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Abstract

This study presents the use of infrared thermography for the intraoperative identification of functional
perforator vessels within the transferred flap and for continuous monitoring of their perfusion status during surgery,
with the aim of preventing postoperative vascular occlusion. The clinical evaluation was conducted using a FLIR
A655SC thermal imaging camera operating in the long-wave infrared (LWIR) range, equipped with a 640 x 480 pixel
microbolometer detector capable of detecting temperature differences below 30 mK, allowing for high-resolution, real-
time assessment of flap perfusion.

1. Introduction

Flap surgery, which is widely applied in plastic and reconstructive surgery, involves the transfer of tissue from
a donor site to a recipient site while preserving its intrinsic vascular supply. This technique is particularly indicated for
the reconstruction of complex anatomical structures, such as the mandible or breast, as well as for the restoration of
tissue defects resulting from trauma or surgical resection when local tissue is insufficient to support grafting. In contrast
to grafts, which depend on angiogenesis from the recipient bed, flaps maintain viability through their native blood
supply, which may be either preserved via a vascular pedicle or re-established through microsurgical anastomosis to
recipient vessels [1]. Vascular thrombosis is a severe postoperative complication that may lead to flap ischemia and
subsequent tissue necrosis, ultimately resulting in partial or complete flap loss. Clinically, tissue discoloration, including
progressive darkening, is a key indicator of cellular death caused by impaired perfusion. Vascular compromise not
only represents a primary cause of flap failure but is also reported as the most frequent complication following flap
transplantation procedures, underscoring the critical importance of early detection and timely intervention. Upon
detection of vascular thrombosis, immediate surgical reexploration is essential to maximize the likelihood of free flap
salvage. The success of flap rescue is strongly time-dependent, as prolonged ischemia significantly reduces tissue
viability and increases the risk of irreversible necrosis. Therefore, rapid return to the operating room for restoration of
blood flow is a critical determinant of clinical outcome [2]. Recent studies have demonstrated that infrared
thermography enables significantly earlier detection of flap vascular compromise—often as early as 2 hours
postoperatively—compared with conventional clinical examination, which typically identifies compromise no earlier
than 6 hours after surgery. Early thermographic detection thus provides a valuable time window for timely intervention
and improved salvage rates [3].

2. Material and method

2.1. FLAP surgical technique

Autologous breast reconstruction has emerged as an important alternative to implant-based breast
restoration following mastectomy. Advances in microsurgical flap transfer techniques have significantly transformed
reconstructive practice by enabling the use of the patient’s own tissues to recreate the breast mound. Compared with
implant-based approaches, autologous reconstruction generally provides a more natural aesthetic and functional
outcome, as the reconstructed breast responds physiologically to body position changes, aging processes, and
fluctuations in body weight. Despite their widespread use, implant-based reconstructions are associated with several
inherent limitations. Achieving a naturally ptotic breast contour that closely resembles the contralateral breast can be
challenging, particularly in the absence of external support. Furthermore, the long-term aesthetic outcome may be
compromised by complications such as capsular contracture, implant displacement, and progressive asymmetry
resulting from age-related changes in the native breast tissue [4].

Clinical studies have demonstrated superior patient-reported outcomes following autologous reconstruction
compared with implant-based procedures. Patients undergoing autologous breast reconstruction have reported
significantly higher levels of satisfaction with breast appearance, as measured by the BREAST-Q questionnaire, with
an average score difference of 7.94 points. In addition, improvements in psychosocial well-being and sexual well-being
have been observed two years after surgery relative to patients receiving implant-based reconstruction.

Another important consideration is the limited lifespan of breast implants. As medical devices, implants are
susceptible to mechanical failure, including rupture and structural degradation over time. Consequently, regular
postoperative surveillance is recommended. For silicone gel-filled breast implants, the U.S. Food and Drug
Administration (FDA) advises magnetic resonance imaging (MRI) screening for silent implant rupture beginning three
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years after implantation and continuing at two-year intervals thereafter [5]. In addition to mechanical complications,
implant-based reconstruction has been associated with several potentially serious adverse events. These include
Breast Implant-Associated Anaplastic Large Cell Lymphoma (BIA-ALCL), a rare malignancy linked to certain implant
types, as well as the constellation of symptoms collectively referred to as Breast Implant lliness (Bll) [6]. Growing
awareness of these complications has contributed to increased interest in autologous reconstructive techniques as a
durable and biologically compatible alternative for breast restoration. Flap transplantation refers to the transfer of
autologous tissue from one anatomical location to another for the purpose of reconstructing tissue defects. In contrast
to grafts, which depend on neovascularization at the recipient site, tissue flaps maintain an intrinsic vascular supply,
thereby ensuring immediate perfusion after transfer. A wide range of tissue types can be incorporated into a flap,
including skin, adipose tissue, muscle, bone, lymphatic tissue, and segments of the gastrointestinal tract.

The origins of flap surgery can be traced back to approximately 600 BC, when the Indian surgeon Sushruta
described several techniques for facial reconstruction, including nasal reconstruction using cheek tissue and repair of
damaged earlobes [7]. Contemporary reconstructive surgery classifies flaps according to their anatomical
characteristics and procedural complexity. This approach is reflected in the concept of the reconstructive ladder, which
advocates selecting the least complex reconstructive technique capable of achieving the desired functional and
aesthetic outcome [8]. Based on the distance between the donor and recipient sites, flaps are generally categorized
as local, regional, or distant. Local flaps represent the simplest reconstructive option and involve mobilization of
adjacent tissue to close a neighboring defect while preserving its vascular supply [9]. Owing to the retained blood
circulation, extensive perfusion monitoring is typically unnecessary in these procedures.

The theoretical basis for more advanced flap reconstruction is provided by the angiosome concept,
introduced in 1987 [10][11]. An angiosome is defined as a three-dimensional block of tissue supplied by a specific
source artery and its corresponding venous drainage. According to this theory, the human body can be divided into
distinct vascular territories, each representing a reliable anatomical unit that can be safely transferred either individually
or in combination with adjacent territories during reconstructive procedures [12].

Regional, or interpolation, flaps involve transposition of vascularized tissue beneath intact skin while
maintaining continuity of the vascular pedicle. This technique allows reconstruction of distant defects without
interruption of the native blood supply, as exemplified by the pedicled transverse rectus abdominis myocutaneous
(TRAM) flap [13].

Distant flaps constitute the most complex category of tissue transfer and are typically employed when the
donor site is located too far from the defect to permit pedicled reconstruction. The introduction of free tissue transfer
in 1959 represented a major milestone in reconstructive surgery [14]. In free flap procedures, the vascular pedicle is
completely divided and subsequently reanastomosed to recipient vessels using microsurgical techniques, thereby
restoring blood flow to the transplanted tissue.

Autologous flap reconstruction has become an integral component of modern reconstructive surgery. Despite
substantial advances in microsurgical techniques and perioperative care, flap-related complications remain a
significant clinical concern. Numerous studies have reported overall success rates exceeding 95%; however,
microvascular compromise continues to represent a serious and costly complication that may ultimately result in partial
or complete flap loss. Consequently, early detection of vascular insufficiency remains a critical determinant of clinical
outcome. Postoperative monitoring has been shown to improve flap salvage rates by facilitating prompt identification
of perfusion abnormalities and enabling timely therapeutic intervention. In microsurgical reconstruction, rapid
recognition and management of vascular complications are essential for maximizing flap survival and minimizing the
risk of reconstructive failure.

2.2. FLAPs vital monitoring techniques

The success of microsurgical tissue transplantation cannot be definitively confirmed at the completion of the
surgical procedure. Rather, flap viability must be maintained throughout the critical postoperative period, during which
vascular complications may compromise tissue survival. Consequently, postoperative assessment begins immediately
in the operating room following the release of microvascular clamps and restoration of blood flow through the
anastomosed vessels. The risk of flap failure is highest during the early postoperative phase, with the majority of
vascular complications occurring within the first 48 hours after surgery [15][16]. Nevertheless, numerous studies
advocate extending monitoring beyond this interval, emphasizing the potential for delayed vascular compromise and
the benefits of prolonged surveillance [17-20]. Economic analyses evaluating the cost-effectiveness of various
monitoring strategies have also been reported [21]. Some authors suggest that even intensive monitoring during the
initial 72-hour period may not always guarantee successful flap salvage when vascular compromise develops [22].

Considerable variability exists in clinical practice regarding the optimal duration of postoperative surveillance.
Hirigoyen et al. [23] reported that approximately 50% of surgeons monitored free flaps for 48—72 hours, while 33%
continued surveillance beyond 72 hours. Monitoring periods limited to 24-48 hours were employed by only 16% of
respondents. Similarly, Kroll et al. demonstrated that 95% of circulatory complications occurred within the first 72 hours
following microsurgical reconstruction, highlighting the importance of intensive monitoring during this critical timeframe.
Despite the development of numerous technological monitoring approaches, frequent clinical examination remains the
gold standard for postoperative assessment of free tissue transfers. Careful observation of flap viability continues to
play a pivotal role in maximizing reconstructive success and improving tissue salvage rates. A wide range of monitoring
modalities has been proposed in the literature; however, no single technique has achieved universal acceptance as
an ideal solution. The primary goal of postoperative monitoring is the early detection of vascular compromise, enabling
timely intervention and increasing the likelihood of flap salvage. Despite considerable technological advances, no
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single monitoring modality has achieved universal acceptance, and clinical assessment remains the cornerstone of
postoperative surveillance.

Clinical examination is regarded as the gold standard for flap monitoring. Routine evaluation includes
assessment of flap color, temperature, capillary refill, tissue turgor, and bleeding response. Although inexpensive and
widely available, its effectiveness depends on clinical expertise and may be limited in buried flaps.

Among instrumental methods, Doppler ultrasonography remains one of the most frequently used techniques.
Handheld Doppler devices provide rapid assessment of vascular patency, whereas implantable Doppler systems
enable continuous monitoring of arterial or venous blood flow and have demonstrated high sensitivity for the detection
of vascular complications.

Optical monitoring techniques have gained increasing clinical interest. Near-infrared spectroscopy (NIRS)
and tissue oximetry allow continuous, non-invasive assessment of tissue oxygenation and have shown promising
results in the early detection of both arterial insufficiency and venous congestion. Similarly, laser Doppler flowmetry
provides real-time information on microvascular perfusion and may identify circulatory disturbances before the
appearance of clinical signs.

More recently, advanced technologies such as hyperspectral imaging, fluorescence angiography,
microdialysis, and wearable sensor systems have been investigated. Although these approaches offer promising
diagnostic capabilities, their widespread clinical adoption remains limited.

Current evidence suggests that the most effective postoperative surveillance is achieved through a
multimodal approach combining regular clinical examination with objective monitoring technologies. Among the
available methods, implantable Doppler monitoring, near-infrared spectroscopy, tissue oximetry, and laser Doppler
flowmetry are the most extensively studied and widely reported techniques for flap viability assessment.

An optimal flap monitoring method should provide reliable and reproducible results while remaining non-
invasive, safe, cost-effective, and easy to implement in routine clinical practice. Furthermore, it should enable rapid
interpretation of tissue perfusion status and accurately distinguish between arterial insufficiency, venous congestion,
vascular occlusion, and transient vasospasm. Despite significant technological advances in postoperative surveillance,
no currently available monitoring technique fully satisfies all of these requirements, underscoring the continued need
for the development of more effective and comprehensive flap monitoring systems.

Surface temperature assessment represents one of the most commonly employed approaches for evaluating
perfusion in free tissue flaps — static thermography (ST). Since tissue temperature is closely related to local blood flow,
thermal measurements can provide valuable information regarding flap viability and the presence of vascular
compromise. In a retrospective study involving 600 free flap procedures, Khouri and Shaw [24] demonstrated the
clinical utility of temperature monitoring as a primary surveillance method. The authors introduced the coefficient CAT®,
defined as the change in temperature difference between the transplanted flap and a reference control area. According
to their findings, a temperature difference exceeding 1.8 °C was indicative of impaired flap circulation.

Similar observations were reported by Papillion et al. [25], who evaluated postoperative temperature changes
in 47 patients undergoing flap reconstruction. Their results showed that compromised flaps exhibited substantially
higher CAT® values, with an average difference of approximately 3.7 °C, representing an increase of nearly 2 °C
compared with successfully perfused flaps. These findings suggest that thermal asymmetry may serve as an early
indicator of vascular insufficiency. A complete and comprehensive review of FLAP surgery techniques and methods
of monitoring the vitality of transplanted flaps is included in [26].

Based on our experience of over 30 years working with infrared monitoring techniques with external
excitation by cold air or a liqguid CO2 mixture, we propose the active dynamic thermography (ADT) method for FLAP
monitoring.

3. Active Dynamic Thermography

As an example of the practical application of Active Dynamic Thermography (ADT) in medical diagnostics, a
prototype measurement platform developed at the Department of Biomedical Engineering, Gdansk University of
Technology, is presented [27]. The system consists of several integrated components designed to provide controlled
thermal stimulation and synchronized multimodal data acquisition — Figure 1.

3.1. ADT system description

The central element of the platform is the main computer, which supervises the entire measurement
procedure, including the generation of excitation sequences, synchronization of data acquisition, and reconstruction
of thermal model parameters. A dedicated control unit is responsible for signal conditioning and for providing
appropriate voltage and current levels required to operate thermal stimulation devices. Thermal excitation is delivered
through a symmetrical stimulation system based on controlled cryotherapy units, while thermal responses are recorded
using an infrared camera. In parallel, an RGB camera captures visible-spectrum images that facilitate spatial
registration and complementary image analysis. Additional environmental monitoring equipment, including a weather
station, is used to continuously record ambient temperature and humidity, ensuring stable measurement conditions.

The measurement software coordinates thermal stimulation and synchronizes the acquisition of
thermographic and RGB image sequences. Furthermore, specialized software tools support device configuration,
automated image registration, and subsequent processing of acquired data. Such integration enables accurate and
reproducible measurements, thereby supporting advanced diagnostic analyses based on dynamic thermal responses.
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To ensure reliable and repeatable examinations, both the patient and the measurement environment must
be prepared according to established thermographic protocols [28]. During the examination, the patient is positioned
approximately one meter from the stimulation and imaging equipment, typically in a supine position with the region of
interest exposed. Access to the investigated area is limited to the surface of the selected anatomical region, allowing
unobstructed operation of both the thermal excitation system and the imaging devices. The ADT methodology relies
on the reconstruction of parameters describing multi-exponential thermal response models, particularly thermal time
constants and temperature recovery amplitudes (ATs). These descriptors are closely associated with thermal
equivalent models representing biological tissues as multilayer structures characterized by thermal resistances (Rth)
and thermal capacitances (Cth). The products of these parameters correspond directly to thermal time constants
governing heat transfer dynamics within tissue.
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Figure 1. The experimental ADT set-up for clinical use

The specific implementation of the measurement system may vary depending on the intended application.
The simultaneous use of thermographic and visible-spectrum cameras enables multimodal image acquisition and,
when required, stereoscopic reconstruction of anatomical structures. Equally important is the thermal excitation source.
In the presented system, controlled cooling is achieved using two cryotherapy units operated through electronically
controlled valves. This configuration provides a more uniform temperature distribution across the region of interest
compared with a single-source arrangement. Experimental observations have demonstrated that diagnostically
relevant thermal recovery measurements can be initiated almost immediately after termination of cooling, with
switching times below one second.

Although various thermal stimulation approaches have been reported, cooling-based excitation has
consistently provided the most reliable diagnostic results. In non-contact thermal stimulation protocols, image
acquisition is synchronized with the activation and deactivation of the thermal source, allowing clear separation
between the stimulation phase and the subsequent tissue recovery phase. Importantly, all excitation procedures
applied in clinical studies must satisfy strict safety requirements, ensuring patient comfort and preventing tissue
damage.

The final outcome of the measurement process is a sequence of thermographic images representing the
transient thermal response of the investigated tissue. These data are subsequently processed using dedicated
algorithms to estimate the parameters of thermal equivalent models, providing quantitative information for diagnostic
assessment and physiological interpretation.

3.2. NIRS alternative solution system

Near-Infrared Spectroscopy (NIRS) was first introduced into clinical practice by Jobsis in 1977 [29] and has
since become one of the most established techniques for continuous monitoring of tissue viability. Owing to its non-
invasive nature and ability to provide real-time physiological information, NIRS has been extensively applied in both
intraoperative [30] and postoperative monitoring of tissue flaps [31][32].

One of the key parameters derived from NIRS measurements is tissue oxygen saturation (StO.), which
reflects the balance between oxygen delivery and consumption at the microcirculatory level. Numerous studies have
demonstrated that changes in StO, may serve as an early and reliable indicator of vascular compromise and
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impending flap failure [33][34]. Continuous assessment of tissue oxygenation enables the detection of perfusion
abnormalities before the appearance of visible clinical signs, thereby facilitating timely intervention and improving flap
salvage rates. In addition to evaluating tissue oxygenation, near-infrared light can be utilized to assess dynamic
changes in blood volume within the vascular bed. Consequently, NIRS-based systems may also operate as
photoplethysmographic (PPG) devices, providing complementary information on local hemodynamics and
microvascular function. This dual capability makes NIRS a versatile tool for comprehensive monitoring of tissue
perfusion and viability in reconstructive microsurgery.

4. Clinical trial

Biomedical Engineering Department GdanskTech closely cooperates with University Clinical Centre of
Medical University of Gdansk, especially with Plastic Surgery Department. Figure 2 shows the successive stages of
breast reconstruction surgery using the patient's own tissue. The first image shows the planning phase, with the
incision lines drawn on the body surface, and the plan for moving the patient's own tissues from the lower abdomen to
the reconstructed left breast. The second image shows the separated graft lobe with isolated arteries supplying the
tissue with fresh blood and oxygen. The last photo shows the dressing on the reconstructed breast with the NIRS
sensor attached for continuous monitoring of tissue perfusion.

4.1. Thermographic monitoring

During this type of surgery, it's possible to mount a thermographic camera, such as the e.g. Flir A655G, above
the operating table to continuously monitor the skin surface temperature of the lower abdomen to identify arterial
perforators supplying the tissue flap with arterial blood. Such perforators should be visible as "hot spots.” This cues
the surgeon to locate and maintain a perforator in the indicated region to vascularize the advanced flap. It's advisable
to monitor these perforators throughout the procedure to ensure they remain patent and have blood flowing. This is
also true after the flap has been secured in its final location — the reconstructed breast.

p

Figure 2. Photos of real FLAP surgery at University Clinical Centre of Medical University of Gdansk

In the first phase of the procedure, when planning the incision lines, it is possible to use external stimulation
with a cold mixture of CO2 (a medical-grade, pure gas) and air. This allows for the implementation of the ADT procedure
and the visualization of deeper perforators, invisible with classical (static) thermography. Figure 3 illustrates a
thermographic examination of a patient after cardiac surgery. This is not a breast reconstruction procedure, but
illustrates the potential of the ADT method. The first thermogram visualizes the temperature distribution on the chest
surface under steady-state conditions. There are no visible "hot spots.” The second image shows the temperature
distribution after cooling the chest surface with a mixture of COz and air. After the surface temperature returns to
normal, hot areas, which may be perforators, become visible. An ultrasound probe can confirm blood flow in a given
area.

Figure 3. Postoperative wound evaluation in cardiac surgery at University Clinical Centre of Medical
University of Gdansk
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4.2. NIRS monitoring

We conducted clinical experiments to validate the developed photoplethysmographic sensor in the NIRS
range.. Figure 4 illustrates the measurement of blood flow signals in a transplanted tissue flap for breast reconstruction
using a NIRS PPG (photoplethysmography) sensor. The measurement was performed using a proprietary optimized
sensor design that eliminates ambient light artifacts and a special excitation mode. The sensor was placed near the
perforator supplying the tissue with blood. In this case, observation with a thermographic camera would be impossible
due to the dressing — see Figure 2 — the last picture.
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Figure 4. Differential PPG measurements obtained from the lower limb after reconstruction with a sural
flap at University Clinical Centre of Medical University of Gdansk, according to Figure 2c

5. Conclusion

In summary, the application of Active Dynamic Thermography (ADT), Thermographic Signal Reconstruction
(TSR), and Thermal Tomography (TT) [27] in medical diagnostics benefits from the use of cooling-based thermal
excitation in the form of a rectangular stimulus. The duration of the cooling phase should be sufficient to reduce the
surface temperature of the region of interest (ROI) to the ambient level, thereby standardizing the initial boundary
conditions and improving the reproducibility of diagnostic measurements. Under these conditions, the subsequent
thermal recovery process is predominantly governed by internal heat transfer mechanisms, facilitating accurate
reconstruction of the parameters of thermal equivalent models and enabling reliable characterization of the underlying
tissue structure.

In the measurement configuration presented in Figure 1, thermographic imaging can be employed to
automatically identify the optimal endpoint of the cooling phase, ensuring consistent excitation conditions across
examinations. Achieving temperatures below ambient, while remaining above the freezing threshold, may further
enhance diagnostic sensitivity by generating larger temperature gradients and improving the signal-to-noise ratio of
thermal responses.

Nevertheless, the selection of the optimal excitation duration remains an important challenge. Prolonged
maintenance of the tissue surface at ambient temperature may increase the depth of cooled tissue layers, potentially
altering thermal boundary conditions and affecting physiological thermoregulatory mechanisms. Such effects may
introduce variability into the measurement process and influence the accuracy of parameter estimation. Consequently,
further investigations are necessary to optimize cooling protocols, particularly with respect to excitation duration and
boundary-condition control, in order to improve the robustness, repeatability, and diagnostic reliability of dynamic
thermographic examinations.

Experiments and discussions with surgeons have shown that the optimal intraoperative and postoperative
monitoring system is a system consisting of a thermographic camera with cold stimulation. In the postoperative period,
due to the dressing of the reconstructed breast, the best solution is a NIRS sensor with ECG signal synchronization.
This system allows for monitoring perforator patency during surgery and for 72 hours after surgery. If occlusion is
observed, immediate reoperation is possible before symptoms of blood loss in the transplanted tissue flap develop.

In conclusion, the selection of an appropriate flap monitoring technique should take into account both
methods that directly assess blood flow and those that evaluate superficial physiological parameters associated with
tissue perfusion. The complementary use of these approaches may improve the early detection of vascular
compromise and enhance the overall reliability of postoperative flap surveillance.

Future research should focus on identifying the anatomical regions within a flap that provide the most
diagnostically relevant information. A better understanding of the spatial distribution of perfusion changes would
facilitate the selection of suitable monitoring modalities and the determination of the spatial resolution required for
specific clinical applications. Furthermore, quantitative thresholds defining clinically significant perfusion alterations
should be more precisely established to improve the interpretation and comparability of monitoring results.

From an engineering perspective, increasing emphasis should be placed on the development of automated
monitoring systems capable of detecting ischemic regions and tracking perfusion trends relative to surrounding tissues.
The integration of advanced image-processing technigues, physiological signal analysis, and artificial intelligence
algorithms may enable earlier recognition of vascular complications while reducing dependence on continuous manual
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assessment. Such solutions have the potential to decrease the workload of medical personnel, accelerate clinical
decision-making, and ultimately improve flap salvage rates and patient outcomes.
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