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minimize the complications and achieve the best postoperative
outcome.

?ﬁﬁrmogg;phy Patients anq methods: Thermography was performe.d in 20 pgrfo—
perforator flaps rator flaps in 20 patients at different surgical stages in three differ-
microsurgery ent ways to identify the most dominant perforator: first, by mea-
DIEP flaps suring the surface temperature of the skin; second, by using the

dynamic infrared thermography technique; and third, by assessing
the perfusion pattern when the flap was supplied by each perfo-
rator separately. Thermography was used to help in discarding the
least perfused area of the flap. After microvascular anastomosis, the
flap reheating pattern was evaluated.

Results: Seventeen free and three pedicled perforator flaps were
included. Intraoperatively, each of the selected perforators had a
corresponding hotspot. The perforator with the hottest hotpot, best
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rewarming, and provision of best flap perfusion on thermography
was found clinically dominant. After microvascular anastomosis in
free flaps, rapid rewarming was recorded in 15 cases. In two deep
inferior epigastric perforator flaps, no rapid rewarming was ob-
served. The pedicle was kinked in one case and there was a venous
insufficiency in another case that required a cephalic turndown. All
flaps showed good perfusion on thermography after inset.
Conclusion: Smartphone thermography has proven to be a valu-
able, cheap, rapidly employed, and objective tool not only for the
design of perforator flaps, but also for the decision making intra-
operatively to achieve the best surgical outcome.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of
British Association of Plastic, Reconstructive and Aesthetic
Surgeons.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Perforator flaps are commonly used, in the form of pedicled or free tissue transfer, for the recon-
struction of soft tissue defects. They gained popularity in the recent years in the field of reconstruc-
tive microsurgery because of their ability to reduce the donor site morbidity." Accurate identification
of the exact location of the perforators is critical component of successful reconstructive surgical pro-
cedures. However, skin perforators do not have a fixed anatomical location, which makes their intra-
operative identification challenging.?->

Previously, locating the most ideal perforators depended on specific anatomical landmarks that
were mainly guided by cadaveric dissection studies. In 1987, Taylor and Palmer* explained the angio-
some concept using lead oxide injection and defined it as composite tissue blocks perfused by a single
source artery. Surface topographic landmarks are generally useful as a starting point in perforator flap
design, but they can vary considerably among patients, hence not entirely reliable.>-6

Recently, technological advancements within imaging modalities have proved effective in preop-
erative mapping and intraoperative assessment. Computed tomographic angiography (CTA), although
remains the gold standard for preoperative mapping of perforators, is expensive, exposes the patient
to the risk of intravenous contrast and radiation, requires a radiologist for interpretation and, more
importantly, cannot be used intraoperatively.” Color ultrasound Doppler has been used for assessment
of vessel caliber, but it is highly operator dependent.?

These imaging tools assess perforators during the preoperative planning phase; however, most of
the surgeons still rely on the clinical assessment of the vessel location and size intraoperatively as
the final determining factor.® Lindsey!® highlighted the importance of intraoperative evaluation for
perforator selection in deep inferior epigastric perforator (DIEP) and muscle sparing free transverse
rectus abdominis myocutaneous flaps. Intraoperative assessment enables the surgeon to evaluate the
perforator after releasing fascial collar and attachments that cannot be achieved using preoperative
imaging, helping the surgeon to find out the dominant perforator intraoperatively.

Indocyanine green fluorescence (ICG) imaging has recently been utilized intraoperatively in per-
forator flap surgery to assess flap perfusion, but not without its own disadvantages. It is invasive,
contraindicated in patients with hepatic and renal diseases, and can cause allergic reactions.!! It also
requires devices that are costly, either inbuilt into the microscope or a large standalone device.!?

However, thermal imaging technology detects infrared radiation from the skin, which is well cor-
related with the local skin temperature changes, and the cutaneous perfusion.'®>-'* This process was
first described by Arai and Fukuda.'” They introduced “hotspots” that have been used as surface land-
marks for perforator mapping.'® Later on, dynamic infrared thermography (DIRT) was described, in
which the skin surface is exposed to a cold challenge and then the pattern of skin rewarming is
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Table 1
Patient characteristics.
Study population Patients (n=20)
Patients characteristics
Age: mean (min-max) 43.8 (10-67)
BMI (kg/m?): mean (min-max) 26.4 (18-30)
Free flap 17
- DIEP 13
- ALT 3
- TDAP 1
Pedicled flap 3
- PTAP 2
- ALT 1
Immediate 11
Delayed 9
Reconstructed region
- Breast 13
- Head and neck (right side of neck) 1
- Lower limb 6
« Groin 1
« Knee 1
- Leg 1
« Ankle 1
- Foot 2
Indications for reconstruction
- Breast cancer 13
- Sarcoma 1
- Post-traumatic skin loss with bone/tendon exposure 3
- Chronic ulcer 1
- Scar contracture 2

analyzed.”” Thermography has been proposed by many authors being a noninvasive low-cost tech-
nique, easily used and compatible with hand-held smartphone devices;'8-20 however, the versatility
and applicability of using smartphone thermal imaging technology intraoperatively in different kinds
of perforator flaps is unclear.

In this study, we evaluate the uses of smartphone thermal imaging technology as a valuable in-
traoperative modality in perforator flap surgery. Although CTA is the gold standard in terms of pre-
operative decision making, we believe it is crucial to have a reliable intraoperative imaging modality
where the CTA cannot be used. This low-cost imaging tool is easy to use and may be advantageous
in resource poor settings. We aim to evaluate the reliability of the smartphone thermography to aid
intraoperative decision making and its versatility to be used in complex reconstructive procedures,
especially in places with limited resources.

Patients and methods
Inclusion and exclusion criteria

Twenty perforator flaps in 20 patients were included in this prospective study; 13 DIEP flaps, 4
anterior lateral thigh (ALT) flaps, 2 posterior tibial artery perforator (PTAP) flaps, and 1 thoracodor-
sal artery perforator (TDAP) flap (Table 1). Exclusion criteria were active smokers, body mass index
(BMI) over 30 kg/m?, patients not fit for surgery (American Society of Anesthesiologists classification
> 4), and patients with medical conditions that could alter tissue temperature such as acute inflam-
mation, osteomyelitis, peripheral vascular disease or vasculitis, chronic kidney or liver disease, cardiac
dysfunction, or the intake of vasoactive medication (beta-blockers, calcium channel blockers, and ni-
troglycerine). Informed consents were signed by the patients who participated in the study.
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Figure 1. A: Perforator mapping of the abdomen before the cold challenge. B: After the cold challenge test.

Preoperative mapping

Preoperative perforator mapping was performed using a 64-section multidetector CT system
(Philips Medical Systems, Cleveland, OH, USA). After induction of general anesthesia and before
surgery, several perforators were selected based on preoperative imaging and marked on the skin.
This was then confirmed using the hand-held Doppler ultrasound (8 MHz, Multi Dopplex II, Huntleigh
Healthcare, Cardiff, UK) and thermal hotspots using smartphone thermal imaging camera (FLIR ONE
Pro, FLIR Systems, Inc., Wilsonville, Ore.) (Figure 1).

Intraoperative

Dominant perforator selection

Thermal imaging was used during different stages of the surgical procedure in all patients
(Table 2). The operating room temperature was kept between 23 and 28°C. Before capturing any ther-
mal images, no pressure was applied to the skin for at least 3 minutes. The optimal camera temper-
ature range focus was set to 28 to 32°C, and the distance between the camera and the skin of the
patients was kept between 40 and 70 cm.

The selected perforators were dissected in the supramuscular fascia plane. Intraoperative assess-
ment of perforators was performed first by taking thermal images of the flap and ensuring that the
hotspots were corresponding to the underlying perforators, following which the surface temperature
of each hotspot was measured using the device and compared with each other. The hottest hotspot
should correspond to the most dominant perforator. If temperature difference was inconclusive (two
hotspots had the same surface temperature), then evaluation of perforators was performed with the
aid of DIRT technique. The cold challenge was performed using a cold reusable gel pad. The gel pad
was kept in a refrigerator (4°C) for 20 minutes. Then, it was coated with a thin sterile plastic bag and
applied to the region of interest for 15 seconds and then removed. Care was taken to eliminate water
condensate and wrinkles on the outside of the plastic cover to reach an equal cooling of the examined
skin. During the recovery session, the first appearing hotspot was selected as the dominant perforator
(Figure 2).

To assess flap perfusion when based on each single perforator, microvascular clamps were used
to clamp the perforators until the flap showed no heated/perfused areas, then one perforator was
unclamped each time and the pattern of perfusion was assessed both clinically and thermographically,
giving an idea about the effect of each perforator on flap perfusion (Figure 3). The correspondence
between the thermal and clinical findings was recorded, and the dominant perforator was selected.

Perforator dominancy was checked clinically, defined by the ability of the perforator to provide
blood supply to the largest area of the flap, and then compared with the thermal findings. The per-
forator with the hottest hotpot, best progressive rewarming, and provision of best flap perfusion on
thermography was considered thermographically dominant.
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Table 2
Different intraoperative uses of thermography.
The surgical step Expected findings Importance
1- Before skin incision Location of different perforators Identification of exact location of

perforators that helps to
accelerate the flap harvest
procedure
2- After suprafascial dissection of One perforator is hotter than the Identification of the dominant
selected perforators others. Different ways to perforator
determine that:

1) Comparing the surface
temperature of each perforator

2) DIRT (cold challenge)
technique

3) The pattern of perfusion when
the flap is based on each
perforator using the
clamping/unclamping method

3- Assessment of the flap Areas of good perfusion, poor Multiple surgical decisions can be
perfusion when based on the perfusion, and no perfusion made:

dominant perforator . .
1) The appropriate flap size

2) Removal of the nonperfused
areas of the flap

Perfusion pattern will give an
idea whether a bipedicled flap
is needed or the perfusion
provided through a single
pedicle is sufficient

3

=

4- Assessment of flap perfusion Pattern of flap reperfusion Identification of early vascular
after anastomosis and flap inset compromise of the pedicle/pedicle
kinking or excessive compression

Figure 2. A: Thermal imaging of the left thigh showing the anterior lateral thigh ALT flap perforators. Note the white arrow
pointing to the first rewarming perforator P1 after the cold challenge test. B: The white arrow pointing to the second re-
warming perforator P2. C: Intraoperative picture of the raised ALT free flap. Intraoperatively, both P1 and P2 were found to be
corresponding to the best two perforators (in terms of size and pulsatility); hence, both of them were harvested and dissected
to their common origin.
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Figure 3. Thermal imaging of a DIEP flap raised in the supra-muscular fascia plane with only 3 perforators left attached.
Microvascular clamps were used to clamp the perforators until the flap showed no heated/perfused areas, then one perforator
was unclamped each time and the pattern of perfusion was recorded giving an idea about the effect of each perforator on the
flap perfusion. A: The three arrows pointing to the location of the perforators before clamping. B: P1 perforator was unclamped
and the pattern of perfusion was captured. C: P1 perforator was re-clamped and P2 perforator was unclamped. The pattern of
flap perfusion was then captured again. D: P1 and P2 were clamped and P3 unclamped. Notice the flap perfusion on thermal
imaging is best when based on P3. This was corresponding to the clinical findings which meant that P3 was the dominant
perforator and the decision was made to raise the flap based on it.

Figure 4. DIEP flap was raised and thermal imaging was used just before division of the pedicle to mark and discard the least
perfused part of the flap. Note the least perfused area of the flap in thermal imaging was most of Zone IV and was marked on
the skin (red line). In this case, ICG imaging was also used to assess the flap perfusion before division and the findings/markings
(blue line) were noticeably corresponding to thermography findings.

Assessment of perfusion before flap transfer
After completion of perforator dissection, the least perfused part of the flap was discarded based
on the clinical assessment after comparing that with the thermography findings (Figure 4).

Assessment of perfusion after flap transfer/microvascular anastomosis

After completion of the microvascular anastomosis, in cases of free flap transfer, the pattern of flap
reheating/reperfusion was evaluated. The final intraoperative measurement was performed after flap
inset to assess the patency of the pedicle after manipulation (Figure 5).
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Figure 5. The final intraoperative measurement was performed after flap inset to assess the patency of the pedicle. In this
case, DIEP flap was used for delayed breast reconstruction after a previous mastectomy. Note the good flap perfusion assessed
by thermography and clinically.

Table 3
Clinical outcomes/postoperative complications.
Complications Number of cases Flap type Further procedure(s)
Wound dehiscence 2 1 DIEP Healed by secondary intention
1 Free ALT
Fat necrosis 2 DIEP None
Significant breast asymmetry 1 DIEP Contralateral symmetrizing
mastopexy
Bilateral abdominal dog ears 1 DIEP Revision of dog ears
Distal flap necrosis 1 PTAP Split thickness skin graft
Results

Twenty perforator flaps were performed in 20 patients with a mean age of 43.8 years (range, 10-67
years) and mean BMI of 26.4 kg/m? (range, 18-30 kg/m?). Seventeen free perforator flaps (13 free DIEP,
3 free ALT, and 1 free TDAP), and 3 pedicled perforator flaps (1 pedicled ALT and 2 pedicled PTAP)
were included. Eleven patients had immediate reconstruction and 9 had delayed reconstruction.

The number of perforators selected for dissection was 2 in 16 cases and 3 in 4 cases. Perforators
with the largest diameter in the preoperative CTA were marked on the skin, and then tested with
thermal imaging and Doppler US. They were all found to have the hottest hotspots on thermography,
confirmed with DIRT, and good Doppler signals.

Intraoperatively, after dissection of 44 perforators in the plane of the supramuscular fascia in all
patients, each of them had a corresponding hotspot. All the selected clinically dominant perforators
on which the flaps were raised on were found thermographically dominant.

In all DIEP flaps, the clinically least perfused parts were found corresponding to the thermography
findings. In the rest of cases, no hypoperfused parts were detected clinically or thermographically.

In free flap cases, after microanastomosis, rapid rewarming was recorded in 15 free flaps. In one
DIEP flap, no rapid rewarming was observed, and the flap was pale with no dermal bleeding noted.
The absence of rewarming was recorded immediately after completing the anastomosis before clinical
signs became apparent. Pedicle exploration showed kinking and arterial spasm. The pedicle was un-
twisted and topical verapamil was applied, which helped to improve the flap perfusion (Supplemen-
tary Material; Figure 6). In another DIEP flap, rewarming occurred only in the perforator/hotspot zone
with significant reduced perfusion in the rest of the flap. Clinically, the flap was congested and der-
mal bleeding showed a venous pattern. The superficial inferior epigastric vein (SIEV) of the flap was
also engorged with blood suggesting insufficient venous drainage of the flap. Cephalic turndown to
SIEV was performed to improve the venous drainage, after which the flap perfusion on thermography
improved dramatically (Supplementary Material; Figure 7) (Video 1). All flaps showed good perfusion
on thermography after inset.
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Table 3 summarizes the overall postoperative complications. Postoperatively, there was no total flap
loss in any of the cases. However, distal flap necrosis occurred in one PTAP flap. The flap was used for
posttraumatic reconstruction of a skin defect with exposed talus and medial malleolus. Fortunately,
the part of the flap that was covering the exposed bones was viable, and it was only the distal tip that
was affected with superficial necrosis. This part was debrided and negative pressure wound therapy
was applied, and reconstructed later on with a skin graft.

Discussion

This study showed the versatility and applicability of using the smartphone thermal imaging tech-
nology intraoperatively in different kinds of perforator flaps, and in each single operative step. It also
showed the correlation between thermal and clinical mapping of perforators and the reliability of this
technology in reducing the risk of total/partial flap failure. We highlight the importance of intraoper-
ative assessment in perforator flap surgery, and the surgeon’s need for an easy, low-cost, and portable
imaging tool that can help to make quick crucial operative decisions. Thermal imaging proved to be
perfectly suitable for that purpose, and additionally, it requires minimal training, no contrast or ion-
izing radiation, and with no adverse effects.”!

Intraoperative monitoring of perforator flaps is essential to reduce the flap failure risk.2? Routinely,
flap viability is evaluated intraoperatively by assessing the skin color, turgor, capillary refill, and der-
mal bleeding. However, these methods are subjective, have a learning curve, and could be difficult
to assess in dark-skinned patients. Very few objective techniques are available to use in theater such
as ICG angiography.23-2* Thermography provides reliable alternative intraoperative objective method
for flap design and perfusion assessment by monitoring the thermal hot spots that correspond to
the high-vascularization areas.?’"?> These spots can be captured statically or through DIRT."* In one
DIEP case, we compared thermography with ICG in terms of flap perfusion assessment and findings
were very similar (Figure 4, Video 1). Weum et al.?6 concluded that 95.6% of hotspots detected by
DIRT corresponded to perforators of the DIEP flap quadrant on CTA. Pereira et al.2’ reported very high
concordance in perforator detection between thermal images taken with a smartphone device and
CTA. They stated that the high sensitivity and specificity obtained using these smartphone-compatible
cameras were comparable with those of the gold standard.

Intraoperative uses of thermography can be summarized into four main steps:

1- Identification of perforators location.

2- Identification of the dominant perforator.

3- Assessment of flap perfusion when based on the dominant perforator and helping to determine
the appropriate flap size and discard the least perfused parts. This step can also help the surgeon
to determine if a bipedicled flap is needed, or the perfusion provided through a single pedicle is
sufficient.

4- Assessment of flap perfusion after anastomosis and flap inset. This can help to early identify vas-
cular compromise.

After dissection of the chosen perforators, thermography can help the surgeon to decide which per-
forator is the best to harvest the flap on. Cooling the flap skin surface helps to distinguish between
perforators in terms of blood flow. In all patients, rapid rewarming occurred and the first appearing
hot spot corresponded to the dominant perforator clinically. In one free ALT flap, the cold challenge
showed two perforators to have two good hot spots with the same rewarming interval. The two per-
forators were close to each other and clinical examination showed good size for each of them, so
decision was made to dissect both perforators till their common origin from the descending branch of
the lateral circumflex femoral artery and harvest the flap on both perforators (Figure 2). In flaps where
multiple perforators are dissected and selection of the most dominant one cannot be determined by
one of these methods, the impact of each perforator on perfusion can be assessed by alternate clamp-
ing of the perforators, and the perforator with the largest perfused area is selected.!”

After the dominant perforator was selected, all other perforators were ligated and the main perfo-
rator was dissected to its origin; we found thermal imaging very useful to provide information about
the least perfused part of the flap to be discarded, helping to reduce the incidence of partial flap
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ischemia and fat necrosis. The next measurement was obtained after the flap pedicle was success-
fully microanastomosed to the recipient vessel. During the ischemia time between flap separation and
revascularization, the nonperfused flap cools down which means that a cold challenge is not needed.
The easy use of this technique allows for frequent monitoring of the flap perfusion intraoperatively
that helps with early detection of vascular compromise.

The final thermal measurement was performed after flap shaping. During inset, the flap pedicle
can be potentially kinked or compressed. Thermography can diagnose perfusion problems before be-
coming clinically detectable. In a recent study conducted by Cruz-Segura et al.?® on early detection
of vascular obstruction using thermography, they concluded that this tool allows us to identify the
obstruction between 2 and 12 hours earlier compared with the usual clinical method. This would
enhance the probability of saving the flap by providing more time to intervene.

Thermography is not only useful in assessment of free perforator flaps, but in pedicled perforator
flaps as well. One of the difficult intraoperative decisions to make in propeller flaps is whether to
twist the flap in a clockwise or counterclockwise direction. Thermal imaging can help to determine
which direction of rotation will least reduce flap perfusion.2? Pereira and Hallock® referred to the
use of thermal imaging in local perforator flaps from a different perspective. They reported not only
the hotspots that are of good use but also the cold zones. In keystone flaps, if thermography detects
multiple hotspots, subfascial elevation of a cold portion of the flap can be safely done to achieve
tension free flap advancement.

In breast reconstruction, mastectomy flaps perfusion can also be evaluated to avoid postoperative
mastectomy flap ischemia and wound dehiscence. In one DIEP patient, the flap was monitored im-
mediately after inset and showed good perfusion; however, the central part of the lower mastectomy
flap was not well perfused. Clinical assessment of this part of the mastectomy flap was satisfactory
and a decision was made to manage it conservatively. However, in the postoperative follow-up days,
this part turned ischemic (Supplementary Material; Figure 8).

Although the professional thermal camera identifies slightly more hotspots, verification data are
very similar to the smartphone-compatible thermal camera, and for clinical purposes, these dif-
ferences are negligible.’! There is no learning curve to acquire the skills to use the smartphone-
compatible device, which should now enable any plastic surgeon to raise any type of local perforator
flap as they find suitable.??

Patel and Keller®® reported that the largest caliber vessel is the most suitable to perfuse the flap,
consistent with the current general consensus of 1.5 mm diameter. With multiple perforators meeting
such criteria, the next step is to detect which will best perfuse the flap.> CTA, although is the gold
standard, cannot distinguish between perforators in terms of perfusion if they have the same diameter.
This also highlights the importance of the thermal imaging use intraoperatively to guide the surgeon
through each surgical step.

Thermal imaging technology is becoming more universally useful around the world in both the
developing and developed countries. Taking into account the current global financial crisis that wors-
ened the long-lasting problem of lack of facilities especially in the developing countries, we believe
that it is time to expand the use of this practical tool that can be affordable in all healthcare facilities,
helping the reconstructive surgeons to get the most important findings that they need to make de-
cisions and operate safely in such critical surgical specialty without the need for complex expensive
imaging tools, which may not be available in many occasions and in the majority of places in these
countries.

Conclusion

Smartphone thermography has proven to be a valuable, cheap, rapidly employed, and objective
tool not only for the design of perforator flaps, but also for management of the flap intraoperatively
in each surgical step. This noninvasive technique provides the surgeon with real-time visualization of
the most suitable perforator and allows continuous monitoring of the flap perfusion in different stages
before and after flap harvest, helping to achieve the best possible outcome.
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Video

Flap perfusion assessment in a DIEP flap, after completion of microvascular anastomosis (and a
cephalic turndown in this case) and before flap inset, using both thermography and ICG imaging.
There was a high correlation between both imaging techniques in terms of flap perfusion. The white
arrow is pointing to the nonperfused part of the flap in thermography that was also black/nonperfused
in ICG.
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