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Abstract
Background:
In microsurgery, there is a demand for more reliable methods of postoperative monitoring of
free flaps, especially with regard to tissue threatening obstructions of the feeding arteries and
draining veins. In this study, we evaluated laser speckle contrast imaging and laser Doppler
flowmetry to assess their possibilities to detect partial and full venous outflow obstruction, as
well as full arterial occlusion, in a porcine flap model.

Methods:
Cranial gluteal artery perforator flaps (CGAP) were raised and arterial and venous blood flow
to and from the flaps was monitored using ultrasonic flow probes. The venous flow was altered
with an inflatable cuff to simulate partial and full (50% and 100%) venous obstruction and
arterial flow was completely obstructed using clamps. The flap microcirculation was monitored
using Laser Speckle Contrast Imaging (LSCI) and Laser Doppler Flowmetry (LDF).

Results:
Both LDF and the LSCI detected significant changes in flap perfusion. After partial (50%)
venous occlusion, perfusion decreased from baseline, LSCI: 63.5 ± 12.9 PU (p = 0.01), LDF
31.3 ± 15.7 (p = 0.64). After 100% venous occlusion, a further decrease in perfusion was
observed: LSCI 54.6 ± 14.2 PU (p < 0.001) and LDF 16.7 ± 12.8 PU (p < 0.001). After release
of the venous cuff, LSCI detected a return of the perfusion to a level slightly, but not
significantly, below baseline level 70.1 ± 11.5 PU (p = 0.39) while the LDF signal returned to
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a level not significant from baseline 36.1 ± 17.9 PU (p > 0.99). Perfusion during 100% arterial
occlusion decreased significantly as measured with both methods, LSCI: 48.3 ± 7.7 (PU, p <
0.001) and LDF: 8.5 ± 4.0 PU (p < 0.001). During 50% and 100% venous occlusion, LSCI
showed a 20% and 26% intersubject variability (CV %), respectively, compared to 50% and
77% for LDF.

Conclusions:
LSCI offers sensitive and reproducible measurements of flap microcirculation and seems more
reliable in detecting decreases in blood perfusion caused by venous obstruction. Also, it allows
for perfusion measurements in a relatively large area of flap tissue. This may be useful in
identifying areas of the flap with compromised microcirculation during and after surgery.

Keywords:
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Introduction
Microsurgical free-tissue transfer is a well-established technique to cover defects after
trauma and cancer surgery. The major cause of flap failure is venous thrombosis, which leads
to a decrease of the blood drainage from the flap and a stasis and subsequent congestion of
blood in the tissue. This mostly occurs within the first two days postoperatively and during this
time span it’s vital for the surgeon and other health staff to regularly check up on the viability
of the flap [1, 2].
The success rate for most types of microsurgical free tissue transfers is very high. Still,
follow ups show that some patients will need reoperation due to compromised flap viability and
that a few percent of the flaps are lost due to flap failure [1, 3, 4].
One challenge has therefore been to find a reliable way to monitor the viability of the
flap with a high degree of sensitivity and specificity. Surgeons still much rely on clinical
controls like colour changes of the skin, changes in temperature and capillary blink. However,
a number of different methods has evolved over the years to allow for more reliable and user
independent surveillance of flap viability [5].
One of the most commonly used techniques for monitoring blood flow in microvascular
flaps is Laser Doppler Flowmetry (LDF), which measures the microvascular perfusion by
combining the concentration and velocity of red blood cells in the tissue. This method is limited
by its small measurement volume and the measured perfusion value is therefore subject to the
large inherent heterogeneity of the microcirculation of the flap tissue, which in turn can produce
false high or low perfusion values [6-11].
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Laser Speckle Contrast Imaging (LSCI) is a camera-based technique that illuminates an
area of tissue with divergent 785 nm laser light and analyses the interference pattern of the light
that is scattered from the tissue. This makes it possible to measure perfusion in an area of tissue.
The method has been used both in experimental settings to measure blood perfusion after
controlled tissue provocations, including post-occlusive reactive hyperaemia, and clinically to
assess perfusion in scald burns [12-15].
Most studies on flap perfusion have been focusing on arterial obstruction, rather than
venous obstruction. This is even though venous congestion has been shown to occur more
frequently and to cause more deleterious effects on the tissue than arterial ischemia [16]. As
vessel thrombosis is likely to progress from partial to full occlusion, we designed this study to
address partial as well as full venous obstruction. We used a porcine flap model that allows for
controlled venous occlusion with the aim to compare LSCI measurements to single point
measurements with LDF [17, 18]. The CGAP flap was designed to consistently include an area
of compromised perfusion, in order to assess if LSCI could detect spatial variations in perfusion
depending on the distance from the pedicle.

Materials and Methods
Animals
Five mixed breed pigs (mean age 4 months, 45 kg, Swedish Landrace pigs) were used
for the study. They were pre-anesthetized with Dexdomitor 0.1 mg/kg, Zoletil 5 mg/kg and
atropine 0.05mg/kg. Anaesthesia was withheld with Pentobarbital sodium 8 mg/kg/h and
fentanyl 0.5 µg/kg/h dissolved in Ringer’s acetate given continuously intravenously with
motorized infuser along with crystalloid fluids (Ringer acetate). Body temperature, blood
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pressure, heart rate and oxygen saturation were monitored during the whole procedure. After
the interventions and measurements had been performed on one side, the animal was turned
and the procedure was repeated on the contralateral side. The pigs were finally euthanized with
a mix of Pentobarbital sodium and 70% ethanol without regaining consciousness.

Surgery
A 12 x15 cm fascio-cutaneous island flap based on the cranial gluteal artery perforant
(CGAP) were raised from the buttocks of each pig (Figure 1). The flap was dissected along the
surface of the muscle, including skin, subcutaneous tissue and muscle fascia in the flap. The
pedicle of the flap, containing the perforator artery along with comitant veins was carefully
isolated and the sensory nerve cut. The comitant veins were separated from the artery and one
of them was ligated. Then, perivascular flow probes (Transonic Precision Perivascular Flow
Probe MA-2PSB Transonic Systems Inc. 34 Dutch Mill Road, Ithaca, NY 14850 USA) were
placed around the vessels, after which the corners of the flap were sutured to the corners of the
defect and wet swabs were placed on uncovered wound surfaces to keep them moist.
An inflatable vascular occluder (Norfolk Medical Products Inc., 7350 N. Ridgeway,
Skokie, Illinois 60076 USA) was placed around the vein, distal to the flow probe, and fixated
to nearby tissue with sutures. A 2 ml syringe was used to inflate the cuff with saline to control
the amount of occlusion applied to the vein.

Equipment
Transonic perivascular flow probes (Transonic Precision Perivascular Flow Probe MA2PSB Transonic Systems Inc. 34 Dutch Mill Road, Ithaca, NY 14850 USA) were used to
monitor the flow in the supplying vessels. The first probe was placed at the base of the artery
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and the second at the base of the vein. Both were fixated with sutures to the surrounding tissue.
The probes were connected to a Transonic TS420 Perivascular Flow Meter Module.
A Laser Speckle Contrast Imager (PeriCam PSI System, Perimed AB, Järfälla, Sweden)
was placed approximately 20-25 cm above the surface of the flap to measure the perfusion in
different areas of the skin of the flap. In short, LSCI measures perfusion illuminating the tissue
with a divergent laser beam with a wavelength of 785 nm. This creates a speckle pattern over
the illuminated area. A CMOS camera captures the speckle image while another captures a
conventional colour image of the measured area. The principle of the measurement technique
of LSCI has been previously described in detail [12, 13]. The image size was set to correspond
to a 10 x 15 cm area of skin and the distance between the camera and the skin was kept between
20 and 25 cm. The acquisition rate was set to 21 images/s. With each measurement, the
perfusion data from 42 consecutive images were averaged, resulting in a total measurement
time of 2 s for each image. The spatial resolution of the perfusion image is 0.2mm/pixel at a
measurement distance of 20-25 cm.
In addition to LSCI, perfusion was also monitored continuously using two laser Doppler
flow probes (Probe 45781-1, Perimed AB, Järfälla, Sweden) connected to a Laser Doppler
Monitor (PeriFlux, Perimed AB, Järfälla, Sweden). The probes have a fibre separation of 0.25
mm and measure perfusion at a depth of about 0.5 mm.
Skin temperature was monitored continuously using a thermistor taped to the skin
surface. All measurement devices were calibrated according to the instructions of the
manufacturers before the experiments.
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Measurements
After the surgery was performed, the flap was raised and the baseline measurements
started. Baseline hemodynamic and ventilatory readings, flap arterial flow, flap venous outflow,
and skin temperature were measured every 5 minutes. Skin perfusion was continuously
measured using LDF (two different probes, one probe heated to 40 degrees Celsius and one
unheated) and LSCI. LSCI images were acquired every 5 minutes during baseline and every
minute during occlusion.
After 30 minutes of baseline measurements, the flap outflow vein was partially occluded
to obtain a flap arterial flow around 50 % of the mean baseline flap arterial flow. After 30
minutes of partial occlusion, the flap vein was clamped with a removable microvascular clamp
to achieve 100% occlusion. The clamp was removed after 30 minutes and a 40 minutes venous
recovery phase was initiated. The protocol ended with 30 minutes arterial occlusion with the
vascular clamp applied to the flap artery followed by 30 minutes of arterial recovery.

Statistics
LSCI images were processed using the system’s analysis software (PSIWin, Perimed,
Järfälla, Sweden). In each image, three circular regions of interest were selected within the flap,
one proximal to the pedicle, one centrally and one distal (Figure 1a). They were positioned
approximately 2 cm apart and had a diameter of approximately 3 cm. For each image, the
average perfusion in each ROI was calculated. Laser Doppler perfusion data was collected with
an interval of 5 minutes.
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Shapiro-Wilk normality tests were performed to confirm that the data was no
inconsistent with a Gaussian distribution. All data is in text and tables are presented as mean ±
SD. Two-way analyses of variance for repeated measures with Sidak’s multiple comparisons
test were performed to test whether changes from baseline were significant, for the respective
measurement techniques. Intersubject variability was assessed by percent coefficient
variability. Statistical calculations were done using GraphPad Prism version 6.0 for Mac OS X
(GraphPad Software, San Diego California USA, “www.graphpad.com”). For all analyses,
probabilities of less than 0.05 were accepted as significant.

Results
Blood pressure and heart frequency were kept stable throughout the protocol in all animals. No
changes in temperature were seen in any of the raised flaps.

Mean arterial and venous blood flow through the pedicle, as well change in mean skin perfusion
measured by LDF and LSCI are presented in Figure 2. During baseline, mean arterial and
venous blood flow through the pedicle as measured using the flow probes was 13.34 ± 0.75
ml/min and 13.37 ± 0.72 ml/min, respectively. Perfusion in the skin during baseline was 76.8
± 9.9 PU (LSCI) and 36.6 ± 17.3 PU (LDF). After partial (50%) venous occlusion, mean arterial
blood flow was reduced to 9.39 ± 0.67 ml/min while mean venous blood flow was 5.24 ± 0.36
ml/min. Perfusion as measured with LSCI was reduced to 63.5 ± 12.9 PU (p = 0.01), while no
change was seen using LDF 31.3 ± 15.7 (p = 0.64). After 100% venous occlusion, a further
decrease mean arterial blood flow (4.99 ± 0.66 ml/min), mean venous blood flow (0.03 ± 0.02
ml/min) was observed. The perfusion was also reduced compared to baseline, both as measured
using LSCI 54.6 ± 14.2 PU (p < 0.001) and LDF 16.7 ± 12.8 PU (p < 0.001). After release of
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the venous cuff, blood flow through the pedicle returned to basal levels (arterial flow 14.31 ±
0.62, venous flow 13.00 ± 0.49 ml/min) while perfusion, as measured using LSCI, returned to
a level slightly, but not significantly, below baseline level, 70.1 ± 11.5 PU (p = 0.39) while
perfusion, as measured using LDF, returned to a level not significantly different from baseline,
36.1 ± 17.9 PU (p > 0.99) (Table 2). After total arterial occlusion, arterial flow was effectively
stopped (0 ml/min) while venous flow was 0.15 ± 0.03 ml/min. Perfusion during 100% arterial
occlusion decreased significantly as measured with both methods, LSCI: 48.3 ± 7.7 (PU, p <
0.001) and LDF: 8.5 ± 4.0 PU (p < 0.001). During all provocations, perfusion as measured with
LSCI had a lower intersubject variability (% CV) compared to perfusion as measured with LDF
(LSCI, baseline.

LSCI images from one representative flap showing typical perfusion images during the six
different phases of the protocol are shown in Figure 3. The LSCI images show clear differences
in false-colour scale between the different phases of the experiment, associated with changes in
perfusion. During all phases, a downward perfusion gradient from the pedicle towards the distal
part of the flap can easily be recognized as a gradual change in colour from the left to the right
side of the LSCI images. This is further exemplified in the time course of the perfusion in three
different ROIs in this particular flap, one in the well-perfused part of the flap (ROI 1), one in
the middle (ROI 2) and one in the less-perfused, distal part of the flap (ROI 3). During all
phases, the perfusion in ROI 3 is lower than in ROI 1 and ROI 2.
In Figure 4, the mean skin perfusion from the well vascularized part of the flap (ROI 1) were
compared to perfusion in the poorly vascularized part of the graft (ROI 3). During all phases of
the experiment, the perfusion was lower in the poorly vascularised part of the flap than in the
well vascularised part. In the poorly vascularised part of the flap, a significant change in
perfusion compared with baseline was only seen during complete arterial occlusion (p=0.01),
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while no significant changes in perfusion were seen during partial (p=0.10) or complete
(p=0.12) venous occlusion. In the well vascularised part of the flap, significant changes in
perfusion compared with baseline were seen during both partial (p=0.007) and complete
(p=0.01) venous occlusion as well as during arterial occlusion (p=0.001).

Discussion
Early identification of vascular occlusion in flaps is important as it increases flap salvage. LDF
is still the most commonly used method for postoperative monitoring of free flaps, but it is
limited by the fact that it only measures perfusion in a single point in the flap. The aim of the
study has been to investigate LSCI as an alternative to LDF for the detection of partial and total
venous occlusion. We modified a previously established porcine model where alterations in
arterial and venous blood flow can reproducibly be altered and closely monitored. An advantage
of the model is the similarity of skin features between human and pig as well as the ability to
raise a large flap based on a single vessel suited for adequate measurements [19]. Another
advantage of the model is that the flap size allows for a zone with compromised circulation, in
the distal part of the flap. This enables us to assess how LSCI functions both in well vascularized
as well as poorly vascularized tissue.
The main finding of this study is that LSCI can detect regional changes in skin perfusion
in the flap after partial and complete venous obstruction. We observed significant decreases in
perfusion both during 50% and complete venous occlusion with LSCI, while changes in
perfusion seen with LDF during venous occlusion were less consistent. This result is consistent
with results from our previous studies, in which LSCI has been shown to have a higher
reproducibility with measuring changes in perfusion after exsanguination, arterial and venous
occlusion of the forearm, and during post occlusive reactive hyperaemia (PORH) (unpublished
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results). This difference in sensitivity between LSCI and LDF is most likely explained by the
higher variability seen with LDF (measured as % coefficient of variation), which has also been
found in previous studies and is related to the heterogeneity in the perfusion in the skin [11],
which considerably affects the LDF results. Placement of the probe will thus greatly affect all
LDF measurements whereas LSCI offers the possibility to assess skin perfusion over larger
areas. We chose to place the LDF probe consistently in the centre of the well vascularised part
of the flap, which is in accordance with how the probe is used in our clinic for postoperative
monitoring of flaps. Recordings from this placement will however not give representative data
from less vascularized parts of the flap.
We observed an even stronger reduction in skin perfusion during complete arterial
occlusion than during both partial and complete venous occlusion. However the perfusion did
not reduce to zero, and local variations in perfusion were still seen in the flap during complete
arterial occlusion. One possible explanation for this is that the remaining perfusion is caused
by a venous backflow during arterial occlusion. Also, the perfusion signal in LSCI is related to
both the concentration and the velocity of red blood cells, the remaining perfusion seen during
arterial occlusion may also be caused by preserved differences in the concentration of red blood
cells during stasis.
In our study we were unable to see any significant postoperative reactive hyperaemia
after arterial occlusion. An earlier study, in which Laser Doppler Perfusion Imaging (LDPI)
was used to monitor radial forearm flaps peri-operatively showed a significant hyperaemia after
reperfusion [9]. The difference between the results in our study and the previous study may be
caused by differences in occlusion time [20], or by the fact that we applied a venous occlusion
before the arterial occlusion, which could have affected the vascular reactivity. Finally,
differences in measurement techniques could be responsible for the difference seen between
studies.
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The fact that LSCI provides a spatial perfusion map over the entire flap makes it possible
to identify the poorly vascularised zones, something that LDF cannot do. For example, there
was a difference in LSCI baseline values between areas with good (ROI 1) and compromised
circulation (ROI 3). Also, we observed a tendency for LSCI to give a less significant change in
areas that have a compromised circulation at baseline, although the trends are similar.
Therefore, is seems that for post-operative monitoring, the mean perfusion in the entire flap, or
in the central zone of the flap should be monitored.
When we compared the maximal hyperaemic response after total arterial occlusion
between the well vascularised and poorly vascularised areas, we could in the LSCI data further
see that perfusion increased from 48.1 to 86.1 AU in ROI 1, which corresponds to a 79 percent
relative increase whereas perfusion in ROI 3 increased from 29.4 to 47.1 AU, which only
corresponds to a 60 % relative increase. That is, the maximum response after arterial occlusion
is substantially lower in areas where the LSCI baseline measurements indicate a lower perfusion
in the tissue. This also corresponds to the findings of the previously mentioned study [9], in
which the typical post occlusive hyperaemia was absent in one flap that was discarded based
on clinical observations.
It is thus possible that LSCI can be used peri-operatively, or in prolonged study
protocols, during certain types of flap surgery where only some parts of the raised flap is used
for the reconstruction, and the rest of the flap is discarded. This decision has traditionally been
based on the surgeon’s experience, and clinical findings during surgery. The LSCI
measurements might offer support for the surgeon in this decision. Finally, it would be
interesting to follow the flaps over time and see if these data correlate to the long-time survival
of compromised flap areas.
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A limitation of this study was that the animals were not kept alive for a prolonged period
after surgery, and we were therefore unable to monitor the compromised areas over time. In
upcoming studies we will prospectively use LSCI to monitor flaps pre- and post-operatively to
enable correlation analysis of the measurements with the outcome of the operation, and possibly
identify threshold values for tissues at risk, that may be discarded at the time of surgery. Another
limitation of the study is that we did not measure perfusion with either LSCI or LDF prior to
surgery. These measurements would however probably not reflect the postoperative circulation
of the flap, since the area would get part of its circulation from collateral vessels. It would also
have been interesting to measure perfusion with LDF simultaneously in different regions of the
flap, but we were unable to do this in the current study.
Although our results show clear benefits in favour of LSCI, in terms of variability and
reliability, the technique has some limitations when compared to LDF. The LSCI apparatus is
relatively bulky and, currently, more expensive than LDF. Because LSCI is a camera-based
technique, it can only measure on tissues that are superficially exposed, such as radial flaps,
ALT flaps, or to monitor replants. Also, even though data is acquired within seconds, the LSCI
is highly sensitive to motion artefacts during this time, and misleading data can be obtained if
the observer is inexperienced with the technique. LDF on the other hand collects data
continuously and trends can easily be followed even by an inexperienced observer. Also, LDF
allows for use on flaps were the flap surface is facing body cavities such as after intraoral
reconstruction. For these reasons, LSCI is unlikely to replace LDF as the workhorse for
postoperative free flap monitoring, at least in the near future, until some of the major limitations
are resolved. The technique could instead be promising for assessment of the viability of
different parts of skin flaps during and after surgery, to identify parts that may need to be
discarded due to poor perfusion.
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Figure legends
Figure 1
Above: Schematic overview of the surgical procedure of the cranial gluteal artery perforant
(CGAP) flap and of the experimental protocol.
Below: Photographic montage showing a representative flap after it was raised. (A) The flap
was designed large enough to contain three discrete zones (corresponding to regions examined
with ROI 1-3 with LSCI), where zone 1 and 2 consistently were found to be well vascularized,
and zone 3 was consistently poorly vascularized. (B) The flap was raised and (C) cuff and flow
probes were placed around the supplying artery and the draining vein.(D) LDF probes and a
temperature sensor were attached to the skin of the flap using double-adhesive tape.

Figure 2. Mean (SEM) % change from baseline in perfusion in the well-vascularized part of
the flap (ROI 1), for LSCI (circles) and LD (squares) for the six different phases of the protocol;
(A) baseline, (B) 50% venous occlusion, (C) 100% venous occlusion, (D) recovery, (E) 100%
arterial occlusion and (F) recovery. Blood flow (ml/min) through the supplying artery is
presented with a dotted line and blood flow through the draining vein is presented with a thin
grey line.

Figure 3. LSCI images from one representative flap showing typical perfusion images during
the six different phases of the protocol (left); (A) baseline, (B) 50% venous occlusion, (C) 100%
venous occlusion, (D) recovery, (E) 100% arterial occlusion and (F) recovery. Three different
regions of interest (ROI 1-3) are indicated in the images, with decreasing perfusion depending
on the distance from the pedicle, where ROI 1 and ROI 2 is in the well vascularized zone of the
flap and ROI 3 is in the less vascularized zone (see Figure 1). (G) shows time course of the
perfusion changes during these phases in the corresponding three regions of interest (ROI 1-3).

Figure 4. Perfusion in absolute AU (mean, SEM) as measured by LSCI in the well vascularized
zone ROI 1, and the poorly vascularized zone ROI 3 for the six different phases of the protocol;
(A) baseline, (B) 50% venous occlusion, (C) 100% venous occlusion, (D) recovery, (E) 100%
arterial occlusion and (F) recovery. ** (p<0.005) and * (<0.05) indicate that there is a significant
difference in perfusion compared with baseline, ns = no significant difference in perfusion
compared with baseline.

Table 1. Mean (SD) blood pressure (systolic/diastolic), heart frequency and flap temperature
over respective phase of the protocol.

Table 2. Changes in perfusion presented as means (SD) and %CV%. ** (p<0.005) and *
(<0.05) indicate that there is a significant difference in perfusion when compared to baseline,
ns= non-significant difference in perfusion.

Table 1.
Blood pressure

Heart frequency

Flap temperature

mmHg; mean (SD)

Beats min-1; mean (SD)

degrees Celcius; mean (SD)

Baseline

122/78 (10/10)

95 (6)

39 (0)

50% venous occlusion

119/76 (8/10)

95 (6)

39 (0)

100% venous occlusion

112/74 (8/16)

95 (8)

40 (1)

Recovery

112/68 (10/15)

95 (5)

40 (1)

100% arterial occlusion

108/64 (8/13)

91 (15)

40 (0)

Table 2.

LSCI

LD

mean (SD)
76.8 (9.9)

%CV
13

mean (SD)
36.6 (17.3)

%CV
47

50% venous occlusion

63.5 (12.9) **

20

31.3 (15.7) ns

50

100% venous occlusion

54.6 (14.2) ***

26

16.7 (12.8) ***

77

Recovery

70.1 (11.5) ns

16

36.1 (17.9) ns

50

100% arterial occlusion

48.3 (7.7) ***

16

8.5 (4.0) ***

45

Baseline

