig. 5.
Graphic illustration of the percentage changes from baseline for each parameter measured in
the control flap group compared with the selective venous occlusion flap group (note the
scale differences on the y axis). Baseline measurements are from −10 minutes to 0 minutes.
Selective venous occlusion occurred at 0 minutes. The p values reflect the differences over
the entire time course between the curve representing the control flap group (gray) and the
selective venous occlusion flap group (color). A Bonferroni posttest analysis found a
statistically significant difference (p < 0.05) in percentage change in oxyhemoglobin at 8
minutes, percentage change in deoxy hemoglobin at 2 minutes, percentage change in total
hemoglobin at 4 minutes, and percentage change in tissue saturation at 1 minute following
selective venous ligation.
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Table 1

Measured Baseline Values for Each Individual Chromophore for the Control Flap, Selective Arterial
Occlusion Flap, Selective Venous Occlusion Flap, and Native Skin Groups*

Group Hbo2 (μM/liter) Hb (μM/liter) HbT (μM/liter) Sto2 (%)

Control flap 67.93 ± 7.302 62.62 ± 6.077 130.5 ± 12.63 51.44 ± 2.041

Selective arterial occlusion flap 45.00 ± 2.989 52.47 ± 4.615 97.54 ± 7.325 46.06 ± 1.108

Selective venous occlusion flap 58.85 ± 7.813 59.16 ± 4.746 118.0 ± 11.59 48.77 ± 2.326

Native skin 61.00 ± 9.940 50.70 ± 4.449 112.0 ± 13.98 53.29 ± 2.160

p 0.2017 0.3145 0.2018 0.0777

HbO2, oxyhemoglobin; Hb, deoxyhemoglobin; HbT, total hemoglobin; StO2, tissue saturation.

*
Baseline values represent the average value for each chromophore measured during the 10-minute period (−10 minutes to 0 minutes), just before

selective vascular occlusion in the experimental flap groups (selective arterial and selective venous occlusion flap groups). Statistical analysis was
performed using a one-way analysis of variance with a Dunnett's posttest analysis allowing for a direct comparison of the baseline chromophore
values between the control flap group and the three other groups (selective arterial occlusion flap, selective venous occlusion flap, and native skin
groups).
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