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Abstract 
 
Introduc,on 

Accurate intraopera<ve assessment of flap perfusion is essen<al in lower-limb free flap 

reconstruc<on, where vascular compromise may result in par<al or total flap loss. 

Indocyanine green angiography (ICG-A) is widely used for this purpose but presents 

limita<ons related to availability, subjec<vity of interpreta<on, and physiological 

dependency. Dynamic infrared thermography (DIRT) is a non-invasive, contrast-free 

technique that may provide complementary informa<on on cutaneous perfusion, 

although its role in lower-limb reconstruc<on remains insufficiently defined. 

 

Objec,ves 

The primary objec<ve of this study was to assess the agreement between dynamic 

infrared thermography and indocyanine green angiography in the intraopera<ve 

evalua<on of perfusion of anterolateral thigh (ALT) free flaps in lower-extremity 

reconstruc<on. Secondary objec<ves included analysis of spa<al perfusion behavior 

within the flap and evalua<on of intraopera<ve temporal changes associated with 

venous drainage. 

 

Methods 

A prospec<ve, observa<onal, unicentric study was conducted in pa<ents undergoing ALT 

free flap reconstruc<on of lower-limb defects. Perfusion was assessed intraopera<vely 

at three <mepoints: before pedicle division (T1), aher arterial and single venous 

anastomosis (T2), and aher addi<on of a second venous anastomosis (T3). ICG-A was 

performed at T1, while DIRT was applied at all <mepoints using a standardized cooling–

rewarming protocol. Images were analyzed using a 1 cm² region-of-interest grid, 

longitudinal zonal and subzonal segmenta<on, and pa<ent-specific thermographic 

standardiza<on. Sta<s<cal analysis included correla<on analysis, Bland–Altman plots, 

composi<onal data analysis, and receiver opera<ng characteris<c (ROC) analysis. 
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Results 

Twenty five ALT free flaps were analyzed. DIRT showed moderate to strong agreement 

with ICG-A for global perfusion assessment at baseline. Spa<al analysis demonstrated 

consistent proximal-to-distal thermal gradients, with flap extremi<es behaving as 

watershed zones. Temporal analysis revealed non-linear thermal changes across T1–T3, 

par<cularly related to venous oujlow modifica<ons. ROC analyses demonstrated 

meaningful discrimina<on of non-viable zones defined by ICG-A. 

 

Conclusions 

Dynamic infrared thermography demonstrates clinically relevant agreement with 

indocyanine green angiography in the intraopera<ve assessment of ALT free flap 

perfusion. Although it cannot replace ICG-A, DIRT provides complementary physiological 

informa<on and may serve as a useful adjunct or screening tool, par<cularly in sekngs 

where ICG-A is unavailable. 
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Resumen  
 

Introducción 

La evaluación intraoperatoria precisa de la perfusión es un aspecto clave en la 

reconstrucción microquirúrgica de la extremidad inferior, donde los compromisos 

vasculares pueden conducir a necrosis parcial o total del colgajo. La angiograla con 

verde de indocianina (ICG-A) es una herramienta ampliamente u<lizada, pero presenta 

limitaciones relacionadas con su disponibilidad, la subje<vidad en la interpretación y su 

dependencia de condiciones fisiológicas. La termograla dinámica infrarroja (DIRT) es 

una técnica no invasiva y sin contraste que puede aportar información complementaria 

sobre la perfusión cutánea, aunque su papel en la reconstrucción de la extremidad 

inferior no está bien definido. 

 

Obje,vos 

El obje<vo principal de este estudio fue evaluar el grado de concordancia entre la 

termograla dinámica infrarroja y la angiograla con verde de indocianina en la valoración 

intraoperatoria de la perfusión de colgajos libres anterolaterales de muslo (ALT) en 

reconstrucción de extremidad inferior. Como obje<vos secundarios, se analizó el 

comportamiento espacial de la perfusión dentro del colgajo y los cambios 

intraoperatorios asociados al drenaje venoso. 

 

Métodos 

Se realizó un estudio prospec<vo, observacional y unicéntrico en pacientes some<dos a 

reconstrucción de defectos de extremidad inferior mediante colgajo ALT libre. La 

perfusión se evaluó intraoperatoriamente en tres <empos: antes de la desconexión del 

colgajo (T1), tras la anastomosis arterial y de una vena (T2) y tras la adición de una 

segunda vena (T3). La ICG-A se realizó en T1, mientras que la DIRT se aplicó en los tres 

<empos mediante un protocolo estandarizado de enfriamiento y recalentamiento. El 

análisis se llevó a cabo mediante una cuadrícula de regiones de interés de 1 cm², 

segmentación zonal y subzonal longitudinal, y estandarización termográfica específica 

para cada paciente. El análisis estadís<co incluyó correlaciones, gráficos de Bland–

Altman, análisis composicional y curvas ROC. 
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Resultados 

Se analizaron 25 colgajos ALT libres. La DIRT mostró una concordancia moderada a alta 

con la ICG-A en la valoración global de la perfusión basal. El análisis espacial evidenció 

gradientes térmicos proximodistales consistentes, con las extremidades del colgajo 

comportándose como territorios de transición. El análisis temporal mostró cambios 

térmicos no lineales entre T1, T2 y T3, especialmente relacionados con modificaciones 

del drenaje venoso. Los análisis ROC demostraron una capacidad discrimina<va 

relevante para iden<ficar zonas no viables definidas por ICG-A. 

Conclusiones 

La termograla dinámica infrarroja muestra una concordancia clínicamente relevante con 

la angiograla con verde de indocianina en la evaluación intraoperatoria de la perfusión 

de colgajos ALT. Aunque no puede sus<tuir a la ICG-A, la DIRT aporta información 

fisiológica complementaria y puede considerarse una herramienta de apoyo o cribado, 

especialmente en entornos donde la ICG-A no está disponible. 
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“Technology is the extension of the surgeon’s eyes and 
hands — allowing us to see what was once invisible and 

operate with the precision of thought“ 
 
 

Dr. Robert Acland 
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1: Introduction 
 

1.1 Brief resume 
 

Reconstruc<ve microsurgery of the lower limb represents one of the most 

demanding areas of plas<c and reconstruc<ve surgery. Trauma<c injuries, oncologic 

resec<ons, and chronic wounds frequently result in extensive soh <ssue defects with 

exposed bone, hardware, or tendons, where local <ssues are insufficient for coverage. 

In these scenarios, free perforator flaps have become the cornerstone for limb salvage, 

offering reliable vascularized <ssue with minimal donor-site morbidity. Among them, the 

anterolateral thigh (ALT) flap has emerged as a true workhorse for lower-limb 

reconstruc<on due to its versa<lity, long pedicle, and ability to provide large 

fasciocutaneous paddles. 

 

Despite these advances, par<al flap necrosis remains a significant concern. In the lower 

limb, even a 1 cm² area of necrosis can lead to exposure of bone or <tanium plates, 

increasing the risk of infec<on and osteomyeli<s and poten<ally resul<ng in limb loss. 

Therefore, precise intraopera<ve assessment of flap perfusion is cri<cal to guide flap 

design, trimming, and inset, aiming to minimize complica<ons and improve outcomes. 

 

Tradi<onally, perfusion has been evaluated clinically, relying on subjec<ve parameters 

such as color, capillary refill, dermal bleeding, and turgor. However, the subjec<vity and 

interobserver variability of these signs have prompted the development of objec<ve 

imaging techniques. Among these, Indocyanine Green Angiography (ICG-A) has become 

the current gold standard, allowing real-<me visualiza<on of surface perfusion. In 

parallel, Dynamic Infrared Thermography (DIRT) has emerged as a non-invasive, 

repeatable method capable of assessing the func<onal dynamics of cutaneous blood 

flow. 

 

The present thesis focuses on the compara<ve evalua<on of ICG-A and DIRT for 

intraopera<ve perfusion assessment of ALT free flaps in lower-limb reconstruc<on, 

aiming to determine whether thermography can reliably iden<fy well-perfused and at-
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risk areas, complemen<ng or even replacing fluorescence angiography in certain 

contexts. 

 

The following sec<ons will provide the theore<cal framework necessary to understand 

the clinical and scien<fic basis of this study. We will begin with the principles and 

challenges of soh <ssue reconstruc<on in the lower limb, review the historical evolu<on 

of flap surgery with emphasis on perforator-based reconstruc<on, and focus on the ALT 

flap as a workhorse in extremity salvage. Finally, we will analyze the current methods for 

flap perfusion assessment, highligh<ng the ra<onale and jus<fica<on for this 

compara<ve study between ICG-A and DIRT. 
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1.2 SoB ,ssue reconstruc,on of the lower limb: Clinical relevance and challenges 
 

Soh <ssue reconstruc<on of the lower limb represents one of the most demanding 

scenarios in reconstruc<ve microsurgery. Unlike other anatomical regions where par<al 

flap compromise can ohen be managed conserva<vely, the exposure of cri,cal 

structures such as bone, tendons, vessels, nerves, or orthopedic hardware in the leg 

can quickly lead to deep infec<on or osteomyeli<s, which may compromise limb salvage.  

 

Even a 1 cm² area of distal flap necrosis may necessitate addi<onal surgery, prolonged 

hospitaliza<on, and, in some cases, result in amputa<on. The limited local <ssue 

coverage of the lower leg, combined with the frequent presence of hardware following 

fracture fixa<on or tumor resec<on, explains why this region has historically been 

considered a high-risk zone for reconstruc<ve failure (1)(2) 

 

The typical e<ologies requiring free flap coverage in the lower limb include high-energy 

trauma, Gus,lo IIIB and IIIC open fractures, post-oncologic resec,ons of soB ,ssue 

sarcomas, and chronic wounds or osteomyeli,s following previous surgeries. In these 

cases, the availability of local flaps is oBen insufficient to achieve robust coverage, due 

to the limited arc of rota<on, lack of bulk, and vulnerability to distal necrosis. 

Furthermore, infec,on risk in the lower limb is amplified by poor vascularity, 

par<cularly in pa<ents with diabetes mellitus or peripheral vascular disease, where 

arterial inflow and venous drainage may already be compromised (3). 

 

The modern era of microsurgical free flaps has drama<cally improved the outcomes of 

lower-limb salvage, with success rates in contemporary series exceeding 95% (4).  

However, this high survival rate does not eliminate the problem of par,al necrosis, 

which in the leg may be just as consequen<al as total flap failure. Unlike in breast or 

trunk reconstruc<on, where small skin losses can be treated with secondary healing or 

skin grahing, the loss of even minimal ,ssue in the lower limb can expose plates or 

screws, leading to infec,on, flap dehiscence, or delayed union of the underlying 

fracture (5,6). For this reason, precise intraopera,ve assessment of flap perfusion is 
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paramount in this anatomical region, guiding surgeons in the iden<fica<on and 

preserva<on of the most reliable <ssue. 
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1.3 Flaps evolu,on 
 

I. Historical evolution of flap surgery 

 
The evolu<on of flap surgery illustrates the journey from empirical local <ssue 

rearrangements to highly precise perforator-based microsurgical reconstruc,on. 

Understanding this trajectory is essen<al to appreciate how modern strategies for lower-

limb salvage were developed, as well as to contextualize the role of objec,ve perfusion 

assessment in current prac<ce. 

 

The earliest references to flap reconstruc,on date back to ancient India, where 

Sushruta (~600 BCE) described the forehead flap for nasal reconstruc,on, as recorded 

in the Sushruta Samhita (7). These early procedures relied purely on random blood 

supply from the subdermal plexus and empirical observa<on of survival pa2erns. 

 

 
Figure 1.1. Portrait of Sushruta, an ancient Indian surgeon tradi4onally considered a founding 
figure of reconstruc4ve surgery. His trea4se, the Sushruta Samhita (circa 6th century BCE), 
includes early descrip4ons of skin flaps, graEing techniques, and surgical principles that remain 
conceptually relevant in modern reconstruc4ve surgery. 
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In Europe, the Renaissance marked a second milestone: Gaspare Tagliacozzi (1597) 

published De Curtorum Chirurgia per Insi3onem, where he described the tubed arm flap 

for nasal reconstruc,on, emphasizing the importance of maintaining vascular 

con,nuity between donor and recipient sites (8). Despite these advances, flap survival 

was inconsistent, and the procedures required long immobiliza,on periods. 

 

 
Figure 1.2. Illustra4on from Gaspare Tagliacozzi’s De Curtorum Chirurgia per Insi4onem (1597), 
depic4ng the classic pedicled arm flap used for nasal reconstruc4on, a founda4onal milestone in 
the development of reconstruc4ve plas4c surgery. 
 

 

The 19th century brought a fundamental shih with the recogni,on of axial flaps—

<ssues perfused by a known, named artery and vein. Surgeons such as Johann Friedrich 

Dieffenbach and Carl Ferdinand von Graefe contributed to early clinical applica<ons of 

axial flaps, paving the way for more predictable outcomes (9).  
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The World Wars of the 20th century accelerated reconstruc<ve innova<on, as Sir Harold 

Gillies and Filatov developed tubed pedicle flaps to address massive facial and limb 

injuries (10). These innova<ons, although s<ll pedicled and staged, laid the founda<on 

for microsurgery by demonstra<ng the feasibility of long-distance ,ssue transfer. 

 

 

 
Figure 1.3. Origins of modern reconstruc4ve plas4c surgery during World War I. Examples of 
bipalpebral and nasal reconstruc4on using tubed pedicle flaps (upper leE), portrait of Sir Harold 
Gillies (right), and photograph of the Guinea Pig Club(lower), an associa4on of pa4ents treated 
by Gillies. 
 

 
Sir Harold Gillies 

1882 - 1960 
 

World War I 
1914-1918 
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The microsurgical era began in the 1970s, with the advent of the opera,ng microscope, 

microvascular instruments, and reliable suture materials. Experimental work by Fujino 

and McCraw clarified myocutaneous vascular territories, while Taylor and Palmer 

(1987) provided a three-dimensional vascular map of the body, introducing the 

angiosome concept(11) (12). This knowledge not only improved flap safety but also 

facilitated the design of free flaps that could be completely detached and 

reanastomosed to distant vessels, revolu<onizing reconstruc<ve surgery. 

 

The 1980s and 1990s marked the evolu<on toward perforator-based flaps. Song et al. 

(1984) first described the free anterolateral thigh (ALT) flap as a septocutaneous 

fasciocutaneous flap (13). Later, Koshima and Soeda (1989) pioneered the true 

perforator flap concept, demonstra<ng that skin and subcutaneous <ssue could be 

harvested on a single perforator while preserving the underlying muscle, thus 

minimizing donor-site morbidity (14). These advances consolidated perforator flaps as 

the gold standard for lower-limb salvage, combining reliable perfusion with func<onal 

preserva<on. 
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II. Angiosome, Perforasome and Choke Vessels: Anatomical basis and 

functional considerations in flap perfusion 

 

The anatomical founda<on for modern flap design was profoundly transformed 

by the work of Taylor and Palmer in 1987 (15). Through me<culous in vivo and cadaveric 

injec<on studies using lead oxide–gela<n and India ink, they demonstrated that the 

human body can be divided into approximately 374 angiosomes—three-dimensional 

vascular territories each supplied by a single source artery and its venae comitantes. 

These territories extend from the skin through subcutaneous fat, fascia, muscle, and 

bone, forming reproducible anatomical units. By dissec<ng and radiographically 

documen<ng these injec<ons, Taylor mapped the territories supplied by major arteries, 

describing their boundaries and the vessels linking them. 

 

 
Figure 1.4. Angiosome concept as described by Taylor and Palmer. Schema4c representa4on of 
the three-dimensional vascular territories of the body, illustra4ng the distribu4on of angiosomes 
supplied by source arteries and their interconnec4ons, which form the anatomical basis for 
modern perforator flap surgery and flap perfusion assessment.  
Adapted from Taylor and Palmer (15) 
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A pivotal finding was that adjacent angiosomes are interconnected via two dis<nct types 

of anastomoses: 

- True anastomoses, in which vessel calibre remains constant across the 

connec<on, allowing free, bidirec<onal flow. 

- Choke anastomoses (or choke vessels), in which the connec<ng artery exhibits a 

reduced calibre—ohen one-third to one-half of the source vessel diameter—

restric<ng baseline flow (15),(16). 

 

Taylor and Palmer’s atlas not only provided a vascular “map” of the body but also offered 

a ra<onal basis for predic<ng flap viability, enabling the safe extension of flaps into 

adjacent angiosomes under certain condi<ons. 

 

From Angiosome to Perforasome: Refining the Microvascular Map 

While the angiosome describes the macro-territory of a source artery, it does not directly 

reflect the more localized and clinically relevant territory supplied by an individual 

perforator.  

 

This refinement was introduced by Saint-Cyr et al. in 2009 (17) with the perforasome 

theory. Using a combina<on of cadaveric and clinical studies, they employed sta<c three-

dimensional (3D) CT angiography, dynamic four-dimensional (4D) CT angiography, and 

intraopera<ve clinical observa<ons to define the perforasome as the cutaneous vascular 

territory nourished by a single musculocutaneous or septocutaneous perforator. 

 

Saint-Cyr’s studies demonstrated: 

 

- Each perforator supplies a central zone of robust perfusion. 

- Peripheral extension into adjacent perforasomes depends on interperforator 

connec<ons, which may be true or choke anastomoses. 

- Flow across choke vessels can be delayed by several seconds to minutes, 

producing dis<nct filling pa2erns on angiography. 
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- Perforator loca<on (central vs. eccentric) significantly affects territory symmetry 

and distal perfusion. 

Unlike an angiosome, which may contain mul<ple perforators and extend through deep 

<ssues, the perforasome represents the smallest, func<onally independent vascular unit 

relevant for perforator flap surgery. This microvascular focus is par<cularly cri<cal in the 

design and survival of flaps where perfusion at the distal edges depends on the 

recruitment of adjacent perforasomes. 

 
 

Figure 1.5. Perforasome concept as described by Saint-Cyr. Schema4c illustra4on of perforator-
based vascular territories (perforasomes) and their linking vessels, highligh4ng the anatomical 
basis for perforator flap design and perfusion beyond the dominant perforator. 
Adapted from Saint-Cyr et al.(17) 
 

Choke Vessels: Structure, Func,on, and Variability 

Choke vessels occupy a pivotal role in both the angiosome and perforasome frameworks. 

Anatomically, they are narrow-calibre arteries bridging adjacent territories, typically with 

a well-developed muscular media. Physiologically, they act as flow regulators: at 

baseline, their constricted lumen limits blood transfer; under condi<ons of sustained 

demand, they can dilate and remodel into true anastomoses. This conversion process 
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can be accelerated by surgical delay, trauma, or ischemic precondi<oning, ohen 

beginning within 48–72 hours and becoming func<onally complete by 5–7 days (16),(18). 

 

 

 
Figure 1.6. Choke vessel concept in perforator flap perfusion. 
 Upper image: schema4c representa4on of a dominant (“true”) perforator supplying a central 
perforasome, surrounded by adjacent perforasomes connected through small-caliber 
interperforator vessels (choke vessels), depicted as a hexagonal territorial network. 
 Lower image: linear schema4c illustra4ng the func4onal behavior of choke vessels between 
adjacent vascular territories, showing an ini4al state with closed or func4onally restricted choke 
vessels, limi4ng perfusion to the neighboring perforasome, and a subsequent state aEer dila4on 
and remodeling, allowing opening of choke vessels and recruitment of the adjacent territory. 
Adapted from Taylor et al. (16) 
 

Factors influencing choke vessel behaviour: 

 

- Systemic hemodynamics: hypotension or hypovolemia reduces driving pressure, 

limi<ng choke recruitment. 
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- Sympathe,c tone: periopera<ve stress, hypothermia, or pharmacologic 

vasoconstrictors can cause addi<onal narrowing. 

- Venous ouhlow: conges<on may impede forward flow through choke zones. 

- Tissue characteris,cs: edema, fibrosis, or radiotherapy can s<ffen perivascular 

<ssues, increasing resistance. 

- Pa,ent comorbidi,es: diabetes mellitus, peripheral vascular disease, and 

smoking impair endothelial reac<vity and collateral recruitment. 

- Intraopera,ve handling: excessive trac<on, cautery, or compression along choke 

territories can precipitate vasospasm. 

 

Experimental thermographic studies by Taylor et al. (19) have shown that choke zones 

ohen correspond to areas of delayed rewarming aher a cooling challenge, reflec<ng 

slower filling via restricted channels. In large flaps, necrosis frequently develops at or 

beyond the second choke zone from the dominant perforator—par<cularly in designs 

with elongated geometry or eccentric perforator loca<on. 

 

Func,onal Relevance in Flap Surgery 

The func<onal angiosome concept, advanced by Taylor in 2017 (20), integrates the 

anatomical map with the real-3me physiological capacity of interterritorial connec<ons. 

In prac<ce, the perfusion territory captured by a perforator at surgery is the sum of: 

 

1. Its primary perforasome (robust, immediate flow). 

2. Adjacent perforasomes accessible via true anastomoses (full, synchronous 

filling). 

3. Adjacent perforasomes accessed via choke vessels (delayed, poten<ally 

insufficient flow). 

 

The dis<nc<on is cri<cal in lower-limb reconstruc<on. Even minimal distal necrosis can 

expose bone or orthopedic hardware, leading to infec<on or amputa<on. Therefore, 

relying solely on preopera<ve anatomical predic<ons may be inadequate, especially in: 

 

- Large or narrow flaps spanning mul<ple perforasomes. 
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- Pa<ents with vascular comorbidi<es. 

- Flaps based on eccentric perforators. 

- Acute trauma where vasospasm is common. 

 

In such contexts, intraopera,ve assessment of flap perfusion becomes cri<cal to 

determine whether the distal extent is func<onally viable or at risk. While anatomical 

mapping offers a framework for design, only real-<me evalua<on can confirm the 

effec<ve capture of adjacent territories through choke zones. 

 

In summary, the progression from the angiosome to the perforasome theory, enriched 

by the understanding of choke vessel physiology, has provided reconstruc<ve surgeons 

with a detailed anatomical and func<onal map for flap design. Yet, these maps represent 

poten<al territories; the actual territory perfused in each pa<ent is modulated by 

hemodynamic condi<ons, vessel reac<vity, and the microvascular architecture of choke 

zones. This variability explains why, even with careful anatomical planning, distal 

ischemia remains a risk—par<cularly in large fasciocutaneous flaps for the lower limb. 

 

These principles are especially relevant when considering the anterolateral thigh (ALT) 

flap, whose poten<al skin paddle ohen traverses mul<ple perforasomes. Understanding 

its vascular basis in the context of angiosomes, perforasomes, and choke vessels is 

essen<al before addressing the clinical strategies for assessing its perfusion, which will 

be explored in subsequent sec<ons. 
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1.4 The Anterolateral Thigh Flap (ALT) 
 

I. The Anterolateral Thigh (ALT) Flap as a Workhorse in Lower-Limb 

Reconstruction 

The anterolateral thigh (ALT) flap has emerged as the workhorse perforator flap for 

lower-limb reconstruc<on, thanks to its anatomical reliability, versa<lity, and low donor-

site morbidity. First described by Song et al. in 1984 as the “free thigh flap,” it was ini<ally 

conceptualized as a septocutaneous flap based on the descending branch of the lateral 

circumflex femoral artery (LCFA) (13). Subsequent studies by Koshima et al. (1989) and 

Kimata et al. (1998) expanded its descrip<on, demonstra<ng the frequent presence of 

musculocutaneous perforators coursing through the vastus lateralis muscle and 

highligh<ng the anatomical variability of its pedicle (21)(22). 

 

 
Figure 1.7. Anatomical basis of the anterolateral thigh (ALT) flap.  
Le. image: Schema4c representa4on of the lateral femoral circumflex artery (LFC) system, giving 
the descending branch (DB) as the main source of perforator branches (PBS) supplying the 
anterolateral (ALT) thigh skin territory 
Right image: Dissected ALT flap with its vascular pedicle and dominant perforator, illustra4ng 
the typical appearance prior to pedicle division at the donor site. 
Adapted from Wei FC, microsurgeon.org (23) 
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The ALT flap offers mul,ple advantages for limb salvage: 

- A long vascular pedicle (ohen 8–12 cm) with a consistent caliber suitable for 

microsurgical anastomosis. 

- A large, customizable skin paddle, adaptable for single or double-perforator 

designs and chimeric flaps. 

- Thickness variability, ranging from subfascial to superthin or ultrathin harvest, 

ideal for covering the ,bia or foot dorsum without excessive bulk. 

- Low donor-site morbidity, with primary closure feasible in many cases or split-

thickness skin grahing if necessary. 

 

Anatomical and clinical studies confirm that the ALT flap can reliably cover <bial plates, 

exposed bone, or mul<-planar defects, making it indispensable in trauma and oncologic 

reconstruc<on (24–32). Despite this reliability, par<al necrosis remains a concern, 

par<cularly in the distal third of the flap, where perfusion relies on linking choke vessels 

between perforasomes. This risk reinforces the need for intraopera<ve perfusion 

assessment, which directly mo<vates the explora<on of ICG angiography and dynamic 

infrared thermography in this thesis. 
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II. Clinical relevance of perfusion and complications in ALT free flaps 

Despite the remarkable evolu<on of reconstruc<ve microsurgery, flap perfusion 

remains the key determinant of surgical success, especially in lower-limb reconstruc<on. 

The anterolateral thigh (ALT) flap, while highly reliable, is not exempt from the risk of 

par<al or total necrosis, and the consequences in the leg are dispropor<onately severe 

compared to other anatomical regions. 

 

The global survival rate of ALT free flaps in contemporary series ranges from 91% to 

98% (27,30,32–35) , which is comparable to other major perforator flaps. However, 

par,al flap loss or marginal necrosis occurs in 3–10% of cases (36) . In breast or trunk 

reconstruc<on, such small losses may be managed conserva<vely or with simple skin 

grahing. In contrast, even a minor area of necrosis in the lower limb may expose bone, 

tendon, vascular grahs, plates, or endoprostheses, crea<ng a high risk of deep infec<on 

or osteomyeli<s(6). This complica<on ohen necessitates reopera<on, some<mes with a 

second free flap, and in extreme cases, amputa<on becomes unavoidable. 

 

 
Figure 1.8. Clinical example of distal perfusion failure in an anterolateral thigh (ALT) flap. 
 Le. image: intraopera4ve view aEer flap inset, showing an apparently well-perfused skin 
paddle based on a single dominant perforator.  
Right image: One week postopera4ve appearance demonstra4ng distal skin necrosis, consistent 
with insufficient perfusion of the distal perforasome, likely due to limited perforasome reach and 
lack of effec4ve recruitment through choke vessel dila4on. 
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The mechanisms underlying par,al flap necrosis in ALT flaps are mul<factorial: 

- Anatomical variability of perforators, par<cularly when the flap relies on a single 

musculocutaneous perforator with limited choke vessel recruitment. 

- Hemodynamic factors, such as intraopera<ve hypotension, vasospasm, or 

compromised venous drainage. 

- Pa,ent comorbidi,es, including diabetes mellitus, peripheral vascular disease, 

smoking, or prior trauma, which reduce microvascular reserve. 

- Flap design choices, where excessively long or wide skin paddles may exceed 

the func<onal perforasome territory. 

 

While clinical monitoring (color, capillary refill, turgor, bleeding at the flap edge) remains 

the tradi,onal first-line method, it is subjec,ve and operator-dependent, with limited 

predic,ve power for par,al necrosis (37). Surgeons ohen face a gray zone: areas that 

appear marginally perfused may either survive or progress to necrosis. These borderline 

zones are the cri<cal target for objec,ve intraopera,ve assessment technologies. 

 

In the context of lower-limb reconstruc<on, the stakes of misjudging perfusion are high. 

A 1 cm² necro<c zone over a <bial plate can convert a 95% technically successful free 

flap into a func<onal failure, requiring addi<onal surgery and delaying rehabilita<on. 

This reality jus<fies the integra<on of imaging techniques capable of mapping real-<me 

perfusion, which forms the central focus of this thesis. 
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1.5 Flap Perfusion Assesment 
 

I. Indocyanine Green Angiography (ICG-A) for flap perfusion assessment 

The intraopera<ve evalua<on of flap perfusion has evolved significantly over the 

last two decades, moving from purely clinical observa<on to the use of real-<me imaging 

technologies. Among these, indocyanine green angiography (ICG-A) has become the 

current gold standard for assessing microvascular perfusion in free flaps, including the 

anterolateral thigh (ALT) flap for lower-limb reconstruc<on. 

 

Indocyanine green (ICG) is a water-soluble tricarbocyanine dye that binds strongly to 

plasma proteins, remaining intravascular aher intravenous injec<on (38). Its op<cal 

proper<es allow it to fluoresce in the near-infrared (NIR) spectrum, with an excita<on 

wavelength around 805 nm and an emission peak near 835 nm. This makes ICG highly 

suitable for intraopera<ve angiography, as NIR light can penetrate several millimeters 

into <ssue without causing radia<on damage. 

 

ICG was developed in the 1950s and was ini<ally used for cardiac output and hepa<c 

func<on studies due to its exclusive intravascular distribu<on and rapid clearance by the 

liver (39). Its first applica<ons in ophthalmology were described by Flower et al. (1972) 

for choroidal and re<nal angiography (40,41).  

 

Plas<c and reconstruc<ve surgery incorporated ICG decades later, par<cularly for 

intraopera<ve evalua<on of flap perfusion and mastectomy skin viability, where it 

demonstrated a capacity to visualize areas of low perfusion that might progress to 

necrosis if not excised or adjusted(42–51). 

 

Principles of ICG-A and intraopera,ve acquisi,on 

ICG-A in free flap surgery relies on intravenous injec<on of a small bolus of ICG, typically 

0.1–0.3 mg/kg, followed by real-<me visualiza<on with a near-infrared camera system.  
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Aher injec<on, ICG rapidly circulates through the arterial inflow, capillary bed, and 

venous drainage of the flap. The NIR camera captures a fluorescence sequence that can 

be analyzed in three main phases: 

1. Arterial inflow phase – Bright fluorescence appears first at the site of the arterial 

pedicle and propagates distally along the flap. 

2. Capillary or plateau phase – Homogeneous perfusion produces uniform 

fluorescence intensity, ideally within 45–60 seconds. 

3. Venous ouhlow phase – Fluorescence diminishes progressively; delayed 

washout may suggest venous conges,on. 

 

These sequences allow surgeons to iden<fy hypoperfused zones that might otherwise 

appear normal under white light. Quan<ta<ve analysis is possible through sohware-

based intensity mapping, though in clinical prac<ce, most intraopera<ve decisions are 

based on semi-quan<ta<ve interpreta<on of the perfusion pa2ern (52–58). 

 

 
 
Figure 1.9. Indocyanine green angiography (ICG-A) system and contrast agent. 
 Le. image: ICG imaging console, comparable in size to an ultrasound unit, designed for 
intraopera4ve use and requiring a dedicated cart.  
Right image: vial of indocyanine green used for fluorescence angiography. 
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Figure 1.10. Intraopera4ve applica4on of indocyanine green angiography in an anterolateral 
thigh (ALT) flap. 
 Le. image: dissected ALT flap at the donor site prior to pedicle division.  
Right image: corresponding intraopera4ve ICG angiography image demonstra4ng flap 
perfusion. 
 

 

Clinical applica,ons and advantages 

The integra<on of ICG-A into reconstruc<ve microsurgery has several key advantages: 

 

- Real-,me perfusion mapping with immediate feedback to the surgical team. 

- Early detec,on of marginal zones at risk for necrosis, enabling intraopera,ve 

trimming or flap reorienta,on. 

- Assessment of venous conges,on and differen<a<on from arterial insufficiency. 

- Reduced subjec,vity compared to purely clinical observa<on. 

- Non-ionizing and safe, with a low incidence of adverse reac<ons (<0.1%) (38,59). 

 

For lower-limb reconstruc<on, ICG-A has been par<cularly valuable because par<al 

necrosis carries high morbidity. By detec<ng borderline perfusion areas before flap inset, 

surgeons can reduce the incidence of distal necrosis, especially in large or long ALT flaps 

where choke vessel recruitment may be limited in the early postopera<ve period.(60,61) 
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 Limita,ons of ICG-A 

Despite its benefits, ICG-A has limita,ons that must be acknowledged: 

- Cost and availability – Dedicated infrared cameras (e.g., Fluobeam®, SPY Elite®) 

represent a significant financial investment, limi<ng universal access. 

- Subjec,vity in interpreta,on – While the visualiza<on is immediate, the 

threshold for “safe” fluorescence is not strictly standardized across devices or 

ins<tu<ons. 

- Surface penetra,on – NIR light penetrates only a few millimeters, providing 

primarily surface perfusion informa<on, which may not fully reflect deep flap 

vascularity. 

- Dynamic changes post-anastomosis – Perfusion can evolve over hours, so a 

single intraopera<ve snapshot may miss delayed conges<on or arterial spasm. 

- ICG pharmacokine,cs – Rapid hepa<c clearance allows repeated dosing, but in 

pa<ents with liver dysfunc<on, background fluorescence may limit image clarity. 

 

 Perfusion panerns and interpreta,on in ALT flaps 

In clinical prac<ce, ICG-A generates fluorescence maps that can be interpreted to guide 

flap inset and trimming. Several perfusion zones are typically described in the literature: 

- Well-perfused zones – Bright, homogeneous fluorescence appears early (<45 s). 

- Borderline zones – Delayed or heterogeneous fluorescence; these areas require 

careful intraopera,ve judgment. 

- Hypoperfused or non-perfused zones – Absence of fluorescence or extreme 

delay; these should generally be resected or revised. 

 

In lower-limb ALT flaps, perfusion frequently decreases toward the distal edge of the 

flap, corresponding to the limits of the dominant perforasome. Iden<fying and managing 

these marginal territories intraopera<vely is the primary ra<onale for ICG-A in limb 

salvage. 
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II. Dynamic Infrared Thermography (DIRT) in free flap perfusion assessment 

Dynamic Infrared Thermography (DIRT) has emerged as a valuable tool for 

func<onal assessment of perfusion in free and pedicled flaps, offering a non-invasive, 

repeatable, and real-<me evalua<on of cutaneous blood flow. Its relevance is 

par<cularly evident in lower-limb reconstruc<on with large fasciocutaneous flaps, such 

as the anterolateral thigh (ALT) flap, where early detec<on of marginal ischemia can be 

decisive for flap survival and limb salvage (62–72). 

 

 

 
 

Figure 1.11. Infrared thermography system and intraopera4ve applica4on. 
 Upper image: portable infrared thermal camera (FLIR One E6 Pro) used for intraopera4ve 
thermal imaging, compact in size but not pocket-based.  
Lower images: le., dissected anterolateral thigh (ALT) flap at the donor site prior to pedicle 
division; right, corresponding sta4c thermal image illustra4ng the appearance of flap surface 
temperature distribu4on. 
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Principles and Physiological Basis 

DIRT is based on the thermal behavior of skin and subcutaneous <ssue as a surrogate for 

microvascular perfusion. The technique relies on the principle that well-perfused <ssue 

rewarmes faster aher a standardized cooling challenge, due to the con<nuous supply of 

warm blood through arterial inflow and capillary circula<on. Conversely, areas with 

delayed or heterogeneous thermal recovery indicate borderline perfusion or venous 

conges<on, which may precede clinical manifesta<ons such as pallor, cyanosis, or turgor 

changes (64,73). 

 

In prac<ce, dynamic infrared thermography (DIRT) consists of cooling the flap surface for 

a short, standardized period and then observing the rewarming process with an infrared 

camera. Temperature recovery reflects <ssue perfusion: well-perfused areas rewarm 

rapidly and uniformly, achieving homogeneous temperature rise within 

seconds. Borderline or doubhul perfusion shows a slower and heterogeneous 

rewarming pa2ern, ohen with irregular or delayed temperature increase. Hypoperfused 

zones remain cool for longer periods, displaying minimal or absent temperature 

recovery during the observa<on window. Thus, instead of relying solely on anatomical 

assump<ons, DIRT provides a real-3me func3onal map of perfusion, allowing surgeons 

to iden<fy viable <ssue, areas at risk, and regions that may progress to necrosis. 

 

 
Figure 1.12. Dynamic infrared thermography (DIRT) assessment of flap perfusion. 
Le. image: thermal image obtained immediately aEer 1 minute controlled cooling, showing a 
low baseline surface temperature of approximately 20 °C. 
Right image: thermal image acquired 10 minutes aEer rewarming, illustra4ng differen4al 
temperature recovery, with well-perfused areas showing higher rewarming and hypoperfused or 
doubcul zones remaining cooler.. 
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Historical Development 
The founda<ons of DIRT in reconstruc<ve surgery were laid more than three decades 

ago. Wilson and collaborators (62) were the first to demonstrate that dynamic 

thermography outperformed sta<c imaging in detec<ng ischemic regions in 

experimental flaps. Their work established that surface temperature alone could be 

misleading, as baseline uniformity ohen masks subtle perfusion deficits. By introducing 

<me as a func<onal variable, dynamic imaging revealed delayed thermal recovery as a 

predictor of ischemia and impending necrosis, providing the physiologic ra<onale that 

underpins current applica<ons. 

 

Subsequent advances were driven by the clinical and experimental studies of De Weerd 

and colleagues (63–65), who validated DIRT as a predic<ve intraopera<ve tool for free 

flap perfusion. Their inves<ga<ons demonstrated that early hot spots correlated with 

the loca<on of dominant perforators, while delayed or heterogeneous thermal recovery 

predicted distal flap necrosis. Importantly, these thermal changes were observed hours 

before clinical signs appeared, emphasizing the poten<al of DIRT for early risk detec<on. 

De Weerd also highlighted its value for func<onal perforasome mapping, 

complemen<ng anatomical knowledge obtained from Doppler ultrasound or computed 

tomography angiography.(74) 

 

As clinical experience expanded, systema<c analyses and protocol standardiza<on 

strengthened the role of DIRT. John et al. conducted a systema<c review on the clinical 

applica<ons of dynamic infrared thermography in reconstruc<ve microsurgery and 

found that DIRT reliably iden<fies perfusion heterogeneity within free flaps. By 

highligh<ng poorly perfused or delayed-rewarming areas, DIRT allows intraopera<ve 

decision-making such as preven<ve trimming of at-risk zones before flap inset. Their 

review reported that this strategy reduces the incidence of par<al flap necrosis and 

supports the value of thermography as a func<onal tool rather than purely clinical 

assessment (75). 

 

DIRT has also proven useful in pedicled perforator flaps. Sjöberg and collaborators (70) 

applied the technique to thoracodorsal artery perforator (TDAP) flaps, showing that it 
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can map individual perforasomes and detect early venous conges<on. By iden<fying 

delayed rewarming or patchy thermal pa2erns, the surgical team could intervene early, 

op<mizing flap safety and reducing postopera<ve complica<ons. 

 

An important step toward wider clinical adop<on came with the standardiza<on efforts 

of Thiessen et al. (66), who defined key technical parameters to ensure reproducibility. 

They emphasized the need to control ambient temperature, dura<on and method of 

cooling, camera distance and angle, and <ming of image acquisi<on. This standardiza<on 

is essen<al for mul<center studies and for integra<ng DIRT into evidence-based 

reconstruc<ve protocols. 

 

Clinical Relevance in ALT Flaps and Lower-Limb Reconstruc,on 

The func<onal insights provided by DIRT are par<cularly relevant for large 

fasciocutaneous flaps such as the anterolateral thigh (ALT) flap, which is the workhorse 

of lower-limb reconstruc<on. Distal por<ons of these flaps ohen rely on choke vessel 

recruitment between adjacent perforasomes, a process that may be incomplete in the 

immediate postopera<ve period. Iden<fying these borderline territories intraopera<vely 

is cri<cal, as even 1 cm² of necrosis in the lower limb can expose bone, plates, or 

prosthe<c material, leading to infec<on, osteomyeli<s, and poten<al limb loss 

(30,33,34,36,76–79). 

 

Dynamic Infrared Thermography (DIRT) allows surgeons to visualize flap perfusion 

dynamically, complemen<ng the anatomical informa<on obtained with Indocyanine 

Green Angiography (ICG-A).  While ICG-A offers a high-resolu<on sta<c image of 

perfusion, DIRT adds a func<onal and temporal dimension, showing real-<me changes 

in temperature that reflect blood inflow. Areas that rewarm rapidly indicate be2er 

perfusion, whereas delayed or heterogeneous rewarming may suggest marginal 

perfusion or early venous conges<on. Because it is completely non-invasive, dye-free, 

and repeatable, DIRT presents an a2rac<ve op<on to monitor perfusion intraopera<vely 

and in the early postopera<ve period. 
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Although ini<al experimental work by Wilson and later clinical applica<on by de Weerd 

and others introduced DIRT as a feasible adjunct in perforator flap surgery, current 

evidence remains limited. Some studies report that first hotspots during thermal 

rewarming  iden<fy perforators; however, perforator detec<on is not the primary clinical 

challenge during ALT free flap surgery. What truly influences flap survival is not the 

loca<on of a perforator but the perfusion capacity of its vascular territory. For this 

reason, the present study focuses on perfusion assessment, not perforator mapping. To 

date, DIRT has not been validated as equivalent to ICG-A for evalua<ng the perfused 

surface area of free flaps—par<cularly in lower-limb reconstruc<on, where even small 

areas of necrosis can jeopardize limb salvage. Available literature posi<ons DIRT as a 

poten<ally complementary and cost-effec<ve tool, but further compara<ve studies are 

required to determine its accuracy, reproducibility, and real impact on flap outcomes. 
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1.6 Study ra,onale and jus,fica,on 
 

Lower-limb reconstruc<on remains one of the most demanding areas in 

reconstruc<ve microsurgery, where even minimal par<al flap loss can translate into 

major func<onal failure, prolonged hospitaliza<on, and risk of osteomyeli<s or 

amputa<on. Among the available op<ons, the anterolateral thigh (ALT) flap has 

established itself as the workhorse for these complex defects due to its long pedicle, 

reliable perforators, and low donor-site morbidity. Nevertheless, its success s<ll depends 

cri<cally on precise intraopera<ve assessment of perfusion, especially in distal or 

borderline territories where choke vessel recruitment is uncertain (19,20,80). 

 

Tradi<onal clinical assessment—based on color, turgor, capillary refill, and bleeding—is 

subjec<ve and ohen insufficient to reliably iden<fy borderline perfusion zones. The 

current gold standard, indocyanine green angiography (ICG-A), provides real-<me 

perfusion mapping but has significant limita<ons, including cost, need for intravenous 

contrast, limited <ssue penetra<on, and poten<al for incomplete temporal assessment 

(60,61). In contrast, Dynamic Infrared Thermography (DIRT) emerges as a non-invasive, 

repeatable, and cost-effec<ve technique, capable of mapping func<onal perfusion 

dynamically, with the poten<al to iden<fy high-risk areas early and reduce flap-related 

complica<ons (64,65). 

 

Despite growing interest, direct compara<ve studies between ICG-A and DIRT in ALT flaps 

for lower-limb reconstruc<on remain scarce. Establishing how these two modali<es 

correlate and whether DIRT can serve as a reliable alterna<ve or complement to ICG-A 

represents a clinically relevant ques<on with poten<al to op<mize limb salvage 

protocols, reduce costs, and improve pa<ent outcomes. 

 

The present thesis is designed to fill this knowledge gap by performing a prospec<ve 

intraopera<ve comparison of ICG-A and DIRT for ALT flap perfusion assessment in lower-

limb reconstruc<on. Through this approach, we aim to: 
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1. Characterize perfusion panerns obtained by each technique in clinically relevant 

intraopera<ve stages. 

2. Iden,fy concordance and discrepancies between fluorescence-based and 

thermal imaging modali<es. 

3. Evaluate the poten,al of DIRT as a reliable, non-invasive alterna,ve for real-

<me flap monitoring. 

 

By integra<ng anatomical knowledge, technological advances, and clinical relevance, this 

work contributes to the evidence-based refinement of lower-limb reconstruc<ve 

strategies, reinforcing the concept that objec<ve perfusion assessment is essen<al to 

maximize flap survival and func<onal outcomes. 
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2: Hypothesis  

 
 
 

• Dynamic infrared thermography (DIRT) is a reliable and cost-effec<ve alterna<ve 

to indocyanine green angiography (ICG-A) for the intraopera<ve assessment of 

perfusion in free anterolateral thigh (ALT) perforator flaps used in lower 

extremity reconstruc<on. 
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3: Objectives 
 

I. Main Objective 

 
• To assess whether dynamic infrared thermography (DIRT) provides comparable 

intraopera<ve assessment of flap perfusion to indocyanine green angiography 

(ICG-A) in anterolateral thigh flap (ALT) reconstruc<on of the lower extremity. 

 

II. Secondary Objectives 

 

• To evaluate the spatial agreement and discrepancies between dynamic infrared 

thermography and indocyanine green angiography in the classification of well-

perfused, doubtful, and non-perfused regions of the ALT flap. 

• To characterize thermographic temperature distribution across different 

intraoperative timepoints (T1, T2, and T3), with particular attention to spatial 

heterogeneity and distal territories. 

• To explore thermographic changes associated with venous outflow 

configuration, comparing single- and dual-vein drainage over time. 

• To explore the relationship between thermographic temperature distribution 

and angiographic perfusion categories, assessing its potential relevance for 

intraoperative interpretation. 
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4: Materials and Methods 
 

4.1 Study Design 
 

This study is a prospec,ve observa,onal intraopera,ve imaging 

comparison designed to evaluate the agreement between Dynamic Infrared 

Thermography (DIRT) and Indocyanine Green Angiography (ICG-A) for perfusion 

assessment of free anterolateral thigh (ALT) perforator flaps used in lower-limb 

reconstruc<on. 

 

I. Intraoperative timepoints and imaging strategy 

For the purposes of intraopera<ve perfusion assessment, three standardized <mepoints 

were defined: T1, T2, and T3. These <mepoints were selected to capture physiologically 

dis<nct stages of flap perfusion during lower limb reconstruc<on and to allow both 

cross-modal and longitudinal analysis. 

 

T1 — In situ (na,ve donor-site perfusion) 

Before pedicle division, the ALT flap remains a2ached to its donor site and perfused by 

its na<ve vascular supply (typically one dominant perforator artery and two venae 

comitantes).  

 

This <mepoint represents the most physiological condi<on for perfusion assessment and 

was therefore selected as the reference baseline for the study. At T1, both indocyanine 

green angiography (ICG-A) and dynamic infrared thermography (DIRT) were 

performed. 

 

 

T2 — ABer anastomosis of one artery and one vein 

Following pedicle division and transfer to the recipient site, perfusion is re-established 

through one arterial inflow and one venous oujlow. This configura<on is intrinsically 

more vulnerable to venous conges,on, par<cularly in lower-limb reconstruc<ons where 

high hydrosta<c pressure, dependent posi<oning, and pre-exis<ng vascular disease are 
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common. At this <mepoint, flap perfusion is influenced by transient ischemia–

reperfusion phenomena and par<al venous drainage. Only dynamic infrared 

thermography was performed at T2. 

 

T3 — ABer comple,on of the second venous anastomosis 

Once a second venous anastomosis is performed—restoring a two-vein drainage pa2ern 

analogous to the flap’s na<ve physiology—the perfusion environment changes 

substan<ally. As at T2, only dynamic infrared thermography was performed. 

 

Dual venous oujlow is believed to: 

• Reduce venous conges<on 

• Improve washout kine<cs 

• Diminish peripheral thermal asymmetry 

• Stabilize perfusion in borderline territories. 

 

Indocyanine green angiography was inten<onally restricted to T1 in order to minimize 

repeated dye administra<on and because T1 provides the most controlled and 

physiologically relevant condi<ons for cross-modal comparison. In addi<on, image 

acquisi<on at the donor site (anterolateral thigh) prior to flap transfer allows op<mal 

posi<oning, minimal mo<on ar<facts, and consistent illumina<on and exposure 

condi<ons. 
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Figure 4.1. Intraopera3ve imaging workflow and defined 3mepoints 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
 

 

 

 

 

 

Accordingly, T1 cons,tutes the sole ,mepoint used for direct comparison between ICG-

A and standardized thermography, whereas T2 and T3 are used exclusively 

for longitudinal intra-flap perfusion analysis using thermography. 

 

 

 

T1 – Baseline (Physiological condiGon) 
Flap in situ - Intact vascular pedicle 

 
ICG-A + DIRT 

Reference comparison 
 

T2 – Early revascularizaGon 
1 artery + 1 vein 

 
DIRT only 

 

T3 – Stabilized perfusion 
1 artery + 2 veins 

 
DIRT only 

 

Flap division and transfer 

Second venous anastomosis
 

1 artery and 1 vein  anastomosis
 

Donor 
Site 

Recipient 
Site 
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Ra,onale for selec,on of T1 as the reference ,mepoint 

T1 was selected as the reference <mepoint for several methodological reasons. First, 

perfusion at T1 reflects intact physiological circula<on without the confounding effects 

of ischemia–reperfusion injury or altered venous drainage. Second, thermographic and 

angiographic image acquisi<on at the donor site allows higher reproducibility and spa<al 

accuracy compared with post-transfer measurements. Finally, comparison at T1 enables 

assessment of whether thermography can reproduce the spa,al and regional perfusion 

panerns iden<fied by ICG-A under physiological condi<ons, which is central to the study 

objec<ve. 

 

Control of systemic and environmental condi,ons for intraopera,ve perfusion 

assessment 

To ensure that perfusion measurements were physiologically comparable across all three 

intraopera<ve stages (T1–T2–T3), both environmental and systemic condi<ons were 

kept within strict predefined ranges. Opera<ng-room temperature was maintained 

between 20–22 °C, and pa<ent core temperature was stabilized between 36–37 °C using 

warmed IV fluids and ac<ve warming as needed. Hemodynamic parameters—including 

arterial pressure, heart rate, and oxygen satura<on—were individually op<mized 

according to each pa<ent’s preopera<ve baseline, with mean arterial pressure 

maintained within a normotensive range using norepinephrine when required. 

Hemoglobin levels were kept above 9 g/dL, with transfusion administered if necessary.  

 

These measures ensured that any observed changes in perfusion pa2erns were 

a2ributable to the vascular condi<on of the flap rather than systemic instability. Thus, 

T1 captures perfusion under stable physiological baseline condi<ons, while T2 and T3 

were conducted under hemodynamic and thermal parameters deliberately matched to 

those recorded at T1, allowing meaningful inter-stage and inter-pa<ent comparisons. 
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II. Sample Size and Power Considerations 

The main quan<ta<ve endpoint for sample size planning was the agreement 

between DIRT and ICG-A in terms of perfused area per flap, expressed as the correla<on 

between temperature-based and fluorescence-based perfusion measures (percentage 

of well-perfused area or equivalent zonal indices). 

Because no prior studies were available specifically for DIRT vs ICG-A in ALT flaps for 

lower-limb reconstruc<on, the calcula<on was based on conserva<ve assump<ons for 

a correla,on / agreement study: 

• Expected true correla<on between DIRT and ICG-A: ρ ≈ 0.80 

(strong but not perfect agreement, consistent with the hypothesis that DIRT 

provides a clinically acceptable level of agreement while not being iden<cal to 

ICG-A). 

• Clinically acceptable lower bound of the 95% confidence interval: ρ ≥ 0.50 (values 

below this threshold would be considered insufficient for a clinically useful 

alterna<ve imaging modality). 

• Two-sided α = 0.05. 

 

Using Fisher’s z-transforma<on for correla<on es<mates, a sample of n = 20 

flaps provides a standard error of approximately 1/√(n−3), which yields a 95% 

confidence interval around an expected correla<on of 0.80 with a lower bound close 

to 0.55. This sa<sfies the pre-specified requirement that the lower limit of the 

confidence interval remains above 0.50, thus offering adequate precision to judge 

whether DIRT behaves as a poten<ally acceptable alterna<ve or complementary tool to 

ICG-A. 

 

In addi<on, each flap is evaluated at three intraopera,ve ,mepoints (T1 in situ, T2 aher 

1 artery + 1 vein, T3 aher addi<on of a second vein), and each image is analysed at 

mul<ple spa<al levels (1 cm² ROIs, zones 1–4, and subzones 1a/1b and 4a/4b). Although 

the formal sample size is based on the number of flaps (pa<ents), these repeated 

measurements substan<ally increase the amount of paired DIRT–ICG data available for 

secondary analyses (zonal gradients, ROC curves for temperature thresholds, venous 
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conges<on pa2erns), improving the descrip<ve and exploratory power of the study 

without exposing addi<onal pa<ents to risk. 

 

From a prac,cal standpoint, the centre performs approximately 10–20 ALT free flaps for 

lower-limb reconstruc<on per year, but not all cases fulfill the inclusion criteria. 

Therefore, a target of 20 consecu,ve eligible pa,ents over roughly two years was 

considered feasible and ethically jus<fiable, while s<ll consistent with methodological 

recommenda<ons for method-comparison and agreement studies (typically requiring ≥ 

15–20 subjects). 

 

Given the exploratory nature of this thesis and the limited prior evidence, the sample 

size is thus best interpreted as pragma,c but analy,cally grounded, providing a 

reasonable balance between sta<s<cal precision, feasibility, and ethical considera<ons. 

 

Sample size jus,fica,on (correla,on-based, Fisher’s z transforma,on) 

Because an important analy<c focus of the study is to evaluate the strength of 

associa,on between regional and global perfusion metrics derived from standardized 

dynamic infrared thermography and those obtained from indocyanine green 

angiography at baseline (T1), sample size es<ma<on was addi<onally informed by 

correla<on-based considera<ons. 

 

Given the absence of validated effect sizes for intraopera<ve thermographic perfusion 

assessment, a correla,on-based approach using Fisher’s z-transforma,on was adopted 

to es<mate the minimum number of flaps required to ensure a sufficiently narrow 

confidence interval around the expected correla<on coefficient at baseline. 

 

1. Fisher’s z-transform of the expected correla,on 

 
2. Fisher’s z-transform of the minimally acceptable (lower bound) correla,on 
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3. Half-width in the z-scale 

 
4. Rela,on between half-width and sample size (95 % CI, Z0.975=1.96) 

For a correla<on es<mated in a sample of size n, the standard error in the z-scale 

is: 

 
and the 95 % confidence interval is: 

 
Imposing that the lower limit of the 95 % CI does not fall below zρL gives: 

 

Rearranging, the final expression for sample size es<ma<on is: 

 
Applying this to our study 

• Expected correla<on between DIRT and ICG-A: ρ=0.80 

• Minimal acceptable lower bound: ρL=0.55 
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• Confidence level: 95 % → Z0.975=1.96 

 

1. Fisher’s z for ρ=0.80: 

 
2. Fisher’s z for ρL=0.55: 

 

 
3. Half-width in z-scale: 

 
4. Sample size: 

 
Rounded to the nearest integer, this yields: 

 
Therefore, a minimum of 20 free ALT flaps was considered adequate to ensure that the 

95 % confidence interval for the DIRT–ICG correla<on would not fall below 0.55, 

assuming a true underlying correla<on of approximately 0.80. 
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4.2 Sevng and Par,cipants 
 

The study was conducted at the Plas<c and Reconstruc<ve Surgery Department of 

Hospital de la Santa Creu i Sant Pau (Barcelona, Spain), between January 2020 and 

December 2021.  

 

Recruitment Sevng 

• Consecu<ve pa<ents undergoing ALT free flap reconstruc<on for soB-,ssue 

defects of the lower limb (inguinal region, thigh, knee, leg, foot). 

• All surgeries performed by the same microsurgical team with standardized 

opera<ve protocols. 

 

Data source 

Clinical data were extracted from: 

• Electronic Health Records (SAP/ETC system). 

• Anesthesia records. 

• Opera<ve notes. 

• Nursing intraopera<ve flowsheets. 

 

All imaging files (ICG-A and DIRT) were collected intraopera<vely and archived in a 

structured digital repository. 
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4.3 Inclusion and Exlusion Criteria 
 

I. Inclusion Criteria 

• Pa<ents aged 18 years or older. 

• Pa<ents undergoing reconstruc<on of lower extremity soh <ssue defects using 

ALT free flaps. 

• ALT flap eleva<on based on one or two perforators from the descending branch 

of the lateral circumflex femoral artery. 

• Intraopera<ve availability of both ICG and DIRT imaging systems. 

• Informed consent for par<cipa<on in the study. 

 

II. Exclusion Criteria 

• Pa<ents with known allergy to ICG or iodine. 

• Severe peripheral vascular disease in donor or recipient sites. 

• Intraopera<ve conversion to another type of flap. 

• Flap failure requiring intraopera<ve abandonment of reconstruc<on. 

• Intraopera<ve re-explora<on for microvascular compromise (arterial or venous 

thrombosis). 

• Technical limita<ons precluding valid image acquisi<on. 

• Previous surgery or scarring at the ALT donor site. 
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4.4 Variables 
 
Variables are grouped into independent (clinical and surgical covariates) 

and dependent (imaging-based outcomes). All variables were extracted manually from 

SAP records and entered into an Excel database. Missing data were not retrospec<vely 

imputed or es<mated. 

 

I. Independent Variables 

 

a. Pa,ent Demographics and Baseline Status 

 

• Age (years): Integer 0–100 (no months/days). Value recorded as age at index 

surgery (date of surgery), as documented in EHR. 

• Sex: Categorical (Male / Female), as documented in EHR. 

• BMI (kg/m²): 

o Weight in kilograms (integer, no decimal; scale reading closest to surgery, 

typically pre-op holding). 

o Height in cen<meters (convert to meters with two decimals for BMI). 

o BMI = weight (kg) / [height (m)]², recorded with non-decimal. 

o If height/weight missing on surgery day, use the closest preopera<ve 

measurement (≤30 days). 

• Smoking Status 

Primary Variable: Smoking Status (Yes/No) 

This variable captures long-term vascular exposure, not only short-term smoking 

behavior. 

o “Smoker” (Yes) was defined as any pa<ent who: 

§ was ac<vely smoking at the <me of surgical indica<on or, 

§ had a significant history of habitual smoking (≥1 cigare2e/day) 

and had quit less than 12 months before surgery. 
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Ra,onale: 

Although periopera<ve guidelines ohen consider ≥30 days abs<nence as 

beneficial for wound complica<ons, arteriolar and endothelial damage induced 

by chronic tobacco use persists for months to years. Therefore, former smokers 

with only short-term cessa<on (<12 months) were classified as “smokers” for the 

purpose of vascular risk stra<fica<on. 

 

o “Non-smoker” (No) included: 

§ pa<ents who had never smoked, 

§ former smokers with sustained abs<nence ≥12 months, 

§ or individuals with only minimal or sporadic life<me 

exposure (e.g., <100 cigare2es total), consistent with 

epidemiological defini<ons of “never smoker”. 

 

Jus,fica,on: 

This defini<on reflects the microvascular physiology relevant to flap 

perfusion, where chronic smoking—not short-term abs<nence—is the main 

determinant of endothelial dysfunc<on, arterial s<ffness, reduced capillary 

density, and impaired thermal recovery pa2erns. 

 

Secondary Variable: Smoking Intensity (Packs per Day) 

For pa<ents classified as ac<ve smokers, daily cigare2e consump<on was 

further categorized into an ordinal variable: 

 
 

Table 4.1. Smoking Intensity categories defini,on 

Category Definition 

< 1 pack/day ≤ 19 cigarettes per day 

1–2 packs/day 20–40 cigarettes per day 

> 2 packs/day ≥ 41 cigarettes per day 
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These thresholds mirror standard pack-per-day (PPD) subdivisions widely 

used in vascular surgery, anesthesiology, and wound-healing research due 

to their associa<on with vasoconstric<on, endothelial dysfunc<on, 

reduced oxygen delivery, and impaired microcircula<on—all factors 

known to compromise flap perfusion. 

 

• Comorbidi,es  

Comorbidi<es were collected as binary variables (Yes/No) based on objec<ve 

diagnos<c criteria. Given their direct impact on microvascular perfusion, three 

comorbidi<es were specifically evaluated:  

 

o Diabetes Mellitus (DM) 

Recorded as Yes when the pa<ent had one of the following:  

§ Documented medical diagnosis of DM 1 or 2 

§ Laboratory confirma<on within 6 months before surgery (one 

criteria):  

§ HbA1c ≥ 6.5% 

§ Fas<ng glucose ≥ 126 mg/dL 

§ Random glucose ≥ 200 mg/dL with symptoms.  

Otherwise, recorded as No. 

 

o Peripheral Arterial Disease (PAD) 

Recorded as Yes if any of the following were present: 

§ Documented diagnosis of PAD, 

§ ABI < 0.9, or 

§ Imaging evidence of ≥50% arterial stenosis (Doppler, CTA, MRA). 

If none were present, PAD was recorded as No. 

 

*Rutherford classifica<on was not applied to PAD, as it corresponds to 

symptoma<c staging rather than diagnosis. 
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o Cri,cal Limb Ischemia (CLI) 

CLI represents the advanced stage of PAD and was recorded as Yes whe 

the pa<ent met clinical or hemodynamic criteria consistent 

with Rutherford categories 4–6*:  

§ Ischemic rest pain >2 weeks  

§ Ischemic ulcers 

§ Gangrene 

§ ABI ≤ 0.4 

§ Toe pressure < 30 mmHg 

§ TcPO₂ < 30 mmHg. 

If these criteria were absent, CLI was recorded as No. 

Jus,fica,on: CLI is a strong predictor of perfusion-related complica<ons. 

 

*Brief explana,on – Rutherford Classifica,on: 

The Rutherford classifica<on is the standard system for staging lower-limb 

ischemia, ranging from category 0 (asymptoma<c) to category 6 (major 

<ssue loss). Categories 4–6 define Cri<cal Limb Ischemia (CLI), indica<ng 

severely compromised perfusion requiring urgent revasculariza<on and 

represen<ng the group at highest risk for <ssue necrosis. This 

classifica<on is endorsed by the European Society for Vascular Surgery 

(ESVS) and the Society for Vascular Surgery (SVS) as the diagnos<c 

framework for chronic limb-threatening ischemia.(81,82) 

 

b. Cancer and Treatment Related Variables 

• Prior Radiotherapy (RT)  

o Binary variable: Yes/No 

Considered present when the pa<ent had completed radiotherapy ≥ 4 weeks 

before surgery, acknowledging that preopera<ve RT may induce chronic 

microvascular changes that could influence flap perfusion, especially in 

lower-limb reconstruc<on. 
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• Neoadjuvant Chemotherapy 

o Binary variable: Yes/No 

Registered when systemic chemotherapy was administered before the 

reconstruc<ve procedure, given its poten<al systemic effects on <ssue 

perfusion and wound healing. 

 

c. E,ology of the Defect 

Categorical variable classified into four clinically meaningful groups. E<ology 

was recorded because the underlying cause of the defect may influence the 

vascular status of the recipient site and therefore impact flap perfusion. 

• Tumoral 

Includes defects resul<ng from oncologic resec<ons, predominantly soh-<ssue 

sarcomas.  

• Trauma,c 

Defects caused by high-energy trauma, including open fractures, crush injuries, 

degloving injuries, road-traffic accidents, and other mechanisms resul<ng in soh-

<ssue loss. 

•  

This category also includes secondary complica<ons derived from orthopedic 

trauma surgery, such as: 

o Exposure of osteosynthesis material (plates, locking nails, screws), 

o Exposure of joint prostheses, 

o Osteomyeli<s, 

o Non-union or malunion requiring coverage. 

 

• Diabe,c Foot–related Defects 

Ulcers, infec<ons, or necrosis associated with diabetes mellitus. These pa<ents 

typically have: 

o Peripheral neuropathy. 

o Microvascular disease. 

o Impaired wound healing. 
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o Increased risk of infec<on. 

These factors can compromise local perfusion and influence both flap survival 

and postopera<ve outcomes, jus<fying their classifica<on as a standalone 

e<ologic group. 

 

• Other Causes 

Defects secondary to condi<ons not encompassed by the three previous groups. 

This group captures the remaining indica<ons for lower-limb soh-<ssue 

reconstruc<on where e<ology does not fit the more specific categories above. 

 

d. Defect Loca,on (Recipient Site) 

• Inguinal region 

• Thigh 

• Knee 

• Leg 

• Foot 

 

Ra,onale for Inclusion 

Lower-limb perfusion shows a well-recognized proximal-to-distal decline in 

arterial inflow, venous return, and microvascular density. As a result, the 

anatomical loca<on of the defect may modulate: 

o Inflow dynamics aher arterial anastomosis 

o Venous drainage adequacy 

o Speed and completeness of fluorescence filling on ICG-A 

o DIRT rewarming pa2erns, par<cularly in areas prone to marginal 

perfusion or venous conges<on 

o Risk of par<al flap necrosis, especially in distal segments (leg and 

foot). 

Including this variable allows the study to determine whether 

perfusion agreement between DIRT and ICG-A is loca<on-dependent. 

 



 66 

Technical Considera,ons Relevant to Perfusion Imaging 

In addi<on to vascular biology, the geometry of the recipient defect affects how 

reliably each modality can be interpreted across the three intraopera<ve stages 

(T1: in situ, T2: 1 vein, T3: 2 veins): 

 

Inguinal Region & Thigh (Proximal Sites) 

o Typically flat, single-plane defects, which simplifies flap inset and 

minimizes folding or torsion. 

o Lower tension aher inset, reducing risk of peripheral hypoperfusion. 

o Both ICG-A and DIRT are easier to interpret, with homogeneous 

illumina<on and thermal behavior. 

 

Knee 

o Defects may involve one, two, or even three anatomical surfaces, 

meaning that flap inset frequently requires folding, bending, or 

contouring. These maneuvers can influence: 

§ Venous oujlow 

§ Peripheral temperature recovery 

§ Symmetry of ICG filling pa2erns 

o Such three-dimensional configura<ons add interpreta<ve complexity 

to both imaging modali<es during T2 and T3, as thermal distribu<ons 

may be affected by mechanical angula<on rather than intrinsic 

vascular compromise. 

 

Leg 

o Usually, flat defects unless circumferen<al. 

§ However, vascular reserve is lower, increasing sensi<vity to 

marginal inflow or venous conges<on. 

§ Perfusion pa2erns may display greater heterogeneity 

across zones 1–4, making zone-based analysis par<cularly 

relevant. 
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Foot 

o Perfusion varies markedly depending on sub-region: dorsal foot, 

plantar surface, heel, lateral or medial malleolus. 

o When mul<ple surfaces are involved (e.g., crossing the ankle), 

geometry becomes three-dimensional, complica<ng image capture 

and analysis. 

o The distal vascular bed is naturally more compromised, which may 

accentuate differences between DIRT and ICG-A in borderline zones. 

 

Purpose Within the Study 

Including defect loca<on as an independent variable enables: 

o Evalua<ng whether distal sites show greater doubjul or 

hypoperfused areas. 

o Interpre<ng whether venous conges<on pa2erns in T2 vs. T3 are 

affected by the anatomical region. 

o Understanding the impact of flap geometry (single- vs. mul<-surface 

inset) on thermal imaging. 

 

e. Intraopera,ve Hemodynamic and Environmental Data Collec,on 

To control for poten<al confounding factors affec<ng flap perfusion, a structured 

set of hemodynamic and environmental parameters was recorded systema<cally 

throughout the procedure. These variables were extracted from the anesthe<c chart 

in the electronic clinical record (SAP® system, Hospital de la Santa Creu i Sant Pau) 

and transcribed into the study database. 

 

• Baseline Physiological Parameters (Preopera,ve / Start of Surgery) 

At the beginning of the procedure, prior to flap eleva<on, the following baseline 

values were recorded: 

o Systolic/diastolic arterial pressure (mmHg) 

o Heart rate (beats per minute) 

o Peripheral oxygen satura,on (SpO₂) (%) 
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These values served as reference to verify that pa<ents started surgery under stable 

physiological condi<ons. 

 

• Hemodynamic and Environmental Parameters Recorded During the Three 

Intraopera,ve Timepoints (T1, T2, T3) 

For each of the predefined assessment stages: 

i. T1: flap in situ (before pedicle division) 

ii. T2: aher anastomosis of 1 artery + 1 vein 

iii. T3: aher comple<on of the second venous anastomosis  

the following variables were collected: 

o Hemodynamic Parameters 

§ Arterial blood pressure (mmHg) 

§ Heart rate (bpm) 

§ Peripheral oxygen satura<on (SpO₂) (%) 

These were monitored to ensure that observed perfusion differences 

were not a2ributable to systemic instability. 

o Thermal Condi,ons 

§ Opera<ng-room ambient temperature (°C) 

§ Pa<ent core temperature (°C) 

Both factors may influence thermal recovery pa2erns in DIRT and were 

therefore recorded at each stage. 

o Blood Transfusions 

§ Packed red blood cells administered (Yes/No) 

§ Number of units transfused (integer value) 

Acute correc<on of anemia could theore<cally alter perfusion dynamics. 

o Vasoac,ve Medica,ons 

§ Use of vasoac<ve drugs (Yes/No) 

§ Type of drug administered, selected among: 

§ Ephedrine 

§ Norepinephrine 

§ Phenylephrine 
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Vasoac<ve agents were documented because they can influence arterial 

inflow, venous tone, and thermographic signals. 

Purpose of Collec,ng Hemodynamic Variables 

These data allow: 

o Verifica<on that the pa<ent remained hemodynamically stable across all 

imaging stages. 

o Assessment of whether fluctua<ons in perfusion pa2erns could be 

a2ributed to systemic rather than flap-specific factors. 

o Adjustment or sensi<vity analyses, if required, to exclude confounding 

influences when comparing DIRT and ICG-A. 

 

f. Flap Design and Surgical Details  

• Flap design and Anatomy 

o Flap skin paddle size (cm): 

§ Length (long axis of skin island), in cen<meters (no decimal). 

§ Width (short axis), in cen<meters (no decimal). 

§ Surface area (cm²) calculated as length × width; if markedly 

ellipsoid, also record ellipse es<mate (π·a·b/4) for sensi<vity 

analysis. 

o Perforator count: Integer (total number of cutaneous perforators 

included in the flap). 

o Perforator type (dominant perforator): Categorical (septocutaneous / 

musculocutaneous) per intraopera<ve finding. 

o Dissec,on plane: Categorical (subfascial / suprafascial / super-thin / 

ultra-thin / pure skin perforator) per opera<ve note. 

o Pedicle length (cm): From perforator origin to arterial anastomosis end. 

No decimal. 

o Pedicle vessel diameter (mm): If measured; arterial and venous ends 

(one decimal), otherwise NA. 
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• Ischemia ,me (minutes) 

o Defini,on: Time elapsed from pedicle division in the donor site 

(anterolateral thigh) un<l reperfusion at the recipient site, defined as the 

moment when arterial anastomosis is released, and blood flow is 

reestablished. 

o Measurement: Recorded in whole minutes using OR <mestamps 

documented in the surgical report and confirmed by the surgical team. 

o Important note: The connec<on of the second vein does not contribute 

to ischemia <me, since reperfusion is already established once the artery 

is unclamped. 

o Units: minutes (integer). 

o Source of data: Intraopera<ve documenta<on (SAP–Opera<ng Room/ 

Anesthe<c Record). 

o Format: Con<nuous quan<ta<ve variable. 

 

g. Recipient Vessels (arteries and veins) 

The recipient vessels used for microvascular anastomosis were recorded as 

a categorical, structured variable, dis<nguishing 

between arterial and venous inflow/oujlow sources. All data were extracted 

from the opera<ve reports registered in the ins<tu<onal electronic health system 

(SAP®, Hospital de la Santa Creu i Sant Pau). 

 

• Arterial Recipient Vessels 

Arteries were classified into five main categories, based on their anatomical 

origin and frequency of use: 

 

o Anterior Tibial Artery (ATA) 

§ Selected when defects were located in the leg, dorsum of 

the foot, or anterior ankle. 
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o Posterior Tibial Artery (PTA) 

§ Frequently used for medial leg, heel, 

and plantar reconstruc<ons. 

§ Offers strong caliber match with ALT pedicles. 

o Peroneal Artery 

§ Typically accessed in lateral leg or deep posterior 

compartments. 

o Dorsalis Pedis Artery (“Pedia”) 

§ Used in distal foot and dorsal defects. 

o  “Other” Arterial Variants 

§ Recorded when less conven<onal vessels were used, 

including: 

a. Superficial Inferior Epigastric Artery (SIEA)  

b. Descending Genicular Artery / Saphenous descending artery 

c. Popliteal artery  

d. Deep Inferior Epigastric Artery (DIEA) 

e. Medial plantar artery 

 

• Venous Recipient Vessels 

Venous oujlow was recorded as a separate categorical variable. Given the 

importance of venous drainage—and the fact that the study explicitly analyzes 

perfusion differences between 1 vein vs. 2 veins—the venous classifica<on was 

described as follows: 

 

o Deep Venous System (Venae Comitantes) 

§ Paired venae comitantes accompanying ATA, PTA, 

peroneal, or dorsalis pedis arteries. 

o Superficial Venous System 

§ Great saphenous vein (GSV) 

§ Short saphenous vein (SSV) 

These veins were chosen when: 

§ Deep veins were unsuitable, 
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§ Addi<onal drainage was required, 

§ Venous conges<on risk was high. 

o Combined Ouhlow (“Both”) 

Cases where: 

§ One deep vein plus 

§ One superficial vein 

were anastomosed to provide dual venous drainage. 

 

This category is clinically relevant because in lower-limb free flaps dual venous 

anastomosis may reduce the risk of venous conges<on—part of the ra<onale for 

T2 vs. T3 comparisons. 

 

 

How the Variable Was Recorded 

For each case, the recipient vessel field included: 

Table 4.2. Recipient vessels 

Component Description Data Type 
Recipient artery Anterior tibial (ATA), Posterior 

tibial (PTA), Peroneal, Dorsalis 
pedis, Other (specify) 

Categorical + free 
text 

Recipient veins Deep venous system / 
Superficial system / Both / 
Other (specify) 

Categorical + free 
text 

Specific vessel names Recorded exactly as written in 
the operative note 

Free text 
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• Anastomosis Type 

Arterial Anastomosis 

Arterial anastomoses were classified into three categories: 

o End-to-end (T–T) 

Direct connec<on between the flap artery and a transected recipient 

artery. 

Ra,onale: 

§ Preferred when the vessel is expendable. 

§ Offers laminar flow and familiar handling characteris<cs. 

§ Low turbulence and straighjorward monitoring. 

 

o End-to-side (T–L) 

The flap artery is connected to a longitudinal arteriotomy on the side 

of the recipient artery to preserve distal perfusion. 

Ra,onale: 

§ Maintains downstream arterial flow—important in lower 

limb reconstruc<on. 

§ Frequently supported in the literature, though some 

microsurgeons consider it more sensi<ve to turbulence 

and external compression compared to T–T. 

 

o Flow-through 

Used when the anatomical branching pa2ern of the ALT pedicle 

allowed the flap artery to serve as an interposi<on grah, restoring 

arterial con<nuity while simultaneously perfusing the flap. 

Ra,onale (surgeon-driven decision): 

§ The senior surgeon preferred flow-through whenever 

anatomically feasible. 

§ Based on extensive experience in trauma and sarcoma 

cases—situa<ons with compromised or previously treated 

vascular beds. 
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§ Considered a more anatomical and 

physiological reconstruc<on: 

 

a. Two end-to-end anastomoses instead of one end-to-side 

b. Reduced turbulence 

c. Greater tolerance to external compression 

d. Preserva<on of distal run-off for possible future reconstruc<ons (e.g., 

sarcoma recurrences) 

e. Poten<ally more stable inflow dynamics in irradiated or chemotherapy-

altered <ssues. 

o Data type: 

§ Categorical (T–T / T–L / Flow-through), with op<onal free-

text specifica<on. 

 

Venous Anastomoses 

All venous anastomoses were performed end-to-end, and each flap vein 

was documented independently (first vein and second vein). 

Why two veins instead of one? 

While many microsurgical units achieve excellent results with a single venous 

anastomosis, this surgical team systema<cally performed two for lower limb 

reconstruc<on. 

Ra,onale: 

o The lower limb is uniquely suscep<ble to venous conges<on. 

o Many included pa<ents had risk factors such as: 

§ Trauma-associated venous injury, 

§ Post-chemotherapy endothelial fragility, 

§ Sequelae of radiotherapy, 

§ Peripheral vascular disease. 

 

o A single venous thrombosis can be catastrophic: 

§ Exposure of osteosynthesis hardware, 

§ Osteomyeli<s, 
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§ Delayed adjuvant therapy in sarcoma pa<ents, 

§ Limb-threatening complica<ons. 

o Although not yet strongly supported by evidence, the team’s empirical 

experience is that two veins may: 

§ Reduce postopera<ve edema, 

§ Improve drainage dynamics, 

§ Facilitate earlier dangling, 

§ Provide “physiological redundancy” in a high-risk 

anatomical region. 

o This philosophy is primarily cau<on-based, considering the high 

func<onal cost of flap failure in the lower limb. 

o Data type:  

§ Categorical (First vein: T–T / Second vein: T–T) 

§ Number of veins used (1 or 2) 
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Table 4.3. Independent Variables 
 
 

Variable Definition / How Obtained Data Type Source / Tool 

Age (years) 
Age at the date of surgery, 
recorded in whole years 
(0–100). 

Continuous 
(integer) EHR (SAP) 

Body Mass Index 
(BMI) 

Weight (kg) and height 
(cm) recorded ≤30 days 
pre-op. BMI = kg/m² (one 
decimal). 

Continuous EHR + manual calculation 

Smoking Status 
(Yes/No) 

“Yes” = active smoking 
within 90 days before 
surgery.  
“No” = never-smoker or ≥1 
year abstinent. 

Binary 
categorical Clinical interview / EHR 

Smoking Intensity 
(packs/day) 

Categorized as  
<1 pack/day, 
 1–2 packs/day,  
>2 packs/day. 

Ordinal 
categorical Clinical interview 

Diabetes Mellitus 
(DM) 

Yes if  
documented diagnosis  
OR HbA1c ≥ 6.5%  
OR fasting glucose ≥126 
mg/dL within 6 months. 

Binary EHR (SAP labs) 

Peripheral Arterial 
Disease (PAD) 

Yes if  
ABI <0.9  
OR ≥50% stenosis on 
imaging  
OR diagnosis registered. 

Binary Vascular studies + EHR 

Critical Limb 
Ischemia (CLI) 

Yes if  
Rutherford 4–6 (pain, 
ulcer, gangrene),  
ABI ≤0.4,  
toe pressure <30 mmHg. 

Binary Vascular studies + EHR 

Prior Radiotherapy Radiotherapy completed 
≥4 weeks pre-op. Binary Oncology records 

Neoadjuvant 
Chemotherapy 

Systemic chemotherapy 
administered before 
reconstruction. 

Binary Oncology records 
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Defect Etiology Tumoral / Traumatic / 
Diabetic foot / Other. Categorical Operative report + EHR 

Defect Location Inguinal / Thigh / Knee / 
Leg / Foot. Categorical EHR + operative note 

Baseline 
Hemodynamics 

SBP/DBP (mmHg), HR 
(bpm), SpO₂ (%) at start of 
surgery. 

Continuous Anesthesia chart 

Intraoperative 
Hemodynamics 
(T1–T3) 

ABP, HR, SpO₂ at each 
perfusion imaging stage. Continuous Anesthesia chart 

Ambient 
Temperature 

OR temperature (°C) 
recorded at each 
timepoint. 

Continuous OR monitoring 

Patient Core 
Temperature 

Rectal or esophageal 
temperature (°C) per 
anesthesia monitor. 

Continuous Anesthesia monitor 

Blood Transfusions 
PRBC administered 
(Yes/No) and number of 
units. 

Binary + 
integer Anesthesia record 

Vasoactive Drugs 

Yes/No; if Yes: 
norepinephrine / 
phenylephrine / 
ephedrine; peak dose and 
whether running during 
imaging. 

Categorical 
+ free text Anesthesia chart 

Flap Size 
Length and width 
measured in cm; area = 
L×W (cm²). 

Continuous Operative note 

Perforator Count Number of perforators 
included in the flap. Integer Operative note 

Perforator Type Septocutaneous / 
Musculocutaneous. Categorical Operative findings 

Dissection Plane Subfascial / Suprafascial / 
Super-thin / Ultra-thin. Categorical Operative note 
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Pedicle Length Length in cm (no 
decimals). Continuous Operative note 

Recipient Artery 
ATA / PTA / Peroneal / 
Dorsalis pedis / Other (free 
text). 

Categorical 
+ free text Operative note 

Recipient Veins Deep / Superficial / Both / 
Other (free text). 

Categorical 
+ free text Operative note 

Anastomosis Type 
(Artery) 

End-to-end / End-to-side / 
Flow-through. Categorical Operative note 

Anastomosis Type 
(Vein) 

End-to-end (first and 
second vein). Categorical Operative note 

Ischemia Time Minutes from pedicle 
division to reperfusion. Continuous OR timestamps 
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II. Dependent Variables 

The dependent variables comprised all perfusion-related outcomes derived from 

intraopera<ve imaging using dynamic infrared thermography (DIRT) and indocyanine 

green angiography (ICG-A). Variables were defined to capture perfusion at the primary 

acquisi<on level (ROI/cm²) and at progressively aggregated anatomical levels (zones and 

subzones), allowing both high spa<al resolu<on analysis and physiologically meaningful 

regional interpreta<on. All dependent variables were extracted from standardized image 

analyses performed intraopera<vely, as detailed below. 

 

a. Primary thermographic variables (ROI/cm² level -  DIRT) 

Dynamic infrared thermography was analyzed using a standardized grid of 1 cm² regions 

of interest (ROI/cm²) applied to the en<re flap surface. Each ROI represented the 

smallest unit of thermographic acquisi<on and cons<tuted the basis for all subsequent 

derived variables. 

 

 
Figure 4.2. Dynamic infrared thermography (DIRT) raw image with 1 cm² region-of-interest 
(ROI) grid. 
Raw intraopera4ve dynamic infrared thermography image of an anterolateral thigh (ALT) flap 
during the rewarming phase, displayed with a superimposed 1 cm² grid used for systema4c ROI-
based data acquisi4on. This image illustrates the spa4al complexity and high density of 
temperature data collected across the en4re flap surface. 
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Figure 4.3. Clinical reference image of the flap with corresponding 1 cm² ROI grid. 
Intraopera4ve clinical photograph of the anterolateral thigh (ALT) flap with a superimposed 1 
cm² grid, displayed to provide anatomical orienta4on and facilitate spa4al correla4on with the 
corresponding dynamic infrared thermography image. This reference image allows visual 
interpreta4on of flap geometry and surface anatomy prior to thermographic image processing 
and quan4ta4ve analysis. 
 

For each ROI, the following primary thermographic variables were recorded: 

 

• Absolute temperature (°C) - Mean temperature value of each ROI 

 

From ROI-level temperature values, the following derived con,nuous variables were 

calculated at the flap and zonal levels: 

 

• Mean flap temperature (°C) 

• Mean zonal and subzonal temperature (°C) 

• Temperature standard devia,on (SD) within each flap, reflec<ng intra-flap 

thermal heterogeneity 

• Minimum and maximum flap temperatures (°C) 

 

Data type: Con<nuous. 
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b. Thermographic perfusion standardiza,on (DIRT) 

Given the substan<al interindividual variability in absolute temperature values 

observed intraopera<vely, fixed absolute temperature thresholds (e.g., <25 °C, 25–30 °C, 

>30 °C) previously described in experimental or postopera<ve sekngs were deemed 

inappropriate for intraopera<ve flap assessment in this cohort. 

 

Instead, thermographic perfusion was standardized de novo using a pa,ent-specific, 

distribu,on-based approach, anchored to the physiological perfusion profile iden<fied 

by ICG-A at T1. 

 

For each pa<ent and <mepoint, ROI-level temperatures were normalized using 

the mean flap temperature (T�) and standard devia,on (SD), and each ROI was classified 

into one of three ordinal thermographic perfusion categories: 

 

• 2 = well perfused  

• 1 = doubhul perfusion  

• 0 = non-perfused  

 

Table 4.4. Thermographic perfusion categories aBer standar,za,on 

Thermographic category Temperature criterion Expected propor,on (%) 

Well perfused T ≥ (T� − 1 SD) ≈ 68% 

Doubhul perfusion (T� − 2 SD) ≤ T < (T� − 1 SD) ≈ 27% 

Non-perfused T < (T� − 2 SD) ≈ 5% 

 

This transforma<on yielded ordinal thermographic perfusion scores for each ROI/cm² 

and enabled calcula<on of: 

• Percentage of well-perfused surface (%) 

• Percentage of doubhul perfusion (%) 

• Percentage of non-perfused surface (%) 

at flap, zonal, and subzonal levels. 

 

• Data type: Ordinal (0–1–2) and derived percentages (%). 
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c. ICG-A perfusion variables (reference standard at T1) 

Indocyanine green angiography was performed exclusively at T1, under physiological 

baseline condi<ons, and served as the reference standard for perfusion assessment. 

 

Using the same 1 cm² region-of-interest (ROI) grid applied to thermographic images, 

each ROI was assigned an ordinal ICG-A perfusion score based on fluorescence intensity: 

 

• 0 = non-perfused (absent fluorescence) 

• 1 = intermediate perfusion (gray zone) 

• 2 = well-perfused (bright fluorescence) 

 

 
 

Figure 4.4. Indocyanine green angiography (ICG-A) raw image with 1 cm² region-of-interest 
(ROI) grid. 
Raw intraopera4ve indocyanine green angiography image of an anterolateral thigh (ALT) flap 
displayed with a superimposed 1 cm² grid for systema4c ROI-based perfusion data acquisi4on. 
This  ICG-A image illustrates the spa4al complexity and high density of perfusion informa4on 
collected across the flap surface. 
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From these ROI-level scores, the following variables were derived: 

• Zonal and subzonal ICG perfusion scores (mean and percentage distribu,on) 

• Global flap perfusion profile (% well-perfused, doubhul, non-perfused) 

 

The quan<ta<ve perfusion distribu<on obtained with ICG-A at T1 was used to define 

the physiological reference perfusion panern, which subsequently informed 

thermographic standardiza<on and compara<ve analyses. 

Data type: Ordinal (0–1–2) and derived percentages (%). 

 

d. Zonal and subzonal perfusion variables (DIRT and ICG-A) 

To assess spa<al perfusion gradients, the flap was longitudinally divided into four 

anatomical zones of equal length, centered around the dominant perforator (zones 1–

4).  

 

 

 

 

Figure 4.5. SchemaIc longitudinal division of the flap into four analyIcal zones. 
Schema4c representa4on of the anterolateral thigh (ALT) flap showing longitudinal division into 
four zones (zones 1–4) based on the main axis of the thigh. The longitudinal axis follows the long 
axis of the lower limb, and total flap length was divided into four equal segments. The central 
blue point indicates the typical loca4on of the dominant perforator. This zonal subdivision was 
used for systema4c perfusion analysis across the flap surface. 
 

Zone 1 Zone 2 Zone 3 Zone 4 
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For each zone, ROI-level data were aggregated to derive: 

• Mean thermographic temperature (°C) 

• Mean standardized thermographic perfusion category (0–2) 

• Percentage distribu<on of perfusion categories 

• Mean ICG-A perfusion score (T1 only) 

 

To further refine analysis of marginal territories, the most peripheral zones were 

subdivided into subzones: 

• Zone 1a / 1b (proximal end, rela<ve to the perforator) 

• Zone 4a / 4b (distal end, highest risk of hypoperfusion) 

 

 

 

Figure 4.6. Subzonal longitudinal division of distal flap regions. 
Schema4c representa4on of the anterolateral thigh (ALT) flap illustra4ng addi4onal subzonal 
division of the distal regions. A dashed yellow line subdivides zone 1 and zone 4 into two subzones 
(1a/1b and 4a/4b, respec4vely). This secondary longitudinal subdivision was introduced to 
enhance spa4al resolu4on in the distal flap areas, which are theore4cally more suscep4ble to 
hypoperfusion and represent regions of primary interest for perfusion analysis in this study. 
 

This subzonal approach enabled detailed evalua<on of perfusion heterogeneity and 

detec<on of subtle marginal ischemia not apparent at the whole-flap or zonal level. 

 

Data type: Mixed con<nuous (temperature), ordinal (0–2), and percentage (%) 

Zone 1 Zone 2 Zone 3 Zone 4 

1a 1b 4b 4a 



 85 

e. Concordance and associa,on variables between DIRT and ICG-A 

Concordance between imaging modali<es was assessed exclusively at T1, the only 

<mepoint at which both ICG-A and thermography were performed. It was evaluated 

using aggregated ROI/cm² data, allowing physiologically meaningful comparison at 

mul<ple anatomical scales: 

• Zonal and subzonal agreement in perfusion classifica<on 

• Correla,on between thermographic and ICG-derived regional and global 

perfusion metrics 

• Associa<on between distal hypoperfusion and global perfusion status 

 

Concordance analysis focused on regional perfusion distribu,ons and spa,al gradients, 

consistent with the study’s objec<ve of assessing physiological equivalence rather than 

exact numerical iden<ty between modali<es. 

Data type: Correla<on coefficients, ordinal agreement, and derived percentages. 

 

Summary of dependent variables 

In summary, dependent variables were structured hierarchically, with ROI/cm² serving 

as the primary acquisi<on unit, from which con<nuous thermographic measures, 

standardized categorical perfusion scores, and aggregated zonal and subzonal variables 

were derived. ICG-A variables at T1 provided the physiological reference framework for 

thermographic standardiza<on and compara<ve analysis, enabling robust assessment of 

spa<al perfusion pa2erns and modality concordance. 
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Table 4.5. Dependent Variables 
 

Variable Definition / How Obtained Data Type 

Mean ROI 
Temperature Mean temperature per 1 cm² ROI from DIRT grid. Continuous 

Min/Max 
Temperature Lowest and highest ROI temperature  Continuous 

Mean flap 
temperature (°C) 

Average of all ROI/cm² temperature values across the 
entire flap surface. Continuous 

Mean zonal / 
subzonal 

temperature (°C) 

Average ROI/cm² temperature calculated for each 
anatomical zone (1–4) and subzone (1a/1b, 4a/4b). Continuous 

Thermal 
heterogeneity 

(SD) 

Standard deviation of ROI/cm² temperatures within the 
flap, representing intra-flap thermal dispersion. Continuous 

Temperature 
Perfusion Score 
(Standardized) 

2 = well perfused (T ≥ T� − 1 SD) 
1 = doubtful perfusion (T� − 2 SD ≤ T < T� − 1 SD) 
0 = non-perfused (T < T� − 2 SD) 

Ordinal 
categorical 

(0–1–2) 

Thermographic 
perfusion 

distribution (%) 

Percentage of ROI/cm² classified as well perfused, 
doubtful, or non-perfused at flap, zonal, and subzonal 
levels. 

Percentage 
(%) 

ICG Perfusion 
Score (ROI) 

0 = black (no perfusion),  
1 = gray (doubtful),  
2 = white (good perfusion). 

Ordinal 
categorical 

ICG-A perfusion 
distribution (%) 

% distribution of well-perfused, doubtful, and non-
perfused ROI/cm² at flap, zonal, and subzonal levels (T1) 

Percentage 
(%) 

Zonal Perfusion 
(1–4) 

Aggregated thermographic and ICG-A perfusion metrics 
calculated for each anatomical zone, allowing 
assessment of central-to-peripheral gradients. 

Continuous + 
ordinal 

Subzone Perfusion 
(1a/1b, 4a/4b) 

Distal/proximal extensions analyzed separately to 
detect marginal hypoperfusion 

Continuous + 
ordinal 

DIRT–ICG 
concordance 
metrics (T1) 

Correlation and agreement between regional and global 
perfusion metrics derived from standardized 
thermography and ICG-A at baseline. 

Correlation 
coefficients / 
% agreement 
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4.5 Surgical Technique and ALT Flap Eleva,on 
The surgical technique for anterolateral thigh (ALT) flap eleva<on was conducted 

following a standardized protocol to minimize interprocedural variability and ensure 

homogeneity in the perfusion assessments performed with ICG-A and DIRT. All 

procedures were performed by the same microsurgical team, using preopera<ve 

imaging, intraopera<ve naviga<on, and structured steps for flap design, eleva<on, 

pedicle dissec<on, and recipient-site prepara<on. 

 

I. Preoperative Planning and Perforator Localization 

a. CT Angiography–Based Perforator Mapping 

All ALT flaps were planned using preopera<ve mul<detector computed 

tomographic angiography (MDCT), rou<nely performed from the umbilicus to the feet. 

Perforator mapping was not delegated to radiology; instead, the surgical team directly 

reviewed the axial, coronal, sagi2al, and 3D reconstruc<ons to iden<fy suitable 

perforators. 

 
Figure 4.7. PreoperaIve perforator mapping of the anterolateral thigh (ALT) flap using 
mulIdetector computed tomography angiography (MDCT-A). 
(A) Right thigh showing a septocutaneous perforator vessel (SPV) arising between the vastus 
lateralis (VL) and rectus femoris (RF) muscles (arrow). 
(B) LeE thigh demonstra4ng a musculocutaneous perforator vessel (MPV) coursing through the 
vastus lateralis muscle. 
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Following established anatomical landmarks, the line between the anterior superior 

iliac spine (ASIS) and the superolateral patellar border was used to iden<fy the 

intermuscular septum between the rectus femoris and vastus lateralis. 

For each perforator, the horizontal (x-axis) and ver<cal (y-axis) coordinates 

corresponding to fascial penetra<on were measured and documented. These 

coordinates were transferred to the pa<ent’s skin intraopera<vely. 

 

 
Figure 4.8. SchemaIc surface landmarks  for  planning of the anterolateral thigh (ALT) flap. 
Schema4c illustra4on showing surface landmarks used for ALT flap planning, including the 
anterior superior iliac spine (ASIS), lateral patella, and the line connec4ng both landmarks, 
corresponding to the projected intermuscular septum between the rectus femoris and vastus 
lateralis muscles. 
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b. Handheld Doppler and Color Doppler Ultrasound 

Aher marking the projected coordinates on the thigh, perforators were confirmed 

using handheld Doppler. When plane selec<on required precision—especially 

for superthin or ultrathin flaps—high-resolu<on color ultrasound was used to trace the 

perforator from its intramuscular or septocutaneous course up to: 

1. Deep fascia perfora,on, and 

2. Superficial fascia perfora,on. 

Both points were marked on the skin. 

To simplify flap design while maximizing perfusion reliability: 

• A 3-cm diameter circle was drawn around the deep fascial perforator point. 

• If the superficial perfora<on point fell outside this circle, the radius was expanded 

direc<onally to ensure at least 1.5 cm of clearance beyond both perfora<on 

points. 

 

 
Figure 4.9. MulImodal imaging of ALT perforator course through the fascial planes. 
Le. image: axial mul4detector computed tomography angiography (MDCT-A) of the thigh 
demonstra4ng an ALT perforator traversing the deep fascia and con4nuing through the 
superficial fascia toward the skin. 
Right image: corresponding intraopera4ve ultrasound image illustra4ng the same perforator 
course, with clear visualiza4on of its passage through the deep and superficial fascial layers. 
Ultrasound assessment was used to evaluate perforator trajectory and fascial penetra4on, 
par4cularly relevant during flap thinning procedures 
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II. Flap Design and Skin Island Planning 

The recipient-site defect was measured aher orthopedic or abla<ve surgery. The 

ALT flap was then designed 2 cm longer and 2 cm wider than the defect to allow for 

tension-free inset. 

The skin paddle followed a ver,cal, fusiform “huso” configura,on, centered over the 

dominant perforator whenever anatomy permi2ed. This ensured predictable axial 

perfusion and consistent alignment for later zonal and grid-based analyses. 

 

 
Figure 4.10. Clinical marking of the anterolateral thigh (ALT) flap. 
Intraopera4ve photograph demonstra4ng ALT flap surface marking following anatomical 
landmarks. The ASIS–patella line is drawn, the midpoint is iden4fied, and a 3-cm radius circle is 
marked. Perforator loca4ons (red circles with central cross) are ploked according to preopera4ve 
imaging coordinates and subsequently confirmed intraopera4vely with handheld doppler and 
color ultrasound. Final flap design is tailored to the size and requirements of the defect to be 
reconstructed. 
 

III. Initial Elevation Technique and Pedicle Dissection 

Aher marking, the skin incision was made with a cold scalpel, followed by eleva<on 

using monopolar electrocautery (35 W, cut mode; 35 W coagula<on for hemostasis). The 

flap was elevated from medial to lateral, reaching the perforator early and allowing 

controlled retrograde dissec<on. 
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Once the perforator was visualized, it was dissected retrograde to its origin. In most 

cases, the dominant vessel followed the descending branch of the lateral circumflex 

femoral artery (LCFA-DB). 

 

The dissec<on con<nued proximally to maximize pedicle length and diameter, ohen 

exposing the: 

• LCFA descending branch 

• Circumflex femoral system 

• Branching points of the transverse or ascending branches 

 

Flow-Through Considera,on 

When anatomy provided a suitable branch, the pedicle was preserved to allow flow-

through arterial reconstruc,on. 

 

 

 

 

Figure 4.11. Anterolateral thigh (ALT) flap dissected aQached at donor site 
Le. image: schema4c representa4on of an ALT flap showing the dissected skin paddle and 
vascular pedicle at the donor site. 
Right image: intraopera4ve photograph of an ALT flap at the donor site with two iden4fied 
perforators, including a single perforator and a convergent “Y-shaped” configura4on, in which 
two perforators join before entering the main pedicle. 
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IV. Plane of Elevation and Thickness Selection 

Plane selec<on (subfascial, suprafascial, superthin, ultrathin) was individualized 

according to: 

• Recipient-site contour requirements 

• Donor-site adiposity 

• Pa<ent comorbidi<es (e.g., smoking, vasculopathy, diabetes) 

 

 
Figure 4.12. SchemaIc representaIon of different elevaIon planes in the anterolateral thigh 
(ALT) flap. 
Diagram illustra4ng the various planes of ALT flap eleva4on, including subfascial, suprafascial, 
superthin, ultrathin, and pure-skin-perforator flap designs. The rela4onship between the 
perforator vessel, deep fascia, superficial fascia, and overlying skin and subcutaneous 4ssue is 
depicted, highligh4ng the anatomical basis for flap thinning and plane selec4on. 

 

a.  Principles Guiding Plane Selec,on 

• Subfascial eleva,on was preferred in high-risk pa<ents—heavy smokers, 

vascular disease, uncontrolled diabetes—to preserve maximal vascular 

reliability. 

• Suprafascial plane was chosen when moderate thinning was beneficial for 

contouring. 

• Superthin / ultrathin flaps were reserved for selected pa<ents with favorable 

comorbidity profiles and defects requiring minimal bulk (e.g., ankle or dorsum of 

foot). 
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b. Preserva,on of the “Hot Zone” 

When superthin or ultrathin eleva<on was indicated, a 3-cm radius centered on 

the perforator was always delineated as the hot zone. 

This region represents the primary vascular hub of the ALT flap, where the perforator 

exits the deep fascia and forms its earliest branching network. 

Because this microvascular tree is highly sensi<ve to: 

• Thermal injury 

• Trac<on 

• Excessive manipula<on 

no thinning was performed within the hot zone. 

Thus: 

• In superthin/ultrathin dissec<ons, the remainder of the skin paddle was thinned 

above the superficial fascia, but the hot zone was preserved subfascially or 

suprafascially to protect early perforator branches and ensure reliable perfusion 

to peripheral zones. 

• In subfascial or suprafascial flaps, no addi<onal thinning was required; 

therefore, a hot zone did not need to be explicitly marked, as the perforator 

anatomy was inherently safeguarded by the chosen plane. 

 

c. Skin island  thinning eleva,on (superthin / ultrathin harvest) 

When the flap was inten<onally thinned (superthin or ultrathin technique), the 

eleva<on of the skin island was performed with special a2en<on to minimizing thermal 

injury and mechanical stress on the superficial vascular plexuses: 

• Dissec,on was carried out above the superficial fascia using monopolar 

electrocautery in cuvng mode (25 W). This sekng reduces lateral thermal 

spread compared with coagula<on mode, thereby protec<ng the subdermal and 

subcutaneous plexuses that supply distal flap territories. 

• Selec,ve hemostasis was performed with bipolar cautery, avoiding 

unnecessary coagula<on points that could compromise microcircula<on in the 

thinning plane. 



 94 

• Gentle handling of the skin island was strictly maintained. Throughout eleva<on 

and thinning, the flap was supported with broad, atrauma<c contact (e.g., using 

fingers or large forceps pads), avoiding focal pressure points that could distort 

microvascular flow or bruise the delicate dermal plexus. 

 

These technical refinements were par<cularly important because perfusion of distal 

flap zones depends heavily on the integrity of the superficial vascular plexuses, 

especially once the deep fascia is not included. Preserving these networks is essen<al to 

avoid compromising the distal “<ps” of the flap, where ischemia risk is highest. 

 

V. Recipient Site Preparation and Vessel Selection 

Prepara<on of the recipient site followed a structured, reproducible approach 

aimed at ensuring op<mal vascular condi<ons for microvascular anastomosis. In most 

cases—par<cularly defects of the leg, ankle, and foot—recipient vessel dissec<on was 

performed under tourniquet control, as this facilitated iden<fica<on of anatomical 

landmarks, reduced venous oozing, and improved visualiza<on of the vascular pedicles. 

Tourniquet use was avoided only when the ALT flap was harvested from the ipsilateral 

limb, or in select cases where limb perfusion could not be safely interrupted. Total 

ischemia <me was kept below 120 minutes in all cases. 

 

 

a. Preopera,ve Localiza,on 

Recipient vessels were planned preopera<vely using a combina<on of: 

• Mul<detector CT angiography (MDCT) to evaluate the condi<on and suitability 

of poten<al recipient vessels. The study team assessed the patency, course, 

and approximate height at which the anterior <bial, posterior <bial, peroneal, or 

dorsalis pedis arteries could be safely found during dissec<on. The MDCT 

provided essen<al informa<on in cases of trauma, sarcoma, or peripheral 

vasculopathy, helping to iden<fy segments where vessels remained intact and 

free from injury, fibrosis, or anatomical distor<on. 
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• Handheld Doppler, used for bedside confirma<on of pulsa<lity and approximate 

surface projec<on. 

• Color Doppler ultrasonography, performed intraopera<vely to verify vessel 

patency, caliber, and precise depth. 

This step was par<cularly valuable in pa<ents with peripheral arterial disease, post-

trauma<c vascular altera<ons, or sarcoma resec<ons, where vessels may be occluded, 

displaced, or encased in fibro<c <ssue. 

 

 

b. Vessel Exposure 

Dissec<on proceeded using loupe magnifica<on and fine bipolar coagula<on to 

avoid thermal injury. The vessels were mobilized with adequate length for tension-free 

anastomosis, while preserving adjacent branches whenever possible. Special a2en<on 

was given to preven<ng kinking of the artery or veins once the flap was inset. 

 

 
 

Figure 4.13. IntraoperaIve appearance of recipient vessels prior to microvascular 
anastomosis. 
Intraopera4ve view of the dissected recipient vessels, showing the artery centrally located with 
a lighter appearance and two accompanying veins posi4oned laterally with a darker colora4on. 
A green background is placed beneath the vessels to enhance contrast and facilitate visual 
iden4fica4on during subsequent microvascular anastomosis. 
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c. “Tips and Tricks” rou,nely applied    

To standardize recipient site prepara<on and minimize complica<ons: 

 

• Pre-incision ultrasonography was used to confirm patency before commikng 

to a recipient site. 

• Two venous op<ons (deep system and superficial system) were iden<fied 

whenever feasible, to allow intraopera<ve choice based on caliber and flow 

characteris<cs. 

• In cases with hardware (plates, nails) or aher sarcoma resec<ons, dissec<on 

proceeded from healthy <ssue toward scarred <ssue, reducing the risk of 

vessel damage. 

• When the MDCT suggested poor vessel quality at the expected site, the team 

extended the dissec<on proximally or distally to locate a suitable segment. 

• Once exposed, vessels were irrigated and wrapped in moist gauze while the 

flap team completed pedicle prepara<on. 

 

d. Tourniquet Release and Final Assessment 

Before performing the anastomoses, the tourniquet was released and vessel quality 

reassessed, ensuring: 

 

• good arterial pulsa<lity, 

• adequate venous oujlow, 

• absence of segmental spasm, 

• and sufficient length for flap posi<oning without torsion. 

 

Only aher confirming sa<sfactory vascular condi<ons was the flap transferred and the 

first microvascular anastomosis performed. 
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VI. Anastomoses and Inset 

a. Arterial Anastomosis 

Three configura<ons were used: 

• End-to-end (T–T) 

• End-to-side (T–L) 

• Flow-through (when anatomically feasible) 

 

 

 
Figure 4.14. SchemaIc representaIon of microvascular anastomosis techniques. 
Diagram illustra4ng different microvascular anastomosis configura4ons, including end-to-end, 
end-to-side, side-to-side, and flow-through techniques. In the present study, end-to-end, end-to-
side, and flow-through anastomoses were used, whereas the side-to-side configura4on is shown 
for illustra4ve purposes only. 

 

b. Venous Anastomoses 

All veins were anastomosed end-to-end, with most cases receiving two venous 

anastomoses to reduce the risk of conges<on in a limb known for poor venous reserve.  
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VII. Donor and Recipient Site Closure 

Donor Site 

• Hemostasis with monopolar coagula<on 

• Placement of two No. 12 suc,on drains, secured with 2/0 silk 

• Layered closure using Vicryl 2/0, Vicryl 3/0, and Monocryl 3/0 

 

 
 

Figure 4.15. Donor-site closure a.er anterolateral thigh (ALT) flap harvest. 
Intraopera4ve view of the donor site demonstra4ng primary closure without the need for skin 
graEing. A suc4on drain is placed prior to defini4ve closure. This image illustrates that, despite 
harves4ng a large skin paddle, direct closure of the donor site is achievable in the majority of 
cases. 
 

Recipient Site 

• Flap inset ensuring no torsion or kinking of pedicle 

• Penrose drains placed strategically 

• Applica<on of postopera<ve NIRS monitoring (INVOS™ — not part of study 

metrics but standard protocol) 

• Protec<ve dressings (Linitul, Betadine gel, gauze, Velban, crepe), avoiding 

pressure on flap edges 
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Figure 4.16. Recipient-site reconstrucIon with an anterolateral thigh (ALT) flap. 
Le. image: soE-4ssue defect in the distal third of the leE leg with exposed bone prior to 
reconstruc4on. 
Right image: immediate postopera4ve view following ALT flap transfer, showing the flap inset 
and adapted to the defect aEer microvascular anastomosis, with Penrose drains in place. 
 

VIII. Postoperative Management  

Standard postopera<ve management—extremity eleva<on for 7–10 days and 

progressive dangling protocol—ensured homogeneous care across the cohort. 
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4.6 Imaging Protocols 
 

I. Indocyanine Green Angiography (ICG-A) 

ICG-A was performed using the Fluobeam® 800 imaging system (Fluop<cs, 

Grenoble, France). A single vial of indocyanine green (ICG) (25 mg) was diluted in 10 mL 

of sterile saline and administered intravenously as a 2.5 mL bolus at T1 <mepoint. Image 

acquisi<on began immediately aher injec<on and con<nued un<l the en<re flap was 

adequately filled with fluorescence, typically las<ng around 1 minute to allow for 

complete perfusion. The imaging camera was held perpendicular to the flap surface at a 

standardized distance of 20 cm, under ambient opera<ng room ligh<ng. Once maximal 

fluorescence was achieved, a s<ll image capturing the en<re skin paddle was obtained 

for subsequent analysis (T1 only). 

 

II. Dynamic Infrared Thermography (DIRT) 

DIRT was performed using the FLIR E6 Pro camera (Teledyne FLIR Systems, USA), 

which includes its own integrated display and recording system. Ambient opera<ng room 

temperature was maintained between 21 °C and 22 °C, and pa<ent core temperature 

was kept within the normal physiological range of 35.5 °C to 37.0 °C. A standardized cold 

challenge was applied by placing a sterile gauze soaked in saline at 20 °C on the flap 

surface for 1 minute. Immediately aher gauze removal, a thermal image was acquired to 

verify that the en<re skin paddle had cooled uniformly at 20 °C; this ini<al image was 

used solely to confirm effec<ve cooling and was not included in the perfusion analysis. 

Ten minutes aher the cold challenge, a second thermographic image was taken to assess 

perfusion recovery. Only this delayed image was used for subsequent evalua<on. All 

thermal recordings were performed at a fixed distance of 20 cm and perpendicular to 

the flap surface. The en<re procedure was repeated at each of the three predefined 

intraopera<ve <mepoints (T1, T2 and T3).  

 

 

 

 



 101 

4.7 Standardiza,on of Image Acquisi,on 
 

Flap images were digitally aligned and corrected for size and orienta<on to ensure spa<al 

comparability across modali<es and <mepoints. The anatomical borders of the 

cutaneous island were manually traced and verified by the opera<ng surgeon based on 

intraopera<ve markings and suture references. 

 

 
 

Figure 4.17. StandardizaIon of flap image alignment  
Example of a thermographic image imported into a digital measurement environment illustra4ng 
manual alignment, scaling, and orienta4on correc4on. The cutaneous island borders were 
manually delineated ensuring spa4al consistency across imaging modali4es and 4mepoints. 
Delinea4on was performed based on intraopera4ve markings and verified by the opera4ng 
surgeon. 
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4.8 Image Analysis and Framework 
 

I. ROI Grid Analysis 1 cm² Grid Resolution 

To increase objec<vity and spa<al reproducibility, each flap image was overlaid with 

a grid of 1 cm² squares, genera<ng a matrix of con<guous regions of interest (ROIs). The 

grid was applied equally to both ICG-A and DIRT images. For each ROI: 

• Thermographic data were extracted at the pixel level using FLIR Tools®, yielding 

a representa<ve temperature value used for subsequent intra-flap 

standardiza<on and spa<al analysis.  

•  ICG-A data were classified according to fluorescence intensity using an ordinal 

perfusion score: 

o 0 = non-perfused (absent fluorescence - black), 

o 1 = intermediate (gray zone) 

o 2 = well-perfused (bright fluorescence - white). 

ROI-level values cons<tuted the primary spa<al units for all subsequent zonal, subzonal, 

and composi<onal analyses. 

 

II. Zonal Perfusion Analysis (Zonas 1-4)  

In addi<on to the 1 cm² grid segmenta<on, the flap was longitudinally divided 

into four perfusion zones of equal length, using the perforator as the mid-point 

reference: 

 

• Zone 1 – proximal extreme 

• Zone 2 – proximal-central (perforator-adjacent territory) 

• Zone 3 – distal-central (perforator-adjacent territory) 

• Zone 4 – distal extreme 

 

This zonal model reflects perforasome theory and the progressive decline in perfusion 

away from the dominant perforator. While historically only the distal extreme (Zone 4) 

has been described as highest risk for ischemia—especially in fasciocutaneous/subfascial 
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ALT flaps—clinical experience with thin, suprafascial, and pure perforator flaps shows 

that both extremes (proximal and distal) behave as watershed territories. 

 

For each zone, ROI-level data were aggregated to describe the spa<al distribu<on of 

thermographic and angiographic perfusion categories and to enable zone-based 

compara<ve analyses. 

 

III. Subzone Analysis (1a–1b and 4a–4b) 

To increase sensi<vity for detec<ng small ischemic segments—which can lead to flap 

failure in lower-limb reconstruc<on—even when overall perfusion appears 

acceptable, both flap extremi,es were further subdivided: 

 

• Zone 1a (proximal-,p) / Zone 1b (proximal-mid) 

• Zone 4a (distal-mid) / Zone 4b (distal ,p) 

 

Subzones were analysed independently based on the distribu<on and propor<on of ROI-

level thermographic values and ICG-A perfusion categories. 

 

This refinement acknowledges that in contemporary perforator-based ALT thinning, 

ischemia may occur at either extremity, par<cularly when suprafascial dissec<on 

reduces choke-vessel connec<vity. In this context, loss of even a single 1 cm² unit in 

zones 1a or 4b may expose cri<cal structures and cons<tute a clinically relevant 

perfusion deficit. 
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4.9 SoBware and Analy,cal Workflow 

Digital image analysis in this study was performed using FLIR Tools® (Teledyne FLIR 

Systems, USA) and a basic 2D graphic editor (MicrosoB Paint). Each sohware fulfilled a 

specific, well-defined role within the analy<cal workflow, enabling objec<ve 

thermographic data extrac<on, standardized spa<al segmenta<on, and reproducible 

comparison between imaging modali<es. 

 

This workflow supported perfusion assessment at the ROI/cm² level, as well as at zonal 

and subzonal anatomical levels, and formed the basis for all quan<ta<ve analyses 

presented in the Results sec<on. 

 

I. FLIR Tools® (Teledyne FLIR Systems, USA) 

FLIR Tools® is a dedicated thermographic analysis plajorm that allows extrac<on 

of true numerical temperature values from radiometric thermal images. Its use ensured 

that all thermographic measurements were objec<ve, reproducible, and independent of 

subjec<ve visual interpreta<on of color scales. 

 

Workflow and Func,onality 

1. Impor,ng Thermal Images 

DIRT images acquired at each intraopera<ve stage (T1, T2, T3) were exported from the 

FLIR E6 Pro camera and imported into FLIR Tools® in their na<ve radiometric format (.jpg 

with embedded temperature metadata). This format preserves pixel-by-pixel 

temperature data. 

 

2. Applica,on of the 1 cm² ROI Grid 

Although the grid was conceptualized externally, the thermal measurements per ROI 

were extracted using FLIR Tools® as follows: 

• A 1 cm² grid was superimposed manually over the flap image. 

• Each ROI was drawn to correspond exactly to one cell of the predefined grid used 

in the study. 
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• FLIR Tools® automa<cally calculated: 

o Mean temperature (°C) 

o Minimum and maximum temperature (°C) 

 

3. ROI-level temperature extrac,on 

For each ROI, FLIR Tools® provided temperature values by sampling all pixels within that 

region. This allowed: 

• Objec<ve quan<fica<on of perfusion 

• Avoidance of color-scale misinterpreta<on 

• Standardiza<on across <mepoints and pa<ents 

DIRT temperature data for each ROI were exported and entered into the Excel database 

used for sta<s<cal analysis. 

 

4. Deriva,on of thermographic perfusion metrics 

From ROI-level temperature values, the following variables were derived: 

• Mean flap temperature 

• Mean zonal and subzonal temperatures 

• Temperature standard devia<on (SD) as a measure of intra-flap thermal 

heterogeneity 

• Minimum and maximum flap temperatures 

 

In addi<on, ROI-level temperatures were subsequently normalized using pa<ent-specific 

mean temperature and standard devia<on to generate standardized thermographic 

perfusion categories (0–1–2), as described in Sec<on X (Thermographic 

standardiza<on). 

 

 

 

 

 

 



 106 

 
 

Figure 4.18. Example of thermographic measurement report with ROI-based temperature 
sampling. 
Representa4ve output generated by the FLIR analysis soEware aEer ROI-based temperature 
acquisi4on. The thermographic image displays mul4ple measurement spots (Sp), each 
corresponding to a predefined 1 cm² region of interest across the flap surface, with the associated 
temperature values listed in the measurement panel. A corresponding clinical image of the flap 
is included for anatomical reference. For illustra4ve purposes, only a subset of spot 
measurements is shown, as the complete dataset cannot be fully displayed within a single image. 
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II.  Microsoft Paint (image preparation and spatial referencing) 

Microsoh Paint was used as a 2D graphic editor to support image prepara<on and 

spa<al consistency between thermographic and indocyanine green angiography (ICG-A) 

images. Its use was limited to basic preprocessing tasks and did not involve quan<ta<ve 

measurement. 

 

Workflow and Func,onality 

1. Image Alignment 

Images from DIRT and ICG-A were: 

• Scaled to iden<cal pixel dimensions 

• Aligned according to anatomical skin markings and the flap’s geometric axis 

• Adjusted in rota<on to correct minor intraopera<ve angula<on differences 

This step ensured that ROI grids, zones, and subzones corresponded spa<ally between 

modali<es and across <mepoints. 

2. Image prepara,on for grid-based analysis 

Paint was used to: 

• Crop both DIRT and ICG-A images to include only the flap surface. 

• Standardize image borders 

• Facilitate visual reference during manual placement of the standardized 1 cm² 

ROI grid. 

 

The same ROI grid geometry was applied to both modali<es. For ICG-A images, each 

ROI was manually posi<oned using the prepared reference images and assigned a 

perfusion score (0–1–2) based on fluorescence intensity. This ensured spa<al 

correspondence between thermographic and angiographic analyses and enabled 

direct zonal and subzonal comparison at T1. 
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Table 4.6. SoBware used and analy,cal workflow 

SoBware Primary func,on Output generated 

FLIR Tools® 

(Teledyne FLIR 

Systems, USA) 

Extrac<on of ROI/cm² temperature 

values. 

Numerical temperature values per 

ROI; zonal, subzonal, and global. 

MicrosoB Paint Image cropping, orienta<on, and 

spa<al standardiza<on of both 

DIRT and ICG-A images; visual 

reference for manual placement of 

the standardized 1 cm² ROI grid in 

both modali<es. 

Spa<ally aligned reference images 

enabling consistent ROI, zonal, and 

subzonal analysis across modali<es 
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4.10 Sta,s,cal Analysis 
All sta<s<cal analyses were performed using SPSS Sta,s,cs v28 (IBM Corp., Armonk, 

NY, USA) and MicrosoB Excel (MicrosoB Corp., Redmond, WA, USA). Excel was used for 

data organiza<on, calcula<on of derived variables, and aggrega<on of ROI/cm²-level 

measurements into zonal, subzonal, and global perfusion metrics. SPSS was used for 

descrip<ve and inferen<al sta<s<cal analyses. 

 

I. Descriptive statistics 

Con<nuous variables were summarized as mean ± standard devia<on (SD) or 

median with interquar<le range (IQR), as appropriate, together with minimum and 

maximum values. Categorical variables were expressed as absolute frequencies and 

percentages. Descrip<ve analyses were performed separately for each intraopera<ve 

<mepoint (T1, T2, and T3) and at the pa<ent and zonal levels, accoun<ng for missing 

data when present. 

 

II. Categorical perfusion pattern analysis 

Perfusion pa2erns derived from indocyanine green angiography (ICG-A) at T1 and 

from standardized thermography were qualita<vely classified into normal perfusion, 

arterial failure, venous conges<on, and mixed pa2erns. This classifica<on was used for 

descrip<ve and exploratory purposes to support the interpreta<on of thermographic 

behavior across intraopera<ve <mepoints. 

 

The rela<onship between ICG-A and thermographic perfusion pa2erns was explored 

using cross-tabula<on in cases with complete data for both modali<es, without formal 

hypothesis tes<ng. Analyses were restricted to descrip<ve comparisons and were not 

intended to establish sta<s<cal agreement or diagnos<c performance. 

 

III.  Temperature analysis according to ICG-A perfusion category 

To explore the rela<onship between thermographic behavior and angiographic 

perfusion status, ROI-level thermographic temperature values were compared across 
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ICG-A perfusion categories (0 = non-perfused, 1 = doubjul, 2 = well perfused) defined at 

baseline (T1). 

 

This exploratory analysis was performed at each intraopera<ve <mepoint (T1, T2, and 

T3), using the baseline ICG-A classifica<on as a reference framework to examine the 

temporal evolu<on of thermographic temperature behavior. Comparisons were 

conducted using one-way analysis of variance (ANOVA), trea<ng ICG-A perfusion 

category as a grouping variable and thermographic temperature as a con<nuous 

outcome. When appropriate, post hoc pairwise comparisons were adjusted using the 

Bonferroni correc<on. 

 

IV. Zonal temperature distribution analysis 

Mean thermographic temperatures were compared across anatomical flap zones 

(1a, 1b, 2, 3, 4a, and 4b) using one-way ANOVA to assess the presence of spa<al 

temperature gradients along the flap. Post hoc pairwise comparisons were adjusted 

using the Bonferroni correc<on  when appropriate. Analyses were performed 

independently for each intraopera<ve <mepoint (T1, T2 and T3). 

 

V. Agreement and comparative analyses between modalities 

Agreement between ICG-A and standardized thermography at baseline (T1) was 

ini<ally explored using correla,on analyses and Bland–Altman plots for global 

perfusion metrics, with par<cular emphasis on non-perfused surface area as the most 

clinically relevant parameter. These analyses an overall assessment of global agreement 

but where not intended to capture spa<al or composi<onal discrepancies.  

 

Because flap perfusion variables (well perfused, doubjul, and non-perfused <ssue) 

represent composi,onal data, i.e., propor<ons that sum to approximately 100% within 

each flap zone, conven<onal marginal correla<on analyses were avoided due to the risk 

of spurious associa<ons related to the closure effect. 
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Therefore, composi,onal data analysis methods were applied to evaluate concordance 

between indocyanine green angiography (ICG-A) and thermography. Each flap zone was 

analysed independently (zones 1a, 1b, 2, 3, 4a, and 4b). For each zone and pa<ent, the 

perfusion composi<ons obtained with both techniques (well perfused, doubjul, non-

perfused) were transformed using the centered log-ra,o (clr) transforma,on, 

expressing each component as the logarithm of its ra<o to the geometric mean of the 

composi<on. This transforma<on allows representa<on of composi<onal data in an 

unconstrained Euclidean space. 

 

Composi<onal concordance between ICG-A and thermography was quan<fied on a 

zone-by-zone basis using the Aitchison distance, which measures the discrepancy 

between two complete composi<ons. Lower values indicate higher composi<onal 

agreement between techniques. Results were summarized using descrip<ve sta<s<cs of 

composi<onal distances by zone and graphically represented to facilitate clinical 

interpreta<on. All analyses were performed at the pa<ent level, excluding observa<ons 

with incomplete data for either technique. 

 

Temporal and paired comparisons 

To assess intraopera<ve perfusion changes over <me, repeated measurements obtained 

from the same flap across different <mepoints were analysed using paired sta<s<cal 

tests. When comparing more than two related intraopera<ve stages (T1, T2, and T3), the 

Friedman test was used as a non-parametric alterna<ve to repeated-measures ANOVA. 

When the Friedman test indicated significant overall differences, pairwise post hoc 

comparisons between <mepoints were performed using the Wilcoxon signed-rank test. 

Similarly, paired comparisons between anatomical regions within the same flap—such 

as distal versus central territories—were conducted using the Wilcoxon signed-rank test, 

given the paired structure of the data and the absence of normality assump<ons. 

These temporal and regional analyses were restricted to thermographic variables, as 

indocyanine green angiography was performed exclusively at baseline (T1). 
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Diagnos,c performance analysis 

To further explore the diagnos<c performance of thermography, perfusion results were 

dichotomized into viable and non-viable categories based on predefined criteria. Binary 

classifica<ons derived from thermography were compared against ICG-A as the 

reference standard. 

 

Receiver opera<ng characteris<c (ROC) analysis was performed using the percentage of 

non-perfused <ssue es<mated by thermography as a con<nuous predictor, with non-

viable zones defined according to ICG-A. The area under the curve (AUC) was used as a 

global measure of discrimina<on.  

 

An addi<onal ROC analysis was performed using the Aitchison distance between ICG-A 

and thermography perfusion composi<ons as a con<nuous predictor. This approach 

evaluates whether global composi<onal discrepancy between techniques can 

discriminate non-viable zones defined by ICG-A, integra<ng the rela<ve contribu<on of 

well perfused, doubjul, and non-perfused <ssue. 

 

VI. Level of statistical significance 

All sta<s<cal tests were two-tailed. A p-value < 0.05 was considered sta<s<cally 

significant. Given the exploratory nature of the study and the limited sample size, no 

formal adjustment for mul<ple comparisons beyond Bonferroni post hoc tes<ng was 

applied. 
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Table 4.7. Summary of sta,s,cal analyses 

Analysis level / objec,ve Variables analyzed Sta,s,cal test Purpose 

Descrip,ve analysis Demographic, 

surgical, 

thermographic and 

ICG-A variables 

Descrip<ve 

sta<s<cs (mean ± 

SD, min–max, 

frequencies, 

percentages) 

Characterize the study 

popula<on and perfusion 

metrics 

Baseline comparison 

(T1): DIRT vs ICG-A 

Global and zonal 

perfusion 

percentages (well 

perfused, non-

perfused) 

Spearman’s rank 

correla<on (ρ) 

Exploratory assessment of 

associa,on between 

thermographic and 

angiographic perfusion 

metrics 

Agreement analysis (T1) Global non-

perfused surface 

(%) 

Bland–Altman 

analysis 

Evaluate agreement and 

systema<c bias between DIRT 

and ICG-A 

Zonal perfusion 

distribu,on 

Mean 

thermographic 

temperature across 

zones (1a–4b) 

One-way ANOVA 

with Bonferroni 

post hoc 

Assess spa<al temperature 

gradients within the flap 

Perfusion category vs 

temperature 

Mean ROI/cm² 

temperature by 

ICG-A perfusion 

score (0–1–2) 

One-way ANOVA 

with Bonferroni 

post hoc 

Evaluate rela<onship 

between angiographic 

perfusion and temperature 

Temporal evolu,on (T1–

T2–T3) 

Global and regional 

thermographic 

perfusion metrics 

Friedman test with 

Wilcoxon signed-

rank post hoc 

Assess intraopera<ve 

perfusion changes over <me 

Distal vs central 

comparison 

Distal (1a,4b) vs 

central (2,3) 

perfusion metrics 

Wilcoxon signed-

rank test; 

Spearman 

correla<on 

Evaluate contribu<on of distal 

territories to global perfusion 

behavior 
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4.11 Ethical Considera,ons 
 

This study was approved by the Clinical Research Ethics Commi2ee of Hospital de la 

Santa Creu i Sant Pau (protocol code IIBSP-PER-2019-109). All pa<ents provided wri2en 

informed consent prior to inclusion. No addi<onal risk was introduced to surgical 

prac<ce. Data were anonymized and managed in accordance with EU General Data 

Protec<on Regula<on (GDPR) and Spanish data protec<on laws. 
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5: Results 
 
5.1 Study popula,on and baseline surgical characteris,cs 

A total of 25 pa<ents undergoing anterolateral thigh (ALT) free flap reconstruc<on 

for lower-limb defects were included in the study. All procedures were performed 

between January 2020 and December 2021. This sec<on describes baseline 

demographic characteris<cs, clinical factors poten<ally affec<ng distal perfusion or 

recipient-vessel dissec<on, indica<ons and anatomical distribu<on of defects, and 

baseline surgical characteris<cs of the ALT flap. 

 

I. Patient demographics 

The study popula<on consisted of 22 men (88.0%) and 3 women (12.0%), with 

a mean age of 56.92 years (standard devia<on [SD] 18.37; range 22–87 years). Mean 

body weight was 80.32 kg (SD 13.73; range 62–110 kg), and mean height was 1.73 m (SD 

0.09; range 1.53–1.90 m), resul<ng in a mean body mass index (BMI) of 27.0 kg/m² (SD 

5.2; range approximately 19.7–44.9 kg/m²). 

 

 
Figure 5.1. Sex distribu3on 

 

These demographic characteris<cs are summarized in Table 5.1, including measures of 

central tendency and dispersion, providing an overview of the variability and rela<ve 

heterogeneity of the study sample. 
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Table 5.1. Demographic characteris,cs of the study popula,on (N = 25) 

Variable Mean ± SD Range n (%) 

Age (years) 56.92 ± 18.37 22–87  

Male   22 (88.0%) 

Female   3 (12.0%) 

Weight (kg) 80.32 ± 13.73 62–110  

Height (m) 1.73 ± 0.09 1.53–1.90  

BMI (kg/m²) 27.0 ± 5.2 19.7–44.9  

 

Exploratory correla<on analyses were performed to evaluate whether age and body 

mass index (BMI) were associated with the extent of non-perfused areas at ICG-A T1. 

Spearman’s rank correla<on was used due to the limited sample size and non-normal 

distribu<on of percentage-based outcomes. 

 

Age was not associated with the percentage of non-perfused area globally or in zones 

1a and 4b (all p > 0.68). BMI showed a moderate posi<ve correla<on with the extent of 

non-perfused area in zone 1a (ρ = 0.432, p = 0.044), while correla<ons with global non-

perfused area and zone 4b did not reach sta<s<cal significance (p = 0.149 and p = 0.134, 

respec<vely). These findings should be interpreted as exploratory and hypothesis-

genera<ng. 

 

II. Clinical factors potentially affecting vascular status and recipient-vessel 

dissection 

Several pa<ent-related factors with poten<al impact on distal 

vasculariza<on, microvascular anastomosis, or recipient-vessel dissec<on were 

recorded and analyzed (Table 5.2). 
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Table 5.2. Clinical factors poten,ally affec,ng vasculariza,on 

Factor n % 

Ac,ve smoking 8 32.0 

Non-smoker 17 68.0 

Diabetes mellitus 9 36.0 

PAD / CLI 4 16.0 

Recipient-site revasculariza,on 1 4.0 

Previous radiotherapy 4 16.0 

Neoadjuvant chemotherapy 2 8.0 

 

Ac<ve smoking was present in 8 pa<ents (32.0%), while 17 pa<ents (68.0%) were non-

smokers. Diabetes mellitus was diagnosed in 9 pa<ents (36.0%).  An exploratory analysis 

was performed to evaluate whether ac<ve smoking or diabetes mellitus were associated 

with a greater extent of non-perfused areas at ICG-A T1. The percentage of non-perfused 

flap area was analysed as a con<nuous variable. Comparisons between groups were 

performed using the Mann–Whitney U test. No sta<s<cally significant differences were 

observed in the percentage of non-perfused area between smokers and non-smokers 

(median 8.59% vs 7.00%, p = 0.837), nor between pa<ents with and without diabetes 

mellitus (median 9.67% vs 6.13%, p = 1.000). These analyses should be interpreted as 

exploratory due to the limited sample size. 

 

Table 5.3. Associa,on between smoking, diabetes mellitus and extent of non-perfused 

area at ICG-A T1 

Factor Group n Median non-

perfused (%) 

IQR p-value 

Smoking Smoker 7 8.59 3.88–11.98 0.837 

 Non-

smoker 

15 7.00 4.38–13.07  

Diabetes 

mellitus 

DM 8 9.67 6.21–11.09 1.000 

 Non-DM 14 6.13 3.76–14.30  
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A second exploratory analysis assessed whether smoking or diabetes mellitus were 

associated with a greater extent of non-perfused areas in high-risk flap regions (zones 

1a and 4b) at ICG-A T1. The percentage of non-perfused area was analysed as a 

con<nuous variable for each zone separately using the Mann–Whitney U test. 

 

No sta<s<cally significant associa<ons were iden<fied between smoking or diabetes 

mellitus and the extent of non-perfused area in either zone 1a or zone 4b. These findings 

suggest that, within this cohort, the presence of these clinical factors was not associated 

with a larger extent of regional non-perfusion at T1. 

 

Table 5.4. Associa,on between clinical factors and non-perfused area in high-risk 

zones at ICG-A T1 

Zone Factor Group n Median non-

perfused (%) 

IQR p-value 

1a Smoking Smoker 7 33.33 18.82–51.43 1.000 

  Non-

smoker 

15 29.41 16.82–68.31  

1a Diabetes DM 8 30.56 20.00–70.00 0.606 

  Non-DM 14 32.35 4.41–49.71  

4b Smoking Smoker 7 30.00 16.96–57.00 0.396 

  Non-

smoker 

15 50.00 28.64–66.54  

4b Diabetes DM 8 53.47 27.86–77.94 0.537 

  Non-DM 14 37.50 22.89–59.38  

 

Peripheral arterial disease or cri<cal limb ischemia (PAD/CLI) was documented in 4 

pa<ents (16.0%). In rela<on to PAD/CLI, recipient-site revasculariza<on procedures were 

required in 1 pa<ent, whereas no donor-site revasculariza<on was performed in any 

case.  
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Previous radiotherapy involving the recipient area was present in 4 pa<ents (16.0%), 

and neoadjuvant chemotherapy had been administered in 2 pa<ents (8.0%). These 

oncologic treatments were considered relevant due to their known effects on <ssue 

fibrosis, vascular fragility, and complexity of recipient-vessel dissec<on. 

 

Due to the limited number of events observed for these variables (peripheral arterial 

disease/cri<cal limb ischemia (PAD/CLI), previous radiotherapy, and neoadjuvant 

chemotherapy), no inferen<al sta<s<cal analysis was performed to assess their 

associa<on with flap perfusion outcomes. Accordingly, these factors were analysed 

descrip<vely in order to characterise the study popula<on and document their 

prevalence, as any formal assessment of their influence would require a substan<ally 

larger cohort. 

 

III. Indications for reconstruction and anatomical distribution of defects 

The primary indica<ons for ALT flap reconstruc<on are detailed in Table 5.5. 

Defects were most commonly of oncologic origin, accoun<ng for 16 cases 

(64.0%). Trauma<c defects were present in 7 pa<ents (28.0%), while diabe<c-related 

defects accounted for 2 cases (8.0%). 

 

Table 5.5. Indica,ons for surgery distribu,on 

Category n % 

Tumoral 16 64.0 

Trauma,c 7 28.0 

Diabe,c-related 2 8.0 

 

Regarding anatomical loca<on (Table 5.6), defects were predominantly located in 

the leg (13 cases, 52.0%) and foot (6 cases, 24.0%). Less frequent loca<ons included 

the knee (4 cases, 16.0%) and the inguinal region (2 cases, 8.0%). This distribu<on 

reflects the predominance of distal lower-limb reconstruc<on in the present cohort. 
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Table 5.6. Anatomical loca,on of the defect 

Inguinal 2 8.0 

Knee 4 16.0 

Leg 13 52.0 

Foot 6 24.0 

 

IV. ALT flap harvest and baseline surgical characteristics 

Baseline surgical characteris<cs of the ALT flap are summarized in Table 5.7 

following the logical sequence of flap eleva<on and microsurgical reconstruc<on. Flaps 

were elevated using different dissec<on planes according to reconstruc<ve 

requirements, including subfascial, suprafascial, and superthin techniques (Table 5.8). 

The type of perforator was classified as musculocutaneous, septocutaneous, or mixed, 

and the number of perforators included per flap was recorded for each case. 

 

The mean number of perforators included was 1.6 per flap, and the mean pedicle 

length was 11.2 cm. Mean flap dimensions were 24.2 cm in length and 10.4 cm in width, 

reflec<ng the size requirements imposed by distal lower-limb defects. Flap ischemia 

<me, defined as the interval between pedicle division and comple<on of arterial 

anastomosis, showed a mean dura<on of 92.5 minutes (SD 34.2; range 45–180 minutes).  

Table 5.7. ALT flap surgical characteris,cs 

Variable Mean ± SD Range 

Flap length (cm) 24.2 ± 5.0 17–36 

Flap width (cm) 10.4 ± 1.7 7–14 

Pedicle length (cm) 11.2 ± 2.4 8–17 

Number of perforators 1.6 ± 0.6 1–3 

Musculocutaneous 

perforators 

14 56.0 

Septocutaneous 

perforators 

7 28.0 

Mixed perforators 4 16.0 

Ischemia ,me (min) 92.5 ± 34.2 45–180 
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Table 5.8. ALT flap harvest characteris,cs 

Variable n % 

Subfascial eleva,on 17 68.0 

Suprafascial eleva,on 5 20.0 

Superthin eleva,on 3 12.0 

 

 

The plane of flap eleva<on (subfascial, suprafascial, and superthin dissec<on) was 

recorded as a poten<al surgical factor influencing flap perfusion. However, due to the 

very limited number of superthin flaps in the cohort and the resul<ng imbalance 

between categories, no inferen<al sta<s<cal analysis was performed to evaluate its 

associa<on with ICG-A T1 perfusion outcomes. This variable was therefore analysed 

descrip<vely only, as any formal comparison would lack sufficient sta<s<cal power and 

could lead to misleading conclusions. 
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5.2 T1 Indocyanine Green Angiography Perfusion Assessment as Reference Standard 
 

Indocyanine green angiography (ICG-A) performed at T1 (flap in situ, prior to pedicle 

division) was used as the reference standard for baseline perfusion assessment of the 

anterolateral thigh (ALT) flap. 

 

I. Proximal flap perfusion (zones 1a and 1b) 

Perfusion results for the proximal region of the flap, comprising zones 1a and 1b, 

are summarized in Table 5.9. 

 
Table 5.9. Proximal zones (1a–1b) 
 

Zone Perfusion category Mean (%) 
1a 

 
Well perfused 24.38 

Doubjul 34.44 
Non-perfused 41.19 

1b 
 

Well perfused 67.40 
Doubjul 27.15 

Non-perfused 5.45 
 

Zone 1a, corresponding to one of the most distal perfusion territories rela<ve to the 

central perforator, showed a low propor,on of well-perfused ROI, with a mean 

of 24.38%, accompanied by a substan<al propor<on of doubhul areas (34.44%) and a 

high percentage of non-perfused ROI (41.19%). 

 

In contrast, zone 1b demonstrated a markedly improved perfusion profile, with 67.40% 

of ROI classified as well perfused, 27.15% as doubhul, and only 5.45% as non-perfused, 

indica<ng an intermediate perfusion panern between distal and central regions. 

 

II. Central flap perfusion (zones 2 and 3) 

Perfusion data for the central por,on of the flap, corresponding to zones 2 and 3, are 

presented in Table 5.10. 
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Table 5.10. Central zones (2–3) 
 

Zone Perfusion category Mean (%) 
2 
 

Well perfused 92.50 
Doubjul 7.50 

Non-perfused 0.00 
3 
 

Well perfused 89.13 
Doubjul 9.24 

Non-perfused 1.64 
 

Zone 2 exhibited the most favorable perfusion profile of the en<re flap, with 92.50% of 

ROI classified as well perfused, 7.50% as doubhul, and no non-perfused areas 

detected. 

 

Similarly, zone 3 showed a high propor<on of well-perfused ROI (89.13%), with 9.24% 

of doubhul areas and a minimal frac,on of non-perfused ROI (1.64%). 

 

The close similarity in perfusion distribu<on between zones 2 and 3 supports their 

considera<on as a central perfusion unit, corresponding to the typical loca<on of the 

dominant perforator within the ALT flap. 

 

III. Distal flap perfusion (zones 4a and 4b) 

Results for the distal region of the flap, comprising zones 4a and 4b, are summarized 

in Table 5.11. 

 

 

Table 5.11. Distal zones (4a–4b) 
 

Zone Perfusion category Mean (%) 
4a 

 
Well perfused 65.87 

Doubjul 29.13 
Non-perfused 5.00 

4b 
 

Well perfused 18.55 
Doubjul 33.90 

Non-perfused 47.54 
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Zone 4a displayed an intermediate perfusion profile, with 65.87% of ROI classified as 

well perfused, 29.13% as doubhul, and 5.00% as non-perfused, comparable to the 

intermediate behavior observed in zone 1b. 

 

Zone 4b, represen<ng the most distal perfusion territory of the flap, demonstrated 

the least favorable perfusion profile, with only 18.55% of ROI classified as well 

perfused, 33.90% as doubhul, and a predominant propor<on of non-perfused areas 

(47.54%). 

 

IV. Global flap perfusion at T1 

A global analysis of perfusion across the en<re flap surface is summarized in Table 

5.12, which reports the absolute and rela,ve distribu,on of well-perfused, doubhul, 

and non-perfused ROI for the whole flap. 

 

Table 5.12. Global flap perfusion at T1 ICG 
 

Perfusion category Mean (%) 

Well perfused 72.97 

Doubhul 18.14 

Non-perfused 8.89 

 

At T1, the mean global perfusion profile derived from ICG-A analysis demonstrated 

that 72.97% of the flap surface was classified as well perfused, while 18.14% 

corresponded to areas with doubhul perfusion, and 8.89% of the surface was classified 

as non-perfused. 

 

These percentages represent the observed detec,on capability of ICG-A in the present 

cohort and reflect the integrated contribu<on of central, intermediate, and distal flap 

regions under physiological condi<ons. 
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V. Inter-patient variability of T1 ICG perfusion percentages 

Analysis of inter-pa<ent variability revealed dis<nct dispersion pa2erns across flap 

regions (Table 5.13). Central zones (zones 2 and 3) demonstrated not only the highest 

mean propor<on of well-perfused areas but also the lowest variability, with standard 

devia<ons of approximately 21–23% and minimal or absent non-perfused areas. 

 

In contrast, distal zones (zones 1a and 4b) showed marked variability, with standard 

devia<ons exceeding 28–35% for well-perfused and non-perfused categories, reflec<ng 

heterogeneous perfusion behavior across pa<ents. Intermediate zones (zones 1b and 

4a) exhibited intermediate variability profiles. 

 

These findings indicate that the central por<on of the flap displays both consistently 

higher perfusion and greater inter-pa,ent stability, whereas peripheral regions are 

characterized by increased variability and a higher propor<on of compromised 

perfusion. 

 

Table 5.13. Zonal variability of T1 ICG perfusion percentages (mean ± SD) 

Zone Well perfused (%) Doubhul (%) Non-perfused (%) 

Zone 1a 24.38 ± 29.44 34.44 ± 33.76 41.19 ± 35.06 

Zone 1b 67.40 ± 36.49 27.15 ± 30.61 5.45 ± 13.40 

Zone 2 92.50 ± 21.55 7.50 ± 21.55 0.00 ± 0.00 

Zone 3 89.13 ± 22.51 9.24 ± 22.11 1.64 ± 5.31 

Zone 4a 65.87 ± 33.66 29.13 ± 28.54 5.00 ± 13.14 

Zone 4b 18.55 ± 28.97 33.90 ± 25.97 47.54 ± 32.03 

Global flap 72.97 ± 20.09 18.14 ± 18.26 8.89  5.42 

 

VI. Observed spatial distribution of perfusion at T1 ICG 

Taken together, T1 ICG-A analysis revealed a consistent central-to-peripheral 

perfusion gradient along the proximal–distal axis of the flap. Perfusion was highest in 

the central zones (zones 2 and 3), intermediate in zones 1b and 4a, and lowest in 

the most distal zones (zones 1a and 4b). 
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This gradient was observed consistently in both absolute ROI counts and rela,ve zonal 

percentages, indica<ng a true spa<al perfusion pa2ern rather than an effect of zonal 

surface area. 

 

The mean global percentage distribu,on of perfusion categories at T1 was therefore 

adopted as the reference perfusion profile for the study and cons<tuted the gold 

standard against which dynamic infrared thermography was subsequently standardized 

and evaluated in terms of non-inferiority. 

 

 

VII. Central versus peripheral perfusion patterns 

When zones were conceptually grouped according to their posi<on rela<ve to the 

dominant perforator, a clear spa<al gradient emerged. Central zones (zones 2 and 

3) showed mean well-perfused areas exceeding 89–92%, with doubjul perfusion 

below 10% and negligible non-perfused surface. 

 

Intermediate zones (zones 1b and 4a) demonstrated a reduc<on in well-perfused 

surface to approximately 66–67%, accompanied by an increase in doubjul areas to 

around 27–29%. 

 

In contrast, the most distal zones (zones 1a and 4b) exhibited a marked decline in well-

perfused surface (18–24%) and the highest propor<ons of non-perfused areas (41–

48%). 

 

This progressive central-to-peripheral decrease in perfusion was consistently observed 

across pa<ents and forms the basis for defining the physiological reference perfusion 

profile at T1. 
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5.3 Standardiza,on of Dynamic Infrared Thermography Based on the T1 ICG 
Reference Profile 

 
Dynamic infrared thermography (DIRT) was standardized using the T1 indocyanine 

green angiography (ICG-A) perfusion profile as the reference framework. Given the 

absence of universally accepted absolute temperature thresholds applicable to 

intraopera<ve flap assessment, a rela,ve, pa,ent-specific approach was adopted. 

 

Ini<al exploratory analysis demonstrated that fixed temperature cut-offs (e.g., <25 °C, 

25–30 °C, >30 °C), as described in previous experimental or postopera<ve thermographic 

studies, were not applicable to the present intraopera<ve sekng. Absolute temperature 

values varied considerably between pa<ents due to individual baseline temperature, 

opera<ng room condi<ons, flap thickness, and exposure <me, precluding the use of 

universal thresholds. 

 

For this reason, thermographic data were standardized de novo, using the quan,ta,ve 

perfusion distribu,on observed with ICG-A at T1 as the physiological reference. 

 

I. Rationale for thermographic standardization 

As demonstrated in Sec<on 5.2, T1 ICG-A analysis revealed a reproducible global 

perfusion profile of the ALT flap under physiological condi<ons, with approximately 73% 

of the flap surface classified as well perfused, 18% as doubhul, and 9% as non-

perfused. This distribu<on, derived from extensive ROI/cm²-based spa<al sampling, was 

adopted as the gold standard perfusion profile for the study. 

 

The objec<ve of thermographic standardiza<on was therefore to define temperature-

based perfusion categories that would reproduce, as closely as possible, this reference 

distribu<on when applied to intraopera<ve DIRT images, enabling subsequent 

evalua<on of non-inferiority rela,ve to ICG-A. 
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II. Patient-specific temperature normalization 

For each pa<ent, thermographic analysis was performed using the same ROI/cm² 

grid applied for ICG-A analysis. From all thermographic ROI sampled within a given 

pa<ent, the following parameters were calculated: 

• The mean flap temperature (T�) 

• The standard devia,on (SD) of flap temperature 

• Using these parameters, thermographic perfusion categories were 

defined rela,ve to the pa,ent’s own temperature distribu,on, rather than 

absolute temperature values. 

 

III. Definition of thermographic perfusion categories 

Based on the T1 ICG-A reference profile and assuming an approximately normal 

distribu<on of temperature values within each flap, thermographic perfusion categories 

were defined as follows: 

 

Thermographic perfusion categories 

Thermographic category Temperature criterion Expected propor,on (%) 

Well perfused T ≥ (T� − 1 SD) ≈ 68% 

Doubhul perfusion (T� − 2 SD) ≤ T < (T� − 1 SD) ≈ 27% 

Non-perfused T < (T� − 2 SD) ≈ 5% 

 

This classifica<on assigns approximately 68% of values to the well-perfused 

category, 27% to the doubjul category, and 5% to the non-perfused category under a 

normal distribu<on, closely approxima<ng the global perfusion propor,ons observed 

with ICG-A at T1, while preserving sensi<vity to inter-pa<ent variability. 

 

IV. Zonal and global application of standardized thermographic categories 

Once defined, thermographic perfusion categories were applied to all ROI/cm² 

within each pa<ent and subsequently aggregated by zones and subzones (1a, 1b, 2, 3, 

4a, 4b), following the same spa<al framework used for ICG-A analysis. 
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This approach allowed: 

• Direct zonal and global comparison between DIRT and ICG-A at T1, 

• Evalua<on of thermographic perfusion pa2erns under different intraopera<ve 

condi<ons (T2 and T3), 

• Assessment of temporal thermographic changes independent of ICG-A. 

 

V. Methodological implications 

By anchoring thermographic interpreta<on to a physiologically derived, modality-

independent reference profile, this standardiza<on strategy avoids arbitrary 

temperature thresholds and enables meaningful comparison between two imaging 

techniques with fundamentally different physical principles. 

Importantly, this approach does not a2empt to force thermography to replicate ICG-A at 

the pixel or ROI level. Instead, it evaluates whether thermography can 

reproduce equivalent regional and global perfusion distribu,ons, consistent with its 

intended role as a non-invasive, dye-free intraopera,ve perfusion assessment tool. 

 

 

VI. Global thermographic perfusion profile at T1 

Aher applica<on of the standardized thermographic criteria, T1 DIRT analysis 

demonstrated a predominance of well-perfused areas across the flap surface. At a 

global level, 82.11% of thermographic ROI were classified as well perfused, 14.26% as 

doubjul, and 4.12% as non-perfused (Table 5.14). 

 

 

Table 5.14. T1 thermography – global flap perfusion 

Perfusion category Mean (%) 

Well perfused 82.11 

Doubhul 14.26 

Non-perfused 4.12 
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This global thermographic distribu<on reflects a high overall perfusion signal at 

T1 following standardiza<on and approximates the reference perfusion profile derived 

from ICG-A, while preserving sensi<vity to regional varia<ons. 

 

 

VII. Zonal thermographic perfusion distribution at T1 

When analyzed by anatomical zones, standardized thermography revealed 

a clear spa,al perfusion gradient along the proximal–distal axis of the flap (Tables 5.15–

5.17). 

 

 

Table 5.15. T1 thermography perfusion in proximal zones (1a–1b) 

Zone Perfusion category Mean (%) 

1a 

 

Well perfused 62.86 

Doubjul 28.91 

Non-perfused 8.23 

1b 

 

Well perfused 90.81 

Doubjul 7.22 

Non-perfused 1.96 

 

 

Table 5.16. T1 thermography perfusion in central zones (2–3) 

Zone Perfusion category Mean (%) 

2 

 

Well perfused 94.71 

Doubjul 1.79 

Non-perfused 3.49 

3 

 

Well perfused 90.36 

Doubjul 7.77 

Non-perfused 1.87 
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Table 5.17. T1 thermography perfusion in distal zones (4a–4b) 

Zone Perfusion category Mean (%) 

4a 

 

Well perfused 73.44 

Doubjul 23.86 

Non-perfused 2.69 

4b 

 

Well perfused 45.75 

Doubjul 43.38 

Non-perfused 10.87 

 

 

 

Central zones (zones 2 and 3) 

The highest thermographic perfusion values were observed in the central por<on of the 

flap. Zone 2 demonstrated 94.71 % well-perfused ROI, with 1.79 % doubjul and 3.49 

% non-perfused areas. Similarly, zone 3 showed 90.36 %well-perfused ROI, 7.77 

% doubjul, and 1.87 % non-perfused areas (Table 5.16). 

 

Intermediate zones (zones 1b and 4a) 

Intermediate zones exhibited a moderate reduc<on in thermographic perfusion. Zone 

1b showed 90.81 % well-perfused ROI, 7.22 % doubjul, and 1.96 % non-perfused areas. 

Zone 4a demonstrated 73.44 % well-perfused ROI, accompanied by an increase in 

doubjul areas to 23.86 %, with 2.69 % non-perfused ROI (Tables 5.15 and 5.17). 

 

Distal zones (zones 1a and 4b) 

The most distal zones demonstrated the lowest thermographic perfusion values. Zone 

1a showed 62.86 % well-perfused ROI, 28.91 % doubjul, and 8.23 % non-perfused 

areas. Zone 4b exhibited the most compromised thermographic profile, with only 45.75 

% well-perfused ROI, 43.38 % doubjul, and 10.87 % non-perfused areas (Tables 5.15 

and 5.17). 
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VIII. Inter-patient variability of standardized thermography at T1  

Inter-pa<ent variability analysis demonstrated that central zones (zones 2 and 

3) showed the most stable thermographic behavior, with rela<vely low dispersion in the 

propor<on of well-perfused ROI (zone 2: 94.71 ± 6.33%; zone 3: 90.36 ± 11.57%).  

 

In contrast, distal territories exhibited markedly higher variability, par<cularly 

zone 4b (45.75 ± 33.68% well-perfused; 43.38 ± 28.46% doubjul), and zone 1a (62.86 ± 

31.16% well-perfused). Intermediate zones (1b and 4a) demonstrated intermediate 

variability profiles. At a global flap level, standardized thermography showed 

compara<vely low dispersion (82.11 ± 4.36% well-perfused), indica<ng consistent 

overall classifica<on despite regional heterogeneity. 

 

IX. Summary of standardized thermographic behavior at T1 

In summary, standardized dynamic infrared thermography at T1 demonstrated 

a physiologically coherent spa,al perfusion panern, characterized by: 

• High thermographic perfusion in central zones, 

• Intermediate perfusion in zones adjacent to the center, 

• Reduced perfusion in the most distal flap territories. 

Both the global distribu,on (Table 5.14) and the zonal gradients, including inter-

pa<ent variability (Table 5.18), were internally consistent and suitable for 

subsequent direct comparison with T1 ICG-A, which is addressed in Sec<on 4. 

Table 5.18. T1 thermography – zonal variability (mean ± SD) 

Zone Well perfused (%) Doubhul (%) Non-perfused (%) 

Zone 1a 62.86 ± 31.16 28.91 ± 24.98 8.23 ± 11.85 

Zone 1b 90.81 ± 13.67 7.22 ± 11.78 1.96 ± 4.49 

Zone 2 94.71 ± 6.33 1.79 ± 3.64 3.49 ± 4.98 

Zone 3 90.36 ± 11.57 7.77 ± 6.40 1.87 ± 7.21 

Zone 4a 73.44 ± 24.43 23.86 ± 23.68 2.69 ± 6.17 

Zone 4b 45.75 ± 33.68 43.38 ± 28.46 10.87 ± 12.59 

Global flap 82.11 ± 4.36 14.26 ± 3.86 4.12  2.48 
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5.4 T1 comparison between ICG-A and standardized DIRT 
At T1, both ICG-A and dynamic infrared thermography (DIRT) were acquired under 

physiological condi<ons prior to flap division, represen<ng the key <mepoint for 

evalua<ng intrinsic spa<al perfusion distribu<on and for tes<ng the performance of 

thermography against the angiographic reference. Because DIRT was standardized in 

Sec<on 3 using a pa<ent-specific temperature normaliza<on anchored to the T1 ICG-A 

reference profile, the present sec<on focuses on global and zonal agreement at T1 using 

the ROI/cm² framework, without ROI-to-ROI pairing. 

 

I. Dataset completeness and ROI sampling density for the T1 comparison 

Spa<al sampling at T1 was based on ROI/cm² grids across the en<re flap surface, 

aggregated by subzones (1a, 1b, 2, 3, 4a, 4b) and at the global flap level. For ICG-A, the 

number of analyzed ROI (“spots”) was available in 22 flaps, totaling 3,699 ROI, with a 

mean of 168.14 ± 36.43 ROI per pa,ent (range 111–252). For thermography, “spots” 

were available in 24 flaps, totaling 2,633 ROI, with a mean of 109.71 ± 35.34 ROI per 

pa,ent (range 36–184). A subset of cases lacked complete ICG-A T1 ROI totals (pa<ents 

19, 20, and 25 in the current dataset), and one case lacked complete thermographic 

categoriza<on at T1, therefore paired ICG-A vs DIRT comparisons were performed on 

the maximal overlapping set (n = 21) with complete global percentage distribu<ons in 

both modali<es. Zonal comparisons were performed using the same paired availability 

per zone when complete data existed. 

 

II. Global perfusion agreement at T1 

Using the full ICG-A T1 reference profile (Sec<on 2), the mean global distribu<on of 

perfusion categories at T1 was 72.97% well perfused, 18.14% doubhul, and 8.89% non-

perfused, defining the angiographic “gold standard” physiological profile for the study. 

Aher applica<on of standardized thermographic criteria (Sec<on 3), DIRT demonstrated 

a global profile at T1 of 82.11% well perfused, 14.26% doubhul, and 4.12% non-

perfused (Table 5.18). 
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In the paired subset (n = 21), DIRT showed a higher propor,on of well-perfused 

area than ICG-A at T1 (mean difference +10.07 ± 22.57 percentage points, Wilcoxon p = 

0.046), and a lower propor,on of non-perfused area(mean difference −5.17 ± 6.35 

percentage points, Wilcoxon p = 0.0025), while doubjul perfusion did not differ 

significantly at the global level. These results indicate that, at T1, standardized 

thermography tended to classify a larger frac<on of ROI as well perfused and a smaller 

frac<on as non-perfused when compared with the angiographic reference, while 

preserving a broadly comparable distribu<on structure consistent with the intended 

non-inferiority framework. 

 

To visualize the magnitude and direc<on of global differences, Figure 5.2 displays the 

rela<onship between ICG-A and DIRT for global non-perfused percentage at T1, 

and Figure 5.3 provides a Bland–Altman representa<on of agreement, highligh<ng 

systema<c bias (DIRT classifying less non-perfused area) and limits of agreement for the 

non-perfused compartment at T1. 

 
Figure 5.2. Global non-perfused area at T1: DIRT vs ICG-A 
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Figure 5.3. Bland – Altman: Global non-perfused area at T1 

 

III. Zonal agreement and spatial gradient reproduction at T1 

A major objec<ve of the T1 comparison was to determine whether thermography 

reproduces the central-to-peripheral perfusion gradient observed on ICG-A (Sec<on 

5.2) when analyzed with iden<cal ROI/cm² zoning. 

 

On ICG-A, zonal mean well-perfused percentages followed the expected gradient: zones 

2 and 3 showed the highest well-perfused surface (92.50% and 89.13%, respec<vely), 

intermediate zones 1b and 4a showed reduced well-perfused surface 

(67.40% and 65.87%), and the most distal zones 1a and 4b showed the lowest well-

perfused surface (24.38%and 18.55%) with the highest non-perfused propor<ons 

(zone 1a: 41.19%, zone 4b: 47.54%). This gradient defines a physiologically coherent 

spa<al pa2ern centered around the perforator territory. 

 

Aher standardiza<on, thermography reproduced the direc3on of the gradient but with 

systema<c shihs in the category propor<ons. DIRT showed high well-perfused 

percentages in the central zones (zone 2: 94.71%, zone 3: 90.36%) and reduced values 
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toward the distal territories (zone 1a: 62.86%, zone 4b: 45.75%), while doubjul and 

non-perfused categories increased distally (Table 5.15–5.17 and Table 5.18). However, 

compared with ICG-A, DIRT demonstrated a rela<ve increase in “well perfused” 

classifica,on in distal zones and a corresponding decrease in “non-perfused” 

classifica,on, par<cularly in the most distal territories (zones 1a and 4b). 

 

In the paired analysis (Table 5.19), the largest modality differences occurred precisely in 

the distal zones: 

• Zone 1a: well perfused was higher with DIRT than ICG-A (+39.10 ± 38.86 pp, p = 

0.0013), while non-perfused was lower (−33.34 ± 36.87 pp, p = 0.0005). 

• Zone 4b: well perfused was higher with DIRT (+32.85 ± 41.99 pp, p = 0.0040), 

while non-perfused was lower (−37.70 ± 37.03 pp, p = 0.0001). 

 

In contrast, central zones showed smaller differences in well-perfused area between 

modali<es (e.g., zone 2 mean difference +3.17 ± 24.02 pp, p = 0.530; zone 3 mean 

difference +1.03 ± 28.11 pp, p = 0.528), consistent with be2er apparent agreement 

where perfusion is robust. A compact visualiza<on of mean well-perfused area by zone 

for both modali<es is provided in Figure 5.4, illustra<ng convergence in zones 2–3 and 

divergence that increases toward distal territories. 

 
Figure 5.4. Mean well-perfused area by zone at T1 
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IV. Association and correlation metrics between modalities at T1 

Beyond category propor<ons, an ordinal perfusion index was derived for each zone 

and globally by weigh<ng categories as follows: index = (2 × well-perfused + 1 × doubRul 

+ 0 × non-perfused) / 100, yielding a 0–2 scale (higher values indicate be2er perfusion). 

In the paired global comparison (n = 21), DIRT demonstrated a higher global perfusion 

index than ICG-A (Wilcoxon p = 0.010), consistent with the shih toward “well perfused” 

classifica<on described above. 

 

Spearman correla<on between ICG-A and DIRT global perfusion index at T1 showed 

a non-significant associa,on in the paired dataset (ρ = −0.323, p = 0.153, n = 21), 

reflec<ng that thermography—aher standardiza<on—captured the overall spa<al 

gradient but did not demonstrate strong rank-order tracking of global perfusion index 

across individuals in this subset. Zonal Spearman correla<ons for category percentages 

were similarly modest overall, with the highest (s<ll non-significant) values observed in 

the most variable territories (e.g., zone 1a), while central zones tended to show low 

correla<on partly due to restricted range (ceiling effects) in both modali<es. These 

correla<on pa2erns are consistent with the qualita<ve observa<on that most between-

subject variability is expressed in the distal territories, while central zones remain 

uniformly well perfused. These findings suggest that, while DIRT captures spa<al 

perfusion pa2erns within the flap, its global ordinal index does not reliably rank 

individual flaps in the same order as ICG-A at baseline. 

 

V. Temperature behavior at T1 and its spatial relationship within the flap 

Thermographic absolute temperatures at T1 were analyzed in parallel to categorical 

perfusion mapping to provide an intrinsic physiological descrip<on of the thermographic 

signal prior to modality comparison at later <mepoints. Across the 24 evaluable 

thermography cases, the mean flap temperature at T1 was 27.86 ± 1.45 °C, with a mean 

intra-flap temperature SD of 1.54 ± 0.43 °C (available in 23 cases), and mean minimum 

and maximum flap temperatures of 23.84 ± 2.04 °C and 30.75 ± 1.58 °C, respec<vely. 
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A consistent spa<al thermal gradient was observed at T1 in the zonal mean 

temperatures: central zones exhibited higher mean temperatures (zone 2: 28.64 ± 1.65 

°C; zone 3: 28.27 ± 1.66 °C) compared with distal territories (zone 1a: 26.91 ± 1.69 °C; 

zone 4b: 26.29 ± 1.81 °C). When central (zones 2–3) and distal (zones 1a and 4b) 

territories were aggregated within-pa<ent, central temperatures remained significantly 

higher than distal temperatures (paired t-test p < 0.001), confirming a robust central-to-

peripheral thermal decline consistent with the expected perfusion gradient at T1. 

 

Together, these temperature findings support that, even before direct modality 

comparison, thermography provides a physiologically coherent spa<al signal across the 

flap surface at baseline condi<ons, with higher central temperatures and lower distal 

temperatures at T1. 

 

VI. Summary of the T1 comparison 

At T1, standardized DIRT reproduced a physiologically coherent spa<al gradient 

across ALT flap territories, with the highest perfusion signal centrally and progressive 

reduc<on distally. At the global level, DIRT classified a higher propor<on of ROI as well 

perfused and a lower propor<on as non-perfused compared with ICG-A (Table 5.18; 

Figures 5.2–5.3), while preserving meaningful zonal differen<a<on (Figure 5.4). The 

largest modality divergences were consistently located in the most distal zones (1a and 

4b), whereas central zones showed smaller differences, reflec<ng greater convergence 

under robust perfusion condi<ons. These findings provide the quan<ta<ve founda<on 

for the subsequent focused analysis of agreement pa2erns and performance metrics at 

T1, and for extending comparisons to T2 and T3 under altered intraopera<ve 

hemodynamic condi<ons. 
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Table 5.19. T1 agreement between ICG-A and standardized DIRT (paired analysis) 

Zone Category ICG-A mean  

± SD (%) 

DIRT mean  

± SD (%) 

DIRT - ICG-A 

(pp) 

Wilcoxon 

p 

1a 

 

Well-perfused 23.95 ± 30.10 63.05 ± 32.50 +39.10 ± 38.86 0.0013 

Non-perfused 41.56 ± 35.89 8.22 ± 11.85 -33.34 ± 36.87 0.0005 

1b 

 

Well-perfused 66.51 ± 37.14 92.13 ± 13.55 +25.62 ± 41.39 0.0130 

Non-perfused 5.71 ± 13.67 1.16 ± 3.65 -4.56 ± 14.63 0.1159 

2 

 

Well-perfused 92.14 ± 22.01 95.31 ± 6.47 +3.17 ± 24.02 0.5301 

Non-perfused 0.00 ± 0.00 3.06 ± 5.14 +3.06 ± 5.14 0.0115 

3 

 

Well-perfused 88.61 ± 22.94 89.64 ± 12.16 +1.03 ± 28.11 0.5277 

Non-perfused 1.72 ± 5.43 2.14 ± 7.69 +0.42 ± 9.81 0.8927 

4a 

 

Well-perfused 64.24 ± 33.59 71.29 ± 25.44 +7.05 ± 44.43 0.4553 

Non-perfused 5.24 ± 13.41 3.08 ± 6.53 -2.16 ± 11.21 0.6002 

4b 

 

Well-perfused 17.53 ± 29.28 50.38 ± 33.34 +32.85 ± 41.99 0.0040 

Non-perfused 48.38 ± 32.57 10.68 ± 12.79 -37.70 ± 37.03 0.0001 

Global 

 

Well-perfused 72.17 ± 20.22 82.24 ± 4.62 +10.07 ± 22.57 0.0460 

Non-perfused 9.13 ± 5.44 3.97 ± 2.60 -5.17 ± 6.35 0.0025 
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5.5 Temporal evolu,on of flap perfusion assessed by standardized thermography 
(T1–T2–T3) 

 

Aher establishing the standardized thermographic perfusion categories (Sec<on 5.3) 

and characterizing baseline behavior at T1, the temporal evolu<on of flap perfusion was 

analyzed using dynamic infrared thermography alone  across three predefined 

intraopera<ve <mepoints: T1 (baseline, prior to flap division), T2 (aher arterial and 

single venous anastomosis), and T3 (aher comple<on of the second venous 

anastomosis). All analyses were performed using the same ROI/cm² grid and spa<al 

subdivision into zones (1a, 1b, 2, 3, 4a, 4b). 

 

Longitudinal analyses were restricted to cases with complete paired thermographic data 

at all three <mepoints for the respec<ve variables. Across these cases, spa<al sampling 

density remained comparable over <me, with no relevant differences in the number of 

analyzed ROI/cm² between <mepoints, ensuring consistency of the temporal 

comparisons. 

 

I.  Global thermographic perfusion changes across timepoints 

At the global flap level, standardized thermography demonstrated measurable 

changes in perfusion category distribu<on across intraopera<ve stages (Table 5.20). 

At T1, the flap surface was predominantly classified as well perfused (81.28 ± 4.80%), 

with smaller propor<ons of doubjul (14.78 ± 3.98%) and non-perfused (4.39 ± 2.86%) 

areas. Following arterial and single venous anastomosis (T2), the propor<on of well-

perfused surface remained similar (80.96 ± 12.91%), while doubjul perfusion increased 

(16.68 ± 11.85%) and non-perfused areas decreased (2.52 ± 2.04%). Aher comple<on of 

the second venous anastomosis (T3), well-perfused surface increased to 85.13 ± 3.92%, 

with a further reduc<on in non-perfused areas (1.73 ± 1.47%). 
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Table 5.20. Global thermographic perfusion metrics across intraopera,ve ,mepoints 

(T1–T2–T3) 

Metric T1  

(mean ± SD) 

T2  

(mean ± SD) 

T3  

(mean ± SD) 

Friedman 

p 

Wilcoxon  

T1 vs T3  

p 

Well perfused (%) 81.28 ± 4.80 80.96 ± 12.91 85.13 ± 3.92 0.0910 0.00058 

Doubhul (%) 14.78 ± 3.98 16.68 ± 11.85 13.01 ± 4.36 0.3679 — 

Non-perfused (%) 4.39 ± 2.86 2.52 ± 2.04 1.73 ± 1.47 0.0910 0.0155 

Perfusion index  

(0–2) 

1.773 ± 0.091 1.786 ± 0.142 1.833 ± 0.041 0.0152 0.00058 

 

Across the three <mepoints, overall differences in the distribu<on of perfusion 

categories did not reach sta<s<cal significance using Friedman tes<ng; 

however, pairwise comparison demonstrated a significant reduc,on in non-perfused 

surface between T1 and T3 (Wilcoxon p = 0.0155). 

 

To summarize global perfusion changes in a single quan<ta<ve metric, a global 

thermographic perfusion index (2 = well perfused, 1 = doubjul, 0 = non-perfused) was 

calculated. The perfusion index increased progressively from 1.773 ± 0.091 at 

T1 to 1.786 ± 0.142 at T2 and 1.833 ± 0.041 at T3 (Table 4.20). This increase was 

sta<s<cally significant across <mepoints (Friedman p = 0.0152) and par<cularly 

between T1 and T3 (Wilcoxon p = 0.00058). The temporal evolu<on of the global 

perfusion index is illustrated in Figure 5.5. 

 



 143 

 
Figure 5.5. Global thermographic perfusion index across 3mepoints 

 

II. Zonal temporal behavior of thermographic perfusion 

Zonal analysis revealed heterogeneous temporal behavior across the flap surface, 

with differences between central, intermediate, and distal territories. 

 

Central zones (zones 2 and 3) remained consistently well perfused throughout the 

intraopera<ve sequence. In zone 2, well-perfused propor<ons were 93.79 ± 6.70% 

(T1), 85.49 ± 18.99% (T2), and 94.99 ± 6.28% (T3), while zone 3 showed 90.27 ± 

13.20%, 88.87 ± 11.64%, and 93.11 ± 8.33% at T1, T2, and T3, respec<vely. No 

sta<s<cally significant temporal differences were observed in these central territories. 

 

Intermediate zones (zones 1b and 4a) demonstrated greater variability, with numerical 

reduc<ons in well-perfused surface at T2 and par<al recovery at T3, although these 

changes did not reach sta<s<cal significance. 
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Distal zones (zones 1a and 4b) exhibited the greatest temporal variability and are 

summarized in Table 5.21. In zone 4b, the well-perfused propor<on increased 

from 44.12 ± 33.26% at T1 to 66.28 ± 29.12% at T2 and 63.88 ± 33.27% at T3, while zone 

1a showed compara<vely more stable behavior across <mepoints. Although Friedman 

tes<ng did not demonstrate sta<s<cally significant differences, the magnitude and 

direc<on of change in distal territories indicate that temporal thermographic variability 

is preferen<ally expressed in these regions. 

 

Table 5.21. Temporal evolu,on of thermographic perfusion in distal flap territories 

(zones 1a and 4b) 

Metric (%) T1 (mean ± SD) T2 (mean ± SD) T3 (mean ± SD) Friedman p 

Zone 1a 

Well perfused  

67.96 ± 31.13 69.89 ± 27.56 65.13 ± 29.22 0.2797 

Zone 1a 

Non-perfused  

6.32 ± 10.44 4.38 ± 8.96 5.98 ± 9.87 0.3110 

Zone 4b 

Well perfused  

44.12 ± 33.26 66.28 ± 29.12 63.88 ± 33.27 0.0970 

Zone 4b 

Non-perfused  

9.82 ± 12.34 4.00 ± 10.08 7.00 ± 12.30 0.2215 

 

III. Thermographic temperature dynamics and spatial gradients 

Absolute thermographic temperature metrics demonstrated significant temporal 

and spa<al pa2erns (Table 5.22). Mean flap temperature decreased from 28.01 ± 1.63°C 

at T1 to 26.41 ± 1.88°C at T2, followed by par<al stabiliza<on at 26.71 ± 1.92°C at 

T3 (Friedman p = 0.0042). Thermal heterogeneity, quan<fied as the standard devia<on 

of ROI temperatures within the flap, increased at T2 (1.92 ± 0.64°C) compared with T1 

(1.58 ± 0.51°C), and decreased again at T3 (1.67 ± 0.55°C), with a significant overall 

difference (p = 0.0315). 

 

 



 145 

Table 5.22. Temporal evolu,on of thermographic temperature metrics across 

intraopera,ve ,mepoints (T1–T2–T3) 

Metric T1 (mean ± SD) T2 (mean ± SD) T3 (mean ± SD) Friedman p 

Mean flap (°C) 28.01 ± 1.63 26.41 ± 1.88 26.71 ± 1.92 0.0042 

Thermal 

heterogeneity 

(SD, °C) 

1.58 ± 0.51 1.92 ± 0.64 1.67 ± 0.55 0.0315 

Central zones (°C) 28.45 ± 1.55 26.86 ± 1.97 26.92 ± 2.08 <0.001 

Distal zones (°C) 26.60 ± 1.51 25.95 ± 2.11 25.48 ± 2.01 <0.001 

 

A consistent central-to-distal thermal gradient was observed at all <mepoints. Central 

zones demonstrated higher temperatures than distal zones at T1 (28.45 ± 1.55°C vs 

26.60 ± 1.51°C), T2 (26.86 ± 1.97°C vs 25.95 ± 2.11°C), and T3 (26.92 ± 2.08°C vs 25.48 

± 2.01°C), with all comparisons reaching high sta<s<cal significance (p < 0.001). The 

persistence of this gradient across <mepoints is illustrated in Figure 5.6. 

 
Figure 5.6. Central vs distal thermographic temperature gradient 

 

 



 146 

IV. Comparison between baseline and reconstructed physiological states (T1 vs 

T3) 

Because both T1 (na<ve physiological perfusion) and T3 (aher comple<on of arterial 

and dual venous reconstruc<on) represent rela<vely stable perfusion states, a direct 

comparison between these <mepoints was performed. At the global level, the perfusion 

index was significantly higher at T3 than at T1 (1.833 ± 0.041 vs 1.773 ± 0.091; Wilcoxon 

p = 0.00058), accompanied by a significant reduc<on in non-perfused surface (1.73 ± 

1.47% vs 4.39 ± 2.86%; p = 0.0155) (Table 5.20). Absolute temperatures remained lower 

at T3 compared with T1, par<cularly in distal territories (Table 5.22), while preserving 

the same central-to-distal gradient. These findings indicate that, although global 

thermographic perfusion improves from T1 to T3, absolute thermal values do not fully 

return to baseline levels. 

 

V. Comparison between partial and complete venous outflow  

(T2 vs T3) 

To evaluate the impact of comple<ng venous oujlow, thermographic parameters 

at T2 (single venous anastomosis) were compared with T3 (dual venous anastomosis). 

At the global level, the perfusion index increased numerically from 1.786 ± 0.142 at 

T2 to 1.833 ± 0.041 at T3, while the propor<on of non-perfused areas decreased 

from 2.52 ± 2.04% to 1.73 ± 1.47% (Table 5.20). Thermal heterogeneity decreased 

from 1.92 ± 0.64°C at T2 to 1.67 ± 0.55°C at T3 (Table 5.22), indica<ng increased spa<al 

thermal homogeneity following comple<on of venous drainage. These changes were 

most evident in distal territories, where numerical improvements in well-perfused 

surface were observed (Table 5.21). 

 

VI. Summary of temporal thermographic findings 

Standardized dynamic infrared thermography demonstrated the ability to 

detect ,me-dependent, region-specific changes in flap perfusion across intraopera<ve 

stages. Global thermographic perfusion improved significantly from T1 to T3, as reflected 

by an increase in the perfusion index and a reduc<on in non-perfused surface. Temporal 
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variability was preferen<ally expressed in distal territories, while central zones remained 

consistently well perfused. Absolute temperature analysis revealed significant temporal 

changes and a persistent central-to-distal thermal gradient across all <mepoints. 

Together, these findings support the use of thermography as a dynamic intraopera,ve 

tool capable of capturing both spa<al and temporal perfusion pa2erns independently of 

angiographic imaging. 
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5.6 Focused analysis of distal flap territories (zones 1a and 4b) 
Given the marked spa<al heterogeneity observed in previous analyses, a focused 

evalua<on of the most distal flap territories (zones 1a and 4b) was performed. These 

regions are anatomically furthest from the dominant perforator and consistently 

exhibited the lowest perfusion values and the greatest temporal variability across 

standardized thermographic assessments. 

 

This sec<on specifically addresses the behavior of distal territories using standardized 

dynamic infrared thermography, integra<ng zonal comparisons, temporal evolu<on, and 

their rela<onship with global perfusion metrics. 

 

I. Baseline thermographic characteristics of distal territories at T1 

At baseline (T1), distal territories demonstrated the most compromised 

thermographic perfusion profile within the flap. As detailed in Table 5.23 and illustrated 

in Figure 5.7, distal regions showed significantly lower propor<ons of well-perfused 

surface and greater dispersion compared with central territories. 

 
Figure 5.7. Distal vs Central well-perfused surface across intraopera3ve 3mepoints 

 

Specifically, zone 1a exhibited a mean well-perfused surface of 62.86 ± SD%, with 28.91 

± SD% classified as doubjul and 8.23 ± SD% as non-perfused. Zone 4b demonstrated an 

even more compromised profile, with only 45.75 ± SD% of the surface classified as well 

perfused, 43.38 ± SD% as doubjul, and 10.87 ± SD% as non-perfused. 
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In contrast, central zones (zones 2 and 3) consistently showed well-perfused propor<ons 

exceeding 90%, with minimal non-perfused surface. These differences resulted in a clear 

central-to-peripheral perfusion gradient at baseline, which was visually evident in Figure 

5.7 and quan<ta<vely confirmed by paired comparisons (Table 5.23). 

 

Table 5.23. Paired comparison between distal and central territories using 

standardized thermography 

 

Timepoint Distal 

well-perfused 

(%) 

Central 

well-

perfused (%) 

Wilcoxon 

p 

Distal 

non-

perfused (%) 

Central 

non-perfused 

(%) 

Wilcoxon 

p 

T1 54.30 ± 16.31 92.54 ± 6.51 0.0000 9.55 ± 6.20 2.68 ± 4.14 0.0010 

T2 67.92 ± 17.91 88.37 ± 12.71 0.0001 8.24 ± 7.98 1.96 ± 2.97 0.0074 

T3 64.51 ± 18.14 94.05 ± 5.14 0.0002 6.61 ± 8.05 0.12 ± 0.46 0.0109 

 

In addi<on to categorical perfusion differences, distal territories also exhibited lower 

absolute thermographic temperatures at T1. Mean distal temperatures were 

significantly lower than those observed in central regions, confirming the presence of a 

baseline thermal gradient aligned with the spa<al perfusion gradient. 

 

II. Temporal evolution of distal perfusion across intraoperative stages 

Across the intraopera<ve sequence, distal territories demonstrated the greatest 

degree of temporal variability among all flap regions. Changes in distal perfusion 

between T1 and T3 were more pronounced than those observed in central territories, 

albeit with substan<al interindividual variability. 

 

As shown in Table 5.24 and summarized graphically in Figure 5.8, distal regions exhibited 

a greater mean increase in well-perfused surface between T1 and T3 compared with 

central regions (+8.57 ± 19.78% vs +1.99 ± 5.75%). This increase was accompanied by a 

reduc<on in non-perfused surface in distal territories (−1.51 ± 10.09%), whereas changes 

in central regions were smaller and more homogeneous. 
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Table 5.24. Magnitude of temporal change (ΔT1–T3) in distal versus central territories 

using standardized thermography 

Metric Distal Δ  

(mean ± SD) 

Central Δ  

(mean ± SD) 

Wilcoxon p 

Δ T1–T3 

 well-perfused (%) 

8.57 ± 19.78 1.99 ± 5.75 0.5791 

Δ T1–T3  

non-perfused (%) 

-1.51 ± 10.09 -3.33 ± 4.56 0.6112 

 

 

 
Figure 5.8. Magnitude of perfusion change between T1 and T3 assessed by 

standardized thermography 

 

 

Despite these numerical differences, paired sta<s<cal comparisons did not reach 

significance, reflec<ng the wide dispersion of distal responses. This variability contrasts 

with the rela<ve stability observed in central territories and highlights the sensi<vity of 

distal regions to intraopera<ve perfusion dynamics. 
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Temporal analysis across intermediate stages further supported this behavior. Following 

flap division and par<al venous reconnec<on (T2), distal zones showed the most 

pronounced fluctua<ons in both categorical perfusion and temperature metrics, 

whereas central regions remained largely stable. 

 

III. Distal thermal behavior and intra-flap heterogeneity 

Thermographic temperature analysis further emphasized the vulnerability of distal 

territories. Across all <mepoints, distal regions displayed lower absolute temperatures 

and greater dispersion compared with central zones, contribu<ng dispropor<onately to 

intra-flap thermal heterogeneity. On average, distal temperatures remained 

approximately 1.8–2.0 °C lower than central regions throughout the intraopera<ve 

course. 

 

At T2, corresponding to the phase following flap transfer with a single venous 

anastomosis, distal territories demonstrated the most pronounced temperature 

decrease. This <mepoint coincided with the highest level of physiological stress on the 

flap and was associated with increased spa<al instability of distal perfusion. Specifically, 

distal zones showed a greater prevalence of doubjul and non-perfused areas, and the 

highest global thermal heterogeneity observed across <mepoints (1.92 ± 0.64 °C), 

indica<ng marked spa<al variability in heat distribu<on. 

 

Following comple<on of the second venous anastomosis (T3), distal temperatures 

par<ally stabilized, and overall thermal dispersion decreased (1.67 ± 0.55 °C), reflec<ng 

improved spa<al homogeneity of the thermographic pa2ern. Nevertheless, distal 

temperatures remained consistently lower than those of central regions, and categorical 

perfusion deficits persisted in a subset of pa<ents, par<cularly in distal territories, as 

evidenced by the con<nued presence of non-perfused and doubjul areas. 
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IV. Relationship between distal territories and global thermographic behavior 

To evaluate the contribu<on of distal territories to overall flap perfusion, correla<ons 

were performed between distal non-perfused surface and global thermographic metrics 

(Table 5.25). At T1, distal non-perfused surface showed a moderate posi<ve correla<on 

with the global perfusion index, sugges<ng that baseline global perfusion assessments 

are par<ally influenced by distal behavior. 

 

Table 5.25. Correla,on between distal non-perfused surface and global 

thermographic metrics 

T1 correla,ons 

Variable Spearman ρ p-value 

Global perfusion index 0.423 0.0444 

Global non-perfused (%) 0.356 0.0954 

Global thermal SD -0.066 0.7634 

Mean flap temperature 0.194 0.3758 

T3 correla,ons 

Variable Spearman ρ p-value 

Global perfusion index -0.167 0.5377 

Global non-perfused (%) 0.804 0.0002 

Global thermal SD 0.174 0.5184 

Mean flap temperature 0.154 0.5692 

 

At T3, a strong posi<ve correla<on was observed between distal non-perfused surface 

and the global non-perfused area of the flap (Spearman ρ = 0.804, p = 0.0002). This 

rela<onship is illustrated in Figure 5.9, which demonstrates that increases in distal non-

perfused surface are closely associated with higher global non-perfused percentages 

aher comple<on of venous oujlow. 
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Figure 5.9. Rela3onship between distal and global non perfused surface at T3 assessed 

by standardized thermography 

 

No significant correla<ons were observed between distal non-perfused surface and 

mean flap temperature or global thermal standard devia<on, indica<ng that categorical 

perfusion deficits in distal territories exert a stronger influence on global perfusion 

metrics than absolute temperature values alone. 

 

V. Summary of distal territory analysis 

In summary, distal flap territories (zones 1a and 4b) represent the regions of 

greatest perfusion vulnerability and temporal variability within the ALT flap. 

Standardized thermography consistently iden<fied these zones as having lower baseline 

perfusion, greater sensi<vity to intraopera<ve changes, and a dispropor<onate influence 

on global perfusion metrics. The strong associa<on between distal non-perfusion and 

global non-perfused surface at T3 underscores the cri<cal role of distal territories in 

shaping overall perfusion outcomes and supports their priori<za<on in intraopera<ve 

thermographic monitoring. 
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5.7 Intra-flap thermographic perfusion panerns and zonal temperature distribu,on 
(quan,ta,ve analysis) 
 

Beyond global perfusion metrics and temporal changes, standardized dynamic 

infrared thermography enabled a detailed quan<ta<ve assessment of the spa<al 

organiza<on of perfusion within the flap. This sec<on analyzes intra-flap thermographic 

perfusion pa2erns using zonal percentages and temperature values, focusing on spa<al 

gradients, zonal variability, and reproducibility across pa<ents. 

 

I. Spatial consistency of thermographic perfusion patterns 

Across all intraopera<ve <mepoints, thermographic perfusion demonstrated a 

consistent and structured spa<al organiza<on within the flap. Central territories (zones 

2 and 3) systema<cally exhibited the highest propor<ons of well-perfused surface, while 

distal territories (zones 1a and 4b) showed lower perfusion values and greater dispersion 

(Figure 5.7). 

 

At T1, the mean propor<on of well-perfused surface exceeded 90% in central zones 

(94.71% in zone 2 and 90.36% in zone 3), whereas distal zones demonstrated 

substan<ally lower values (62.86% in zone 1a and 45.75% in zone 4b). Intermediate 

zones (1b and 4a) showed transi<onal perfusion profiles, with well-perfused propor<ons 

of 90.81% and 73.44%, respec<vely. When zones were grouped for compara,ve 

analysis, distal territories showed significantly lower well-perfused surface than 

central territories across all ,mepoints (Table 5.23). 

 

This spa<al hierarchy of perfusion—central > intermediate > distal—was preserved at T2 

and T3, with central zones consistently maintaining high well-perfused propor<ons 

(>85–90%), while distal zones exhibited wider interindividual variability (Figure 5.7). 

These findings indicate that standardized thermography captures a stable spa<al 

perfusion pa2ern within the flap rather than random thermal heterogeneity. 
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II. Central-to-peripheral perfusion gradients and zonal temperature 

distribution 

Quan<ta<ve analysis along the proximal–distal axis revealed a clear central-to-

peripheral gradient in both categorical perfusion and absolute temperature values. 

Mean zonal temperatures were highest in central zones and progressively decreased 

toward distal territories at all <mepoints (Table 5.22). 

 

At T1, mean thermographic temperatures were 28.45 ± 1.55 °C in central zones 

compared with 26.60 ± 1.51 °C in distal zones, confirming a significant baseline thermal 

gradient. This gradient persisted at T2 and T3, although absolute temperatures varied 

according to intraopera<ve stage. 

 

The persistence of parallel gradients in both perfusion categories and absolute 

temperature values supports the physiological coherence of thermographic spa<al 

mapping and its alignment with the vascular architecture of the ALT flap. 

 

III. Interindividual variability and pattern reproducibility 

Despite interindividual variability in absolute perfusion and temperature values, the 

rela<ve spa<al organiza<on of perfusion within the flap was highly reproducible. As 

summarized in Table 5.23, the standard devia<on of well-perfused surface was 

consistently higher in distal zones than in central zones, reflec<ng greater variability in 

distal perfusion behavior. 

 

For example, at T1, the standard devia<on of well-perfused surface was ±33.26% in zone 

4b compared with ±7–8% in central zones, indica<ng a markedly broader distribu<on of 

distal perfusion values across pa<ents. Similar pa2erns of increased dispersion in distal 

territories were observed at T2 and T3. 

 

Importantly, even in pa<ents with substan<al temporal changes in overall perfusion, the 

rela<ve ordering of zones according to perfusion status was preserved, with central 

zones remaining the most consistently perfused regions. 
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IV. Contribution of zonal behavior to global perfusion metrics 

The quan<ta<ve influence of zonal behavior on global thermographic metrics was 

further supported by correla<on analysis. At T3, distal non-perfused surface 

demonstrated a strong posi<ve correla<on with the global non-perfused area of the flap 

(Spearman ρ = 0.804, p = 0.0002; Table 4.25), indica<ng that increases in distal non-

perfusion were closely associated with deteriora<on of global perfusion status. 

 

In contrast, central zones contributed minimally to global non-perfused percentages, 

remaining largely stable across pa<ents and <mepoints. This rela<onship is illustrated in 

Figure 5.9, which demonstrates that distal territories largely determine the global non-

perfused burden aher comple<on of venous oujlow. 

 

V.  Summary of intra-flap spatial thermographic behavior 

In summary, standardized dynamic infrared thermography revealed a 

reproducible and quan<ta<vely defined spa<al organiza<on of perfusion within the ALT 

flap. Central zones consistently demonstrated high and stable perfusion values, whereas 

distal territories exhibited lower baseline perfusion, greater variability, and a 

dispropor<onate influence on global perfusion metrics. These results confirm that 

thermography provides physiologically meaningful spa<al informa<on on intra-flap 

perfusion and underscore the importance of zonal analysis when interpre<ng 

intraopera<ve thermographic data. 
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5.8 Composi,onal concordance between ICG-A and thermography at T1 
To further characterize the agreement between indocyanine green angiography 

(ICG-A) and thermography beyond categorical and percentage-based analyses, a 

detailed composi<onal concordance assessment was performed at T1 (baseline, prior to 

flap division). As perfusion outcomes were expressed as rela<ve propor<ons of well-

perfused, doubjul, and non-perfused <ssue summing to 100% within each flap zone, 

conven<onal marginal correla<ons were considered insufficient to fully capture 

agreement between techniques. 

 

I. Exploratory correlation analysis 

As an ini<al exploratory step, Pearson correla<on coefficients were calculated for 

individual perfusion categories (well perfused, doubjul, and non-perfused) between 

ICG-A and thermography across flap zones. The resul<ng correla<on matrix is 

summarized in Figure 5.10. 

 

Correla<on pa2erns were heterogeneous and strongly zone dependent. In central 

regions, correla<ons were consistently weak to moderate and predominantly nega<ve, 

with values ranging from r = −0.21 to −0.09 across zones 2 and 3, none of which reached 

sta<s<cal significance (all p > 0.30). In contrast, distal and intermediate zones exhibited 

greater variability, with both posi<ve and nega<ve correla<ons observed depending on 

perfusion category. 

 

The highest correla<on coefficient was observed in zone 4a for the non-perfused 

category (r = 0.55, p = 0.009), indica<ng a moderate posi<ve associa<on between 

thermography and ICG-A in this specific territory and category. In other distal regions, 

correla<ons were generally weaker and non-significant, including zone 1a, where 

correla<on coefficients ranged from r = 0.08 to 0.40 across categories (all p > 0.07). 

 

Overall, these findings indicate that linear associa<ons between modali<es are 

inconsistent and spa<ally variable, par<cularly in distal territories, and support the need 

for composi<onal approaches to assess concordance between techniques rather than 

relying on single-category correla<on metrics alone. 
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Figure 5.10. Heat map of Pearson correla3ons between ICG-A and thermography by 

flap zone and perfusion category.  

 

II. Compositional concordance analysis 

Formal concordance between ICG-A and thermography was assessed using 

composi<onal data analysis methods. Each flap zone was analysed independently (zones 

1a, 1b, 2, 3, 4a, and 4b), considering the complete three-part perfusion composi<on 

(well-perfused, doubjul, and non-perfused). Concordance was quan<fied using the 

Aitchison distance (Table 5.26), which measures the discrepancy between two 

composi<onal vectors while accoun<ng for rela<ve redistribu<on between perfusion 

categories. 

 

A total of 21 pa,ents with complete paired data for both modali<es across all zones 

were included in the analysis. Median Aitchison distances demonstrated a clear spa<al 

gradient of concordance across the flap. The lowest median distances were observed in 

central zones, par<cularly zone 3 (median 6.84, IQR 7.27) and zone 2 (median 7.09, IQR 

7.75), indica<ng higher composi<onal agreement between ICG-A and thermography in 

these regions. 
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In contrast, the greatest composi,onal discrepancies were found in distal territories, 

with the highest median distances in zone 1a (median 9.37, IQR 2.17) and zone 4b 

(median 9.50, IQR 7.31). Intermediate zones (1b and 4a) showed transi<onal 

concordance profiles, with median Aitchison distances of 8.01 (IQR 8.47) and 7.93 (IQR 

6.82), respec<vely. This progressive increase in composi<onal discrepancy from central 

to distal regions mirrors the spa<al variability in perfusion pa2erns observed in previous 

analyses. 

 

 

Table 5.26. Aitchison distance between ICG-A and DIRT by flap zone at T1 

Flap zone Median Aitchison 

distance 

Interquar,le range 

(IQR) 

Zone 1a 9.37 2.17 

Zone 1b 8.01 8.47 

Zone 2 7.09 7.75 

Zone 3 6.84 7.27 

Zone 4a 7.93 6.82 

Zone 4b 9.50 7.31 

 

The distribu<on of Aitchison distances by flap zone is graphically summarized in 

the Figure. 5.11, illustra<ng the central-to-distal gradient in composi<onal concordance. 
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Figure 5.11. Distribu,on of Aitchison distance between ICG-A and thermography by 

flap zone at T1 

 

III. Visualization of compositional discrepancies 

To facilitate interpreta<on of composi<onal discrepancies between indocyanine 

green angiography (ICG-A) and thermography, ternary plots were generated by 

anatomical flap region, grouping adjacent subzones. These plots depict the rela<ve 

distribu<on of well-perfused, doubjul, and non-perfused <ssue at the pa<ent level. In 

all plots, ICG-A composi<ons are represented by circular markers and thermographic 

composi<ons by triangular markers, with vectors connec<ng paired observa<ons for 

each pa<ent. 

 

At the proximal flap end (zones 1a and 1b), ternary plots demonstrated moderate 

dispersion of perfusion composi<ons and variable vector lengths between modali<es 

(Figure 5.12). Median Aitchison distances in these zones were intermediate to high (zone 

1a: 9.37, zone 1b: 8.01), reflec<ng increased composi<onal discrepancy compared with 

central regions and heterogeneous redistribu<on between perfusion categories across 

pa<ents. 
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Figure 5.12. Ternary plots of composi3onal concordance in proximal flap zones 

 

In the central flap region (zones 2 and 3), ternary plots showed compact clustering of 

composi<ons with limited dispersion and predominantly short, non-direc<onal vectors 

(Figure. 5.13). These visual pa2erns are consistent with the lowest median Aitchison 

distances observed in the study (zone 2: 7.09, zone 3: 6.84), indica<ng high 

composi<onal concordance between ICG-A and thermography and minimal 

redistribu<on between perfusion categories. 

 

Figure 5.13. Ternary plots of composi<onal concordance in central flap zones 
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At the distal flap end (zones 4a and 4b), ternary plots revealed the greatest dispersion 

of composi<ons and the longest vectors between modali<es (Figur. 5.14). These zones 

corresponded to higher median Aitchison distances (zone 4a: 7.93, zone 4b: 9.50) and 

were characterized by systema<c vector orienta<on toward increased well-perfused 

classifica<on by thermography rela<ve to ICG-A, reflec<ng greater composi<onal 

discrepancy and heterogeneity in distal territories. 

 
Figure 5.14. Ternary plots of composi3onal concordance in distal flap zones 

 

IV. Proximal versus distal flap ends 

To assess whether composi<onal discrepancies differed between flap ends, 

Aitchison distances were averaged by pa<ent for the proximal flap end (zones 1a–

1b) and the distal flap end (zones 4a–4b). Compara<ve results are summarized in 

the Table 5.27.  

 

Mean Aitchison distance was 8.69 ± 3.12 for proximal territories and 8.72 ± 3.45 for 

distal territories. No sta<s<cally significant difference was observed between proximal 

and distal flap ends (p = 0.91), indica<ng comparable levels of composi<onal discrepancy 

between ICG-A and thermography at both extremi<es of the flap. 

 

These results suggest that increased disagreement between modali<es is a shared 

characteris<c of flap ends rather than being specific to either the proximal or distal 

extremity. 
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Table 5.27. Comparison of mean Aitchison distance between proximal and 

distal flap extremi,es 

Flap region Mean Aitchison 

distance 

Standard devia,on p value 

Proximal flap end 

(zones 1a–1b) 

8.69 3.12  

 

0.91 

 

Distal flap end 

(zones 4a–4b) 

8.72 3.45 
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5.9 Diagnos,c performance of thermography based on composi,onal discrepancy 
 

In addi<on to concordance analysis, the diagnos<c performance of 

thermography was evaluated using indocyanine green angiography (ICG-A) as the 

reference standard. Zone-level perfusion outcomes were dichotomized 

into viable and non-viable categories, yielding a total of 126 paired zone observa,ons. 

 

The resul<ng classifica<on performance is summarized in the Table 5.28. Thermography 

correctly iden<fied 107 non-viable zones (true posi<ves) and 1 viable zone (true 

nega<ve). There were 18 false-posi,ve classifica,ons, while no false-nega,ve 

cases were observed. 

 

Table 5.28. Confusion matrix for thermography using ICG-A as reference standard 

 ICG-A non-viable ICG-A viable 

Thermography non-viable 107 18 

Thermography viable 0 1 

 

 

Based on these results, thermography demonstrated a sensi,vity of 100%, a specificity 

of 5.3%, a posi,ve predic,ve value of 85.6%, and a nega,ve predic,ve value of 100%, 

with an overall diagnos<c accuracy of 85.7%. These findings indicate that zones classified 

as non-viable by thermography were almost never classified as viable by ICG-A. However, 

specificity was low, reflec<ng a tendency of thermography to overes<mate perfusion 

compared with ICG-A, par<cularly in distal territories. 

 

Receiver opera<ng characteris<c (ROC) analysis using the percentage of non-perfused 

,ssue es,mated by thermography as a con<nuous predictor is shown in the Figure 

5.15, yielding modest discrimina<ve performance (AUC = 0.64).  
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Figure 5.15. ROC curve for thermography based on percentage of non-perfused area 

 

In contrast, ROC analysis using the Aitchison distance between ICG-A and 

thermography as a con<nuous predictor demonstrated improved discrimina<on (AUC = 

0.77), as illustrated in the Figure 5.16. These results indicate that global composi<onal 

discrepancy between modali<es provides superior iden<fica<on of non-viable zones 

compared with reliance on a single thermographic perfusion category. 

 

 
Figure 5.16. ROC curve for thermography based on Aitchison distance 
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Overall, the results demonstrate that thermography captures the global spa<al perfusion 

gradient of the anterolateral thigh flap but shows variable concordance with indocyanine 

green angiography depending on anatomical region and analy<cal approach. 

Quan<ta<ve and composi<onal analyses consistently iden<fied higher agreement in 

central flap territories and greater discrepancies at flap extremi<es, par<cularly in distal 

zones. While category-based comparisons and linear correla<ons revealed 

heterogeneous and zone-dependent associa<ons, composi<onal analysis provided a 

more robust framework to characterize redistribu<on pa2erns between modali<es. 

Diagnos<c performance analyses further highlighted the high sensi<vity of 

thermography for detec<ng non-viable <ssue, albeit at the expense of specificity. 

Together, these findings define the strengths and limita<ons of thermography rela<ve to 

ICG-A and establish the basis for a cri<cal interpreta<on of their clinical implica<ons. 
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6: Discussion 
 
 
6.1 Summary and global interpreta,on of the main findings  

 

Lower-limb reconstruc<on with free <ssue transfer remains a cornerstone strategy 

for limb salvage in complex trauma and oncologic defects, where early coverage, robust 

vascularity, and reliable wound control are decisive for func<on and long-term outcome. 

Classic orthoplas<c principles emphasize <ming and the biological cost of delayed 

reconstruc<on, while contemporary series and systema<c reviews confirm that free-flap 

success is a major determinant of limb preserva<on and subsequent morbidity.early(1–

6) In this context, intraopera<ve perfusion assessment is clinically relevant not only as a 

surrogate of immediate flap viability, but also as an ac<onable parameter guiding 

decisions such as trimming marginal <ssue, revising inset geometry, or op<mizing 

inflow/oujlow in borderline situa<ons. 

 

The present study inves<gated whether standardized dynamic infrared thermography 

(DIRT) can provide a clinically meaningful evalua<on of intraopera<ve ALT flap perfusion 

in lower-extremity reconstruc<on, using indocyanine green angiography (ICG-A) at 

baseline (T1) as the reference framework. The central message emerging from our 

results is that thermography offers a consistent, objec<ve, and repeatable 

characteriza<on of spa<al perfusion heterogeneity, but agreement with ICG-A is not 

uniform across the flap surface. Instead, concordance between modali<es is strongly 

territory-dependent: it is highest in central regions and progressively deteriorates 

toward flap extremi<es. 

 

At baseline (T1), central flap zones were predominantly classified as well perfused by 

both techniques, reflec<ng expected physiology around the dominant perforator and 

the rela<ve robustness of adjacent territories. This observa<on is consistent with 

established concepts of angiosome/perforasome organiza<on and the progressive 

reduc<on of vascular reserve with increasing distance from the source vessels (15–
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17,20). From a prac<cal perspec<ve, the “core” of the flap tends to show convergence 

across modali<es because perfusion is abundant, gradients are small, and classifica<on 

uncertainty is limited. Conversely, distal and proximal ends represent watershed 

territories where perfusion is more variable and more sensi<ve to subtle changes in 

inflow, oujlow, <ssue handling, and inset geometry (16–20). In lower-limb 

reconstruc<on, small marginal deficits at flap ends can have dispropor<onate clinical 

consequences, par<cularly when cri<cal structures (bone, tendon, hardware) are 

exposed and tolerance for par<al breakdown is low. 

 

A second relevant observa<on is that thermography tended to classify extremity 

territories as more “well perfused” than ICG-A at baseline, especially in the most 

vulnerable subzones. This systema<c shih suggests that the two modali<es are not 

interchangeable in the territories where decisions are most difficult. The discrepancy is 

physiologically plausible because ICG-A and DIRT interrogate different signals: ICG-A 

reflects fluorescence-based intravascular perfusion aher tracer injec<on, whereas 

thermography reflects surface temperature behavior driven by perfusion-dependent 

heat transfer and recovery (38,39,47,52–58,63–66). In borderline zones, these signals 

may diverge due to microvascular recruitment, venous oujlow dynamics, ambient 

condi<ons, and local heat exchange with underlying <ssues. 

 

From the standpoint of real-world intraopera<ve use, several aspects of ICG-A 

interpreta<on deserve emphasis. First, repeated ICG injec<ons may be limited by 

incomplete washout in some cases, making subsequent control assessments harder to 

interpret—par<cularly when transient venous compromise leads to prolonged tracer 

persistence. Second, ICG-A interpreta<on is ohen based on an evolving video sequence 

(arrival, filling pa2ern, peak, and washout) rather than on a single sta<c frame. In 

prac<ce, filling may be delayed, vascular “network” visualiza<on may be poor, and 

fluorescence may appear diffuse; yet the flap may s<ll be accepted as viable if brightness 

reaches an apparent peak and no technical cause is iden<fied. This illustrates that 

commonly used decision cues—arrival <me, pa2ern clarity, and washout—are not 

uniformly standardized and remain partly experience-driven. Third, distal watershed 

territories frequently demonstrate delayed filling and intermediate fluorescence. Some 



 170 

of these areas ul<mately behave well, while others do not, highligh<ng that ICG-A 

provides a snapshot of perfusion that may not capture subsequent microvascular 

adapta<on, including choke-vessel recruitment. Finally, ICG-A signals can be influenced 

by systemic and environmental condi<ons (e.g., vasodilata<on with warming), raising 

the possibility that baseline acquisi<on condi<ons may modulate the extent of apparent 

hypoperfusion in watershed territories. These factors underscore that, while ICG-A is 

widely used as a reference tool, it is not a perfectly objec<ve ground truth unless 

acquisi<on and interpreta<on are rigorously standardized. 

 

In parallel, the study offered several pragma<c insights regarding thermography. 

Thermographic assessment is portable and compara<vely accessible, which ma2ers 

because ICG-A plajorms are not universally available despite widespread microvascular 

prac<ce. However, thermography is prone to misinterpreta<on when users rely on raw 

color scales: the display is inherently rela<ve (mapped to the ho2est and coldest points 

in the field of view), and inclusion of adjacent warm skin can ar<ficially exaggerate the 

apparent “coldness” of the flap. This frequently leads observers to equate “blue” with 

poor perfusion, which may be incorrect when absolute temperature differences are 

small. Despite these limita<ons, we observed coherent physiological temperature 

gradients from central to peripheral territories, suppor<ng that thermography contains 

meaningful perfusion-related informa<on—consistent with the concept that distal 

territories contribute dispropor<onately to intra-flap heterogeneity.(19,64–66) 

 

At the same <me, the study highlights that thermography is unlikely to be clinically useful 

as a standalone tool without improved standardiza<on and sohware support. Fixed 

absolute thresholds applied across pa<ents (e.g., universal cut-offs separa<ng perfused 

from non-perfused <ssue) appear unrealis<c in the intraopera<ve sekng, given inter-

individual variability, differences in systemic perfusion, ambient condi<ons, flap 

thickness, and thermal iner<a. For clinical transla<on, a more feasible approach would 

require real-<me, pa<ent-specific standardiza<on (for example, categoriza<on based on 

each flap’s mean temperature and dispersion), integrated directly into device sohware 

to avoid <me-consuming manual workflows. Such development would be relevant not 



 171 

only to rou<ne clinical adop<on but also to research reproducibility, enabling consistent 

categoriza<on without labor-intensive ROI-by-ROI processing. 

 

Finally, important feasibility concerns emerged regarding the dynamic thermography 

protocol itself. The need for a cooling s<mulus and a subsequent recovery interval 

introduces prac<cal complexity and theore<cal risk: transient vasoconstric<on, 

differences in thermoregulatory response, and variability in rewarming kine<cs may 

influence the observed thermal behavior. In free flaps, neural pathways are disrupted, 

and rewarming depends primarily on convec<ve heat delivered by blood flow and 

conduc<ve heat exchange with underlying <ssues—both of which may vary with flap 

thickness and inset condi<ons. These considera<ons are par<cularly salient in lower-

limb reconstruc<on, where recipient beds may be rela<vely cooler and vascular reserve 

may be compromised compared with trunk reconstruc<on sekngs. Taken together, 

these observa<ons support a nuanced interpreta<on: thermography can robustly reveal 

spa<al gradients and intra-flap heterogeneity, but its current clinical usability is 

constrained by workflow and sohware limita<ons, and its agreement with ICG-A is most 

challenged precisely in the watershed territories that ma2er most surgically. 

 

Overall, the findings suggest that thermography is best viewed as a complementary 

technology rather than a direct subs<tute for ICG-A. ICG-A provides a rapid fluorescence-

based snapshot of perfusion at a defined moment, whereas thermography—once 

standardized—may offer repeatable, non-invasive informa<on about spa<al gradients 

and dynamic changes across intraopera<ve stages. The discordance observed in 

extremity territories highlights the need for more objec<ve imaging pipelines for both 

modali<es, including quan<ta<ve fluorescence metrics for ICG-A and real-<me 

standardized thermal classifica<on for DIRT, ideally validated in larger prospec<ve 

datasets with clinically meaningful endpoints. 

 

Taken together, these findings support a cau<ous interpreta<on of dynamic infrared 

thermography in the context of lower-limb free flap reconstruc<on. While standardized 

thermography reliably captured spa<al perfusion gradients and intra-flap heterogeneity, 

its current performance and workflow constraints do not support its use as a standalone 
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or replacement modality for indocyanine green angiography in centers where ICG-A is 

available. 

 

The observed discrepancies between thermography and ICG-A were most pronounced 

in distal and proximal watershed territories—precisely the regions where intraopera<ve 

decisions are most challenging and clinically consequen<al. In these sekngs, 

thermography tended to classify <ssue more favorably than ICG-A, sugges<ng that, in its 

current form, it may underes<mate marginal hypoperfusion or fail to adequately reflect 

microvascular compromise detectable by fluorescence-based imaging. 

 

Nevertheless, thermography retains poten<al value as a complementary tool, 

par<cularly in environments where ICG-A is unavailable or imprac<cal. Its portability, 

non-invasiveness, and rela<ve affordability make it a2rac<ve from a global and resource-

sensi<ve perspec<ve. However, safe and meaningful clinical adop<on would require 

substan<al advances in acquisi<on protocols, real-<me pa<ent-specific standardiza<on, 

and sohware-based interpreta<on support, reducing reliance on subjec<ve color scales 

and post hoc manual analysis. 

 

Accordingly, dynamic infrared thermography should currently be regarded as an 

inves<ga<onal adjunct rather than a defini<ve intraopera<ve perfusion assessment 

modality in lower-limb reconstruc<on. Its greatest contribu<on at present lies in 

highligh<ng spa<al perfusion heterogeneity and promp<ng further refinement of 

objec<ve, quan<ta<ve imaging strategies—both for thermography itself and for 

indocyanine green angiography, which also remains subject to interpreta<ve and 

physiological limita<ons. 
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6.2 Agreement between DIRT and ICG-A: what does “agreement” really mean? 
 

In studies comparing imaging modali<es for intraopera<ve perfusion 

assessment, the concept of “agreement” is frequently oversimplified and ohen 

conflated with correla<on. While correla<on coefficients quan<fy the strength of 

associa<on between two variables, they do not necessarily reflect clinical concordance 

or interchangeability between techniques. This dis<nc<on is par<cularly relevant in flap 

perfusion assessment, where imaging outputs are not independent scalar 

measurements but spa<ally distributed representa<ons of <ssue viability. 

 

In the present study, ini<al analyses demonstrated a moderate-to-strong correla<on 

between global perfusion metrics derived from dynamic infrared thermography and 

indocyanine green angiography at baseline (T1). Although these findings suggest that 

both techniques capture related physiological phenomena, correla<on alone was 

insufficient to determine whether thermography could reliably replicate the perfusion 

informa<on provided by ICG-A, especially at the regional or zonal level. 

 

To address this limita<on, agreement was further explored using Bland–Altman analysis 

for global perfusion parameters. This approach allowed iden<fica<on of systema<c bias 

between modali<es and visualiza<on of the limits within which thermography-derived 

es<mates diverged from ICG-A measurements. While mean differences were acceptable 

at the whole-flap level, variability increased notably in cases with borderline or 

heterogeneous perfusion, indica<ng that global agreement masks relevant regional 

discrepancies. 

 

More importantly, flap perfusion data are inherently composi<onal: the propor<ons of 

well-perfused, doubjul, and non-perfused <ssue within a given zone sum to a constant 

total. Under these condi<ons, conven<onal correla<on or difference-based analyses are 

prone to misinterpreta<on due to the closure effect, whereby changes in one 

component necessarily influence the others. This mathema<cal constraint is rarely 

acknowledged in surgical perfusion studies but has direct implica<ons for clinical 

interpreta<on. 
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For this reason, composi<onal data analysis techniques were employed to evaluate 

agreement between DIRT and ICG-A at the zone and subzone level. By applying centered 

log-ra<o transforma<on and quan<fying discrepancies using the Aitchison distance, the 

analysis captured global differences in perfusion composi<on rather than isolated 

category mismatches. This approach revealed that apparent agreement at the global 

level ohen concealed meaningful redistribu<ons between perfusion categories, 

par<cularly in flap extremi<es. 

 

Clinically, this finding is highly relevant. Two imaging techniques may report similar total 

percentages of “perfused” <ssue while disagreeing on whether this <ssue is classified as 

well-perfused, borderline, or frankly non-perfused—a dis<nc<on that directly influences 

intraopera<ve decision-making. From a reconstruc<ve standpoint, agreement should 

therefore be understood not as numerical similarity but as consistency in how perfusion 

risk is spa<ally and categorically represented. 

 

Taken together, these results underscore that agreement between thermography and 

ICG-A is context-dependent and scale-sensi<ve. While acceptable concordance may exist 

for global assessments, discrepancies emerge when analysis is refined to zones, 

subzones, and composi<onal structure. This reinforces the no<on that thermography 

and ICG-A should not be considered interchangeable modali<es, but rather tools that 

capture overlapping yet non-iden<cal dimensions of flap perfusion. 
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6.3  Spa,al heterogeneity of perfusion within the ALT flap 
One of the most relevant findings of the present study is the confirma<on that 

perfusion within the anterolateral thigh (ALT) flap is not spa<ally homogeneous, but 

instead follows a structured and reproducible pa2ern of heterogeneity along its 

longitudinal axis. This observa<on is consistent with classical angiosome and 

perforasome theory yet acquires renewed significance when analysed through modern 

intraopera<ve imaging modali<es such as indocyanine green angiography (ICG-A) and 

dynamic infrared thermography (DIRT). 

 

In this series, both imaging techniques demonstrated a clear proximal-to-distal gradient 

in perfusion behavior, with central territories adjacent to the dominant perforator 

showing more stable and homogeneous perfusion profiles, while flap extremi<es—both 

proximal and distal—exhibited greater variability, delayed filling, and increased rates of 

doubjul or non-perfused areas. Importantly, this heterogeneity was not limited to the 

distal <p of the flap, which has tradi<onally been regarded as the most vulnerable region, 

but was also evident at the proximal extreme, par<cularly in thin or suprafascial ALT 

dissec<ons. 

 

This bilateral vulnerability of flap extremi<es supports the concept that both proximal 

and distal ends func<on as watershed territories within the ALT flap. While distal 

hypoperfusion has been extensively described in the literature, proximal ischemic 

behavior has gained increasing relevance in contemporary perforator-based flap surgery, 

where aggressive thinning and suprafascial dissec<on may disrupt choke vessel networks 

and reduce collateral inflow. In this context, perfusion becomes increasingly dependent 

on microvascular recruitment rather than direct arterial supply, rendering these regions 

more suscep<ble to transient or sustained hypoperfusion. 

 

The spa<al heterogeneity observed in this study also provides a physiological 

explana<on for the discrepancies iden<fied between DIRT and ICG-A. Central zones 

demonstrated higher concordance between modali<es, with smaller composi<onal 

distances and more consistent perfusion classifica<on. In contrast, peripheral zones—

par<cularly subzones 1a and 4b—showed greater divergence, reflec<ng the dynamic 
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and transi<onal nature of perfusion in these territories. These discrepancies do not 

necessarily indicate failure of one modality, but rather underscore the limita<ons of 

single-<mepoint assessments in regions governed by delayed choke vessel opening and 

venous oujlow adapta<on. 

 

From a clinical perspec<ve, these findings challenge the adequacy of global or flap-level 

perfusion metrics as the sole basis for intraopera<ve decision-making. A flap that 

appears globally well perfused may s<ll harbor small peripheral territories at risk of 

par<al necrosis, which are clinically significant in lower-limb reconstruc<on where 

exposed structures, narrow flap geometry, and limited redundancy magnify the impact 

of even minor <ssue loss. The present results support a shih toward zonal and subzonal 

analysis, par<cularly when evalua<ng thin ALT flaps intended for distal lower-extremity 

defects. 

 

Furthermore, the observed spa<al heterogeneity highlights a fundamental limita<on 

shared by both DIRT and ICG-A: both techniques capture perfusion at a specific moment 

in <me, without accoun<ng for the delayed recruitment of choke vessels or the temporal 

evolu<on of microcirculatory adapta<on. Intraopera<ve imaging therefore represents a 

snapshot rather than a predic<on of long-term perfusion stability. This limita<on is 

par<cularly relevant in watershed territories, where ini<al hypoperfusion may resolve—

or persist—depending on pa<ent-specific vascular responsiveness, systemic 

hemodynamics, and postopera<ve condi<ons. 

 

The present study reinforces the no<on that perfusion assessment in ALT flaps should 

be interpreted as a spa<ally structured phenomenon rather than a binary or uniform 

process. Recognizing and respec<ng this heterogeneity allows for a more nuanced 

interpreta<on of imaging findings and provides a ra<onal framework for understanding 

why agreement between modali<es is highest in central zones and progressively 

deteriorates toward the flap extremi<es. Ul<mately, this spa<al perspec<ve is essen<al 

for integra<ng intraopera<ve perfusion imaging into meaningful, pa<ent-specific 

surgical decision-making. 
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6.4 Temporal intraopera,ve changes and the role of venous drainage (T1–T2–T3) 
 

A dis<nc<ve feature of this study is its longitudinal intraopera<ve design, 

allowing assessment of perfusion dynamics across three key surgical <mepoints: before 

flap division (T1), aher arterial inflow and single venous drainage (T2), and aher 

comple<on of dual venous oujlow (T3). This temporal framework provides valuable 

insight into the evolving physiology of free flap perfusion and highlights fundamental 

differences between arterial inflow, venous drainage, and their respec<ve imaging 

correlates. 

 

At baseline (T1), perfusion assessment reflects the na<ve vascular environment of the 

flap, with intact choke vessel networks and physiological venous drainage. In this sekng, 

ICG-A primarily depicts arterial inflow pa2erns and early microvascular filling, while 

thermography reflects steady-state cutaneous heat distribu<on under stable perfusion 

condi<ons. Although heterogeneity is already evident at this stage—par<cularly in 

peripheral territories—both modali<es tend to show rela<vely coherent perfusion maps. 

 

Following flap transfer and comple<on of the arterial anastomosis with a single venous 

oujlow (T2), the perfusion landscape changes substan<ally. This phase represents a 

cri<cal physiological transi<on in which arterial inflow may be technically adequate, yet 

venous drainage capacity remains borderline or insufficient. Clinically, this is ohen the 

stage at which surgeons encounter ambiguous findings: delayed filling, diffuse 

fluorescence without a clear vascular pa2ern, or patchy washout on ICG-A, despite a 

patent arterial anastomosis. 

 

In this context, thermography demonstrated a par<cular sensi<vity to changes related 

to venous conges<on. Areas with impaired venous oujlow frequently exhibited delayed 

or reduced thermal recovery, increased thermal heterogeneity, or paradoxical 

temperature behavior that could not be explained by arterial insufficiency alone. This 

observa<on reinforces the concept that venous conges<on is not equivalent to arterial 

hypoperfusion and should not be interpreted as such. Whereas ICG-A primarily visualizes 

inflow and early capillary filling, thermography captures the downstream consequences 
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of impaired venous clearance, including altered convec<ve heat transport and 

stagna<on of warm blood within the microcircula<on. 

 

The addi<on of a second venous anastomosis (T3) resulted in further redistribu<on of 

perfusion pa2erns, ohen with improvement in thermal homogeneity and stabiliza<on 

of previously borderline territories. Importantly, these changes were not always linear 

or immediate. In several cases, thermal recovery lagged behind the technical comple<on 

of venous drainage, reflec<ng the <me-dependent nature of microvascular adapta<on 

and the progressive recruitment of venous and choke vessel pathways. This non-linearity 

underscores a cri<cal limita<on of sta<c intraopera<ve imaging: perfusion is a dynamic 

process, and both DIRT and ICG-A provide snapshots rather than con<nuous 

physiological trajectories. 

 

An addi<onal methodological considera<on should be acknowledged when interpre<ng 

the thermographic changes observed between T2 and T3. Although the improvement in 

perfusion pa2erns detected aher the comple<on of the second venous anastomosis may 

suggest a beneficial effect of increased venous oujlow, the present study design does 

not allow a causal rela<onship to be defini<vely established. No comparison group with 

a single venous anastomosis was included, and therefore the thermographic changes 

observed between these <mepoints could also reflect the physiological adapta<on of 

the flap during the early period following revasculariza<on. Future studies incorpora<ng 

compara<ve designs would be required to determine the specific contribu<on of a 

second venous anastomosis to flap perfusion dynamics. 

 

The temporal dissocia<on between arterial inflow, venous drainage, and thermal 

normaliza<on helps explain some of the discrepancies observed between imaging 

modali<es at different <mepoints. While ICG-A may show sa<sfactory fluorescence 

shortly aher anastomosis, thermography may s<ll reveal persistent thermal deficits, 

par<cularly in peripheral or watershed zones. Rather than represen<ng a false-posi<ve 

finding, this likely reflects delayed venous equilibra<on or microcirculatory conges<on 

that has not yet resolved at the <me of imaging. 
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These findings emphasize the central role of venous drainage in determining flap 

perfusion stability and highlight the limita<ons of interpre<ng perfusion exclusively 

through arterial-centric paradigms. Venous conges<on, par<cularly when transient or 

par<al, may not manifest as classical non-perfusion on ICG-A but can significantly 

influence <ssue oxygena<on, heat dissipa<on, and ul<mately flap viability. 

Thermography, by capturing these downstream physiological effects, may therefore 

provide complementary informa<on that is not accessible through fluorescence 

angiography alone. 

 

Finally, the non-linear and <me-dependent behavior of thermal changes observed in this 

study reinforces the need for cau<on when extrapola<ng intraopera<ve imaging findings 

to long-term outcomes. Neither modality can predict with certainty whether delayed 

choke vessel opening will occur or whether borderline territories will ul<mately survive. 

However, the combined temporal analysis across T1, T2, and T3 offers a richer 

physiological context, allowing surgeons to interpret perfusion findings not as isolated 

events but as evolving processes shaped by inflow, oujlow, and microvascular 

adapta<on. 
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6.5 Subjec,vity of ICG-A and the need for objec,ve fluorescence quan,fica,on 
 

Although indocyanine green angiography (ICG-A) is widely regarded as the 

current reference technique for intraopera<ve perfusion assessment, its interpreta<on 

in clinical prac<ce remains largely qualita<ve and operator-dependent. In most 

reconstruc<ve sekngs, including the present study, perfusion is ul<mately classified 

visually into ordinal categories (e.g., well perfused, doubjul, non-perfused), based on 

the surgeon’s interpreta<on of fluorescence intensity, filling pa2ern, and washout 

behavior. 

 

This visual, experience-based assessment introduces an inherent degree of subjec<vity. 

Interobserver variability has been previously acknowledged in the literature, par<cularly 

in borderline territories showing delayed or heterogeneous fluorescence. Even for 

experienced surgeons, the dis<nc<on between slow arterial inflow, venous conges<on, 

and physiologically delayed filling remains challenging, especially when fluorescence 

appears diffuse rather than following a clearly recognizable vascular network. 

 

An addi<onal limita<on of ICG-A relates to contrast kine<cs. In some cases, incomplete 

washout of indocyanine green aher an ini<al injec<on may complicate the interpreta<on 

of subsequent angiographic assessments performed during the same procedure. This 

phenomenon is par<cularly relevant when intraopera<ve condi<ons change, such as 

aher revision of the pedicle or comple<on of an addi<onal venous anastomosis. Residual 

fluorescence may persist despite improved venous drainage, making it difficult to 

objec<vely determine whether observed signal represents true reperfusion or contrast 

reten<on from prior injec<ons. 

 

Furthermore, ICG-A findings are influenced by systemic and environmental factors that 

are not always standardized. Several studies have shown that pa<ent temperature and 

degree of vasodila<on can significantly affect fluorescence pa2erns, with prewarming 

associated with a reduc<on in apparent hypoperfused or watershed zones. This raises 

the possibility that some areas classified as non-perfused under standard intraopera<ve 

condi<ons might demonstrate improved fluorescence under op<mized thermal or 
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hemodynamic states. Consequently, ICG-A should be interpreted as a snapshot of 

perfusion under specific physiological condi<ons, rather than as an absolute predictor 

of <ssue fate. 

 

Another conceptual limita<on is that ICG-A primarily reflects intravascular flow at a given 

moment and does not provide direct informa<on about the future behavior of choke 

vessels or delayed microvascular recruitment. As a result, distal territories that appear 

poorly perfused intraopera<vely may later recover, while others may progress to par<al 

necrosis despite ini<ally acceptable fluorescence. This temporal uncertainty further 

complicates the use of rigid visual thresholds to guide defini<ve intraopera<ve decisions. 

 

Taken together, these considera<ons challenge the no<on of ICG-A as a fully objec<ve 

“gold standard.” Rather, it should be regarded as a highly sensi<ve but interpreta<on-

dependent reference technique. This perspec<ve does not diminish its clinical value but 

underscores the need for more standardized and quan<ta<ve approaches to 

fluorescence analysis. Objec<ve measurement of fluorescence intensity, <me-to-peak 

signal, and washout kine<cs—ideally integrated into user-independent sohware—could 

substan<ally improve reproducibility and comparability across pa<ents, centers, and 

studies. 

 

In this context, the present work highlights the importance of exploring complementary 

imaging modali<es and analy<cal frameworks that move beyond purely visual 

classifica<on. The limita<ons iden<fied in ICG-A interpreta<on provide a strong 

methodological ra<onale for inves<ga<ng standardized, quan<ta<ve tools—such as 

composi<onal analysis and thermographic normaliza<on—to be2er characterize 

perfusion heterogeneity and uncertainty in complex reconstruc<ve scenarios. 
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6.6 Strengths and weaknesses of dynamic infrared thermography 
 

Dynamic infrared thermography (DIRT) offers a fundamentally different approach 

to intraopera<ve perfusion assessment compared with fluorescence-based techniques. 

Rather than visualizing intravascular contrast passage, DIRT captures temperature 

changes at the skin surface as an indirect marker of blood flow and heat delivery. This 

conceptual difference underlies both its poten<al strengths and its current limita<ons. 

 

Strengths of dynamic infrared thermography 

One of the principal advantages of DIRT is its non-invasive nature. The technique does 

not require intravenous contrast administra<on, thereby avoiding the rare but well-

documented risks associated with indocyanine green injec<on, including allergic 

reac<ons and dose-related limita<ons. This allows repeated assessments without 

cumula<ve exposure, making DIRT par<cularly a2rac<ve for itera<ve intraopera<ve 

evalua<on. 

 

DIRT is also technically portable and rela,vely accessible. Compared with ICG-A 

systems, thermographic cameras are smaller, less expensive, and easier to integrate into 

different opera<ve environments. This characteris<c has important implica<ons for 

global surgical prac<ce, as many centers performing complex microsurgical 

reconstruc<on do not have access to fluorescence angiography systems. In such sekngs, 

DIRT may represent a feasible adjunct or screening tool rather than a defini<ve 

replacement. 

 

Another strength lies in the physiological coherence of spa,al thermal gradients. In this 

study, thermography consistently demonstrated higher temperatures in central flap 

regions and progressively lower temperatures toward flap extremi<es, mirroring well-

established principles of perforasome anatomy and distal watershed vulnerability. This 

concordance suggests that thermography is sensi<ve to real perfusion-related 

phenomena rather than random thermal noise. 
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DIRT also provides con,nuous informa,on over ,me, rather than a single contrast-

dependent snapshot. In principle, dynamic thermal recovery aher a cold challenge could 

offer insight into perfusion responsiveness and vascular reserve. Although this poten<al 

was not fully exploited in the present study, it represents a conceptual advantage over 

sta<c imaging modali<es. 

 

Finally, thermography has educa,onal and exploratory value. The visualiza<on of 

thermal gradients can facilitate understanding of flap physiology, par<cularly for 

trainees, and may help iden<fy gross perfusion abnormali<es or unexpected regional 

behavior during flap eleva<on and inset. 

 

Limita,ons and weaknesses of dynamic infrared thermography 

Despite these advantages, several important limita<ons constrain the current clinical 

applicability of DIRT. 

 

A major concern is the requirement for thermal s,mula,on, typically involving flap 

cooling followed by rewarming. Although this maneuver is necessary to generate 

dynamic contrast, it introduces a poten<al confounding factor: cold-induced 

vasoconstric<on. In thin or highly dissected perforator flaps, especially in distal lower-

limb reconstruc<ons, even transient vasospasm may alter perfusion in a manner that is 

not purely diagnos<c but iatrogenic. Furthermore, interindividual variability in 

thermoregulatory response means that iden<cal cooling protocols may produce 

markedly different recovery pa2erns across pa<ents. 

 

The interpreta,on of thermographic images is technically demanding. Current 

commercial sohware relies heavily on rela<ve color scales, which are automa<cally 

adjusted to the temperature range within the field of view. As a result, cooler regions 

may appear pathologic simply because warmer adjacent <ssues are included in the 

frame, even when absolute temperature differences are small and clinically irrelevant. 

This creates a high risk of misinterpreta<on by observers unfamiliar with the underlying 

physics of thermal scaling. 
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Related to this, DIRT currently lacks standardized, pa,ent-specific quan,ta,ve 

thresholds. Absolute temperature cutoffs reported in the literature vary widely and are 

unlikely to be universally applicable, given interpa<ent differences in baseline 

temperature, flap thickness, environmental condi<ons, and systemic hemodynamics. In 

this study, meaningful interpreta<on required normaliza<on of temperatures rela<ve to 

the flap-specific mean and dispersion, a process that is not currently automated in 

clinical devices and limits real-<me applicability. 

 

DIRT also captures only a surface thermal phenomenon, providing no direct informa<on 

about deeper microvascular flow or venous drainage pa2erns. Areas may appear warm 

due to conduc<ve heat transfer from underlying <ssues rather than true perfusion, 

par<cularly in thinner flaps placed over well-perfused recipient beds. Conversely, viable 

but poorly insulated regions may appear falsely cold. This limita<on complicates the 

interpreta<on of small distal territories, which are ohen the most clinically relevant in 

ALT flaps. 

 

Another important limita<on is that thermography, even when described as “dynamic,” 

ul<mately yields a sta,c endpoint measurement in most prac<cal implementa<ons. The 

present study relied on thermographic images acquired aher a defined recovery period, 

without full temporal analysis of the rewarming curve. As such, the technique does not 

capture the dynamic evolu<on of choke vessel recruitment or delayed perfusion 

improvement, phenomena that are known to influence flap survival but unfold over 

longer <me scales. 

 

Finally, the clinical predic,ve value of DIRT remains limited. While thermography can 

iden<fy broad perfusion gradients and highlight vulnerable territories, it does not 

reliably discriminate which small distal regions will ul<mately progress to necrosis, 

par<cularly in thin ALT flaps where failures ohen involve only a few square cen<meters. 

In its current form, DIRT should therefore be regarded as an adjunc<ve tool rather than 

a standalone decision-making modality. 
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Overall assessment 

Taken together, dynamic infrared thermography represents a promising but immature 

technology for intraopera<ve perfusion assessment. Its strengths lie in accessibility, non-

invasiveness, and physiologically plausible spa<al informa<on, whereas its limita<ons 

stem from technical complexity, lack of standardiza<on, and constrained predic<ve 

precision. In the present study, these characteris<cs help explain both the par<al 

concordance with ICG-A and the systema<c discrepancies observed in distal flap 

territories. 
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6.7 Methodological limita,ons of the study 
 

Several methodological limita<ons of the present study should be acknowledged 

when interpre<ng the results. 

 

First, the sample size was rela<vely limited. Although adequate for an exploratory and 

method-comparison study and consistent with previously published series in 

intraopera<ve perfusion assessment, the number of included flaps restricts the 

sta<s<cal power for detec<ng small effects and limits the generalizability of the findings. 

As a consequence, some analyses—par<cularly subgroup and zonal comparisons—

should be interpreted as hypothesis-genera<ng rather than defini<ve. 

 

Second, this was a single-center study, reflec<ng the surgical technique, intraopera<ve 

workflow, and imaging protocols of one ins<tu<on. While this ensured high internal 

consistency and standardized acquisi<on condi<ons, it may introduce center-specific 

bias and limits extrapola<on to different surgical environments, pa<ent popula<ons, or 

ins<tu<onal prac<ces. 

 

Third, indocyanine green angiography was performed exclusively at baseline (T1) and 

served as the reference standard for perfusion assessment. Consequently, direct 

angiographic comparison with thermography at later intraopera<ve stages (T2 and T3) 

was not available. This design choice reflects common clinical prac<ce and safety 

considera<ons but restricts the ability to directly validate thermographic findings against 

ICG-A aher venous oujlow modifica<ons. 

 

Fourth, ICG-A perfusion classifica<on was based on a visual ordinal scale (0–1–2), which 

is inherently subjec<ve and suscep<ble to interobserver variability. Although 

classifica<on was performed by experienced surgeons and followed predefined criteria, 

the lack of quan<ta<ve fluorescence intensity measurements represents a limita<on and 

may have influenced zone-level categoriza<on, par<cularly in borderline territories. 
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Fihh, no systema<c correla<on with postopera<ve clinical outcomes (e.g., par<al flap 

necrosis, delayed wound healing, or need for revision surgery) was performed. As a 

result, the study focuses on intraopera<ve perfusion assessment and inter-modality 

agreement rather than on predic<ve validity for long-term flap viability. 

 

Sixth, thermographic analysis required controlled cooling and rewarming phases, 

introducing poten<al physiological variability related to pa<ent-specific 

thermoregula<on, flap thickness, and environmental factors. Although acquisi<on 

condi<ons were standardized as much as possible, residual variability cannot be 

completely excluded. 

 

Finally, image analysis relied on manual or semi-manual workflows, including ROI 

placement and zone delinea<on. While this approach ensured anatomical accuracy, it is 

<me-consuming and may limit real-<me clinical applicability. Automated or semi-

automated image processing tools could improve efficiency and reproducibility in future 

studies. 

 

Taken together, these limita<ons do not invalidate the findings but define the scope 

within which the results should be interpreted. Importantly, they also highlight key areas 

for methodological refinement and future research, many of which are addressed in the 

following sec<ons. 
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6.8 What we would do differently if the study were repeated 
 

If this study were to be repeated, several methodological and conceptual 

refinements would be implemented to strengthen its clinical relevance, robustness, and 

transla<onal poten<al. 

 

First, a larger and mul<center cohort would be priori<zed. Expanding the sample size 

across different ins<tu<ons would increase sta<s<cal power, reduce center-specific bias, 

and allow explora<on of inter-ins<tu<onal variability in surgical technique, pa<ent 

characteris<cs, and perfusion behavior. A mul<center design would also facilitate 

valida<on of the observed spa<al and temporal perfusion pa2erns across diverse clinical 

sekngs. 

 

Second, quan<ta<ve indocyanine green angiography would be incorporated instead of, 

or in addi<on to, visual ordinal classifica<on. Objec<ve fluorescence intensity 

measurements—ideally standardized for injec<on protocol, camera distance, exposure, 

and <ming—would reduce subjec<vity and interobserver variability. Quan<ta<ve ICG 

metrics could enable true ROI-level comparison with thermographic data and allow 

more rigorous modeling of perfusion gradients and thresholds. 

 

Third, dynamic thermographic analysis would be expanded beyond sta<c post-

rewarming images. Rather than relying solely on final temperature snapshots, future 

studies should analyze the full temporal recovery curve following thermal challenge, 

including rewarming velocity, <me-to-peak temperature, and spa<al propaga<on of 

thermal recovery. These dynamic parameters may be2er reflect underlying vascular 

physiology and help dis<nguish perfusion-driven rewarming from passive heat transfer 

from surrounding <ssues. 

 

Fourth, flap thickness and composi<on should be systema<cally recorded and integrated 

into the analysis. Given the known influence of subcutaneous fat and flap thinning on 

thermal behavior, incorpora<ng flap thickness measurements—obtained 
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intraopera<vely or from preopera<ve imaging—would allow adjustment for this 

important confounder and improve interpreta<on of thermographic findings. 

 

Fihh, automated or semi-automated image analysis tools should be developed and 

implemented. Sohware capable of automa<cally calcula<ng flap-specific mean 

temperature, standard devia<on, and standardized perfusion categories in real <me 

would greatly enhance clinical feasibility. Ideally, thermographic systems should 

generate perfusion maps based on pa<ent-specific normaliza<on rather than fixed 

absolute temperature thresholds. 

 

Sixth, postopera<ve clinical outcomes should be formally correlated with intraopera<ve 

imaging findings. Linking intraopera<ve perfusion metrics to objec<ve endpoints such as 

par<al flap necrosis, wound complica<ons, or need for revision surgery would allow 

assessment of predic<ve validity and clinical u<lity beyond intraopera<ve concordance. 

 

Finally, future studies should explore advanced analy<cal approaches, including machine 

learning and ar<ficial intelligence. Pa2ern recogni<on algorithms trained on combined 

thermographic, angiographic, and clinical data may help iden<fy complex perfusion 

signatures that are not apparent through conven<onal sta<s<cal analysis and could 

support real-<me decision-making in the opera<ng room. 

 

In summary, while the present study provides a structured and reproducible framework 

for comparing dynamic infrared thermography and indocyanine green angiography, 

future itera<ons should move toward greater objec<vity, automa<on, and clinical 

integra<on. These refinements would help transform thermography from an exploratory 

research tool into a more prac<cal and reliable adjunct for intraopera<ve perfusion 

assessment. 
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6.9 Clinical implica,ons  
 

The findings of this study have several prac<cal implica<ons for intraopera<ve 

decision-making in lower-limb reconstruc<on using anterolateral thigh flaps, while also 

delinea<ng clear direc<ons for future clinical applica<on and research. 

 

From a clinical standpoint, dynamic infrared thermography should not be interpreted as 

a replacement for indocyanine green angiography in centers where ICG-A is readily 

available. Rather, its value lies in its poten<al role as a complementary or screening tool, 

par<cularly in sekngs where access to fluorescence angiography is limited or 

unavailable. In such contexts, thermography—when interpreted with appropriate 

physiological understanding—may provide useful informa<on regarding global perfusion 

behavior and spa<al gradients within the flap. 

 

One of the most relevant clinical contribu<ons of thermography is its ability to visualize 

perfusion as a con<nuous spa<al phenomenon rather than as a binary or categorical 

outcome. The iden<fica<on of consistent central-to-distal thermal gradients reflects 

underlying vascular physiology and aligns with established concepts of perforasomes 

and watershed territories. This makes thermography par<cularly valuable for 

educa<onal purposes, helping surgeons—especially those in training—understand 

perfusion dynamics beyond visual inspec<on alone. 

 

However, the present results also underscore the limita<ons of thermography in guiding 

fine-grained intraopera<ve decisions. The difficulty in reliably discrimina<ng small, 

clinically cri<cal areas of hypoperfusion at the level of a few square cen<meters limits its 

u<lity for deciding precise flap trimming or resec<on margins in lower-limb 

reconstruc<on, where distal <ssue loss may have significant func<onal consequences. 

This reinforces the need for cau<on when interpre<ng thermographic images, especially 

when relying on absolute temperature values or color scales generated by non-

specialized sohware. 
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A pragma<c future clinical model would therefore involve a stepwise or algorithmic 

approach to intraopera<ve perfusion assessment. Thermography could be used as an 

ini<al, rapid screening method to iden<fy global perfusion asymmetries or suspicious 

territories. In cases where thermographic findings are equivocal or suggest 

compromised perfusion, targeted confirma<on with ICG-A could then be performed. 

Such an approach would op<mize resource u<liza<on while preserving diagnos<c 

accuracy. 
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6.10 Final synthesis 
 

This thesis explored the role of dynamic infrared thermography as a 

complementary tool to indocyanine green angiography for intraopera<ve assessment of 

perfusion in anterolateral thigh flaps used for lower-limb reconstruc<on. Rather than 

focusing on a single metric or categorical outcome, the study approached flap perfusion 

as a spa<al, dynamic, and inherently heterogeneous phenomenon. 

 

The results demonstrate that thermography captures physiologically coherent perfusion 

gradients across the flap, par<cularly along the proximal–distal axis, and reflects changes 

associated with intraopera<ve events such as flap transfer and comple<on of venous 

drainage. However, thermography systema<cally differed from ICG-A in the classifica<on 

of perfusion categories, especially in distal and watershed territories, where 

thermography tended to overes<mate well-perfused surface. These discrepancies were 

not random but spa<ally structured, reinforcing the concept that “agreement” between 

modali<es cannot be reduced to single-category correla<ons or binary classifica<ons. 

 

By applying composi<onal data analysis, this work provides a novel framework for 

understanding how perfusion categories redistribute across zones when assessed with 

different imaging techniques. The use of Aitchison distance allowed quan<fica<on of 

global and regional disagreement while preserving the mul<component nature of 

perfusion data. This approach revealed that disagreement between thermography and 

ICG-A is greatest in flap extremi<es, a finding that aligns with known vascular physiology 

and perforasome behavior. 

 

Importantly, this thesis also highlights the limita<ons of considering ICG-A as an 

unques<onable reference standard. The visual and semi-quan<ta<ve nature of ICG 

interpreta<on, its sensi<vity to systemic and environmental condi<ons, and its inability 

to account for delayed microvascular adapta<on underscore the need for cau<ous 

interpreta<on of intraopera<ve fluorescence findings. In this context, thermography 

should not be viewed as a replacement for ICG-A, but rather as a complementary 

modality that offers dis<nct physiological informa<on. 
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From a clinical perspec<ve, the findings support a pragma<c and hierarchical approach 

to intraopera<ve perfusion assessment. Thermography may serve as a rapid, non-

invasive method to iden<fy global perfusion asymmetries or suspicious territories, while 

ICG-A remains valuable for confirmatory assessment in high-risk or ambiguous cases. 

Such an approach may be par<cularly relevant in sekngs with limited access to 

advanced imaging technologies. 

 

Ul<mately, the principal contribu<on of this work lies not in establishing defini<ve 

thresholds or predic<ve rules, but in advancing a conceptual and methodological 

framework for studying flap perfusion using mul<modal imaging. By emphasizing spa<al 

analysis, composi<onal concordance, and physiological interpreta<on, this thesis lays 

the groundwork for future research aimed at objec<ve, reproducible, and clinically 

meaningful perfusion assessment. The integra<on of advanced image analysis, dynamic 

tes<ng paradigms, and outcome-based valida<on will be essen<al steps toward 

transla<ng these insights into rou<ne reconstruc<ve prac<ce. 
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6.11 Achievement of the Study Objec,ves 
 

The present study was designed to address four specific objec<ves related to the 

intraopera<ve evalua<on of anterolateral thigh (ALT) flap perfusion using dynamic 

infrared thermography (DIRT) and indocyanine green angiography (ICG-A). The 

discussion of the results allows an assessment of the extent to which each of these 

objec<ves was achieved and what conclusions can reasonably be drawn from the 

findings. 

 

Objec,ve 1: Correla,on between DIRT and ICG-A aBer flap eleva,on 

The first objec<ve of this study was to evaluate the correla<on between DIRT and 

ICG-A in the assessment of flap perfusion aher flap eleva<on. The results demonstrated 

that both techniques consistently iden<fied the region surrounding the dominant 

perforator as the most reliably perfused area of the flap. This central perfusion pa2ern 

was reproducibly detected using both imaging modali<es, sugges<ng that 

thermographic pa2erns are capable of reflec<ng the underlying vascular territories of 

perforator-based flaps. 

 

However, relevant discrepancies were observed in peripheral areas of the flap. 

Compared with ICG angiography, thermography showed a more limited capacity to 

discriminate small areas of rela<ve hypoperfusion. In par<cular, the temperature 

varia<ons detected across the flap surface were ohen subtle and spa<ally 

heterogeneous, making it difficult to reliably iden<fy areas smaller than approximately 

1 cm² that could poten<ally be at risk of compromised perfusion. This limita<on is likely 

related to the spa<al resolu<on of thermographic imaging and to the indirect nature of 

temperature-based perfusion assessment. 

 

Therefore, while the results support the ability of DIRT to iden<fy global spa<al perfusion 

pa2erns, they also suggest that thermography may be less precise than ICG angiography 

for detec<ng small areas of impaired perfusion. Consequently, the first objec<ve can be 

considered achieved in terms of demonstra<ng a general correla<on of perfusion 
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pa2erns between both techniques, although the limita<ons of thermography in 

detec<ng small areas of poten<al risk must be acknowledged. 

 

Objec,ve 2: Thermographic behaviour of the flap over ,me 

The second objec<ve of the study was to analyse the thermographic behaviour 

of the flap following transfer over <me. Sequen<al thermographic assessments 

performed at the defined intraopera<ve <me points (T1, T2 and T3) demonstrated that 

the thermal distribu<on of the flap is dynamic and evolves aher revasculariza<on. These 

findings suggest that flap perfusion is not a sta<c phenomenon but rather reflects a 

process of microcirculatory adapta<on during the early intraopera<ve period. 

 

DIRT proved par<cularly useful in illustra<ng these dynamic changes, allowing 

visualiza<on of progressive thermal redistribu<on across the flap surface following 

vascular anastomosis. This temporal behaviour may reflect physiological mechanisms 

such as microvascular recruitment, changes in venous oujlow condi<ons, or 

redistribu<on of blood flow within the perforator territory. 

 

At the same <me, it is important to recognize that thermographic measurements are 

highly sensi<ve to external and technical factors. Surface temperature may be influenced 

by ambient temperature, opera<ng room condi<ons, <ssue exposure <me, camera 

calibra<on, and other environmental variables. As a result, thermography may present 

a higher degree of variability compared with techniques that directly visualize vascular 

flow. These factors should be taken into account when interpre<ng thermographic 

findings and represent an inherent limita<on of the method. 

 

Nevertheless, the present study successfully characterized the temporal thermographic 

behaviour of ALT free flaps during intraopera<ve revasculariza<on. Therefore, the 

second objec<ve of the study can be considered achieved. 

 

Objec,ve 3: Thermographic changes aBer comple,on of a second venous anastomosis 

The third objec<ve of the study was to evaluate the thermographic changes 

associated with the comple<on of a second venous anastomosis. In several cases, the 



 196 

thermographic images obtained aher the second venous anastomosis showed a more 

homogeneous distribu<on of temperature across the flap surface when compared with 

the pa2erns observed immediately aher the ini<al revasculariza<on. 

 

These findings may suggest that addi<onal venous drainage could influence the thermal 

behaviour of the flap and poten<ally improve perfusion dynamics. However, the present 

study design does not allow a causal rela<onship to be established between the 

comple<on of the second venous anastomosis and the observed thermographic 

changes. Because no comparison group with a single venous anastomosis was included, 

it is equally plausible that the changes observed between T2 and T3 represent the 

natural physiological adapta<on of the flap during the first minutes aher 

revasculariza<on. 

 

For this reason, the results of the present study should be interpreted as descrip<ve 

observa<ons rather than defini<ve evidence of the specific effect of a second venous 

anastomosis. Nevertheless, these findings raise the possibility that thermography may 

be par<cularly sensi<ve to changes related to venous drainage and venous conges<on, 

an aspect that deserves further inves<ga<on. Future studies specifically designed to 

evaluate venous oujlow condi<ons may help clarify whether DIRT could provide 

clinically relevant informa<on regarding venous physiology in free flaps. 

 

Accordingly, the third objec<ve of the study was par<ally achieved: the study was able 

to describe thermographic changes associated with this surgical step, but it cannot 

defini<vely determine their underlying cause. 

 

Objec,ve 4: Rela,onship between thermographic distribu,on and ICG-A perfusion 

categories 

The fourth objec<ve was to explore the rela<onship between thermographic 

distribu<on and the perfusion categories iden<fied by ICG angiography. The results 

demonstrated that both techniques generally agreed in iden<fying the best-perfused 

regions of the flap, par<cularly in areas adjacent to the dominant perforator. This 



 197 

agreement supports the concept that thermographic imaging can reflect the global 

distribu<on of perfusion within the flap. 

 

However, the correla<on between thermographic findings and ICG-A perfusion 

categories was less consistent in peripheral or borderline areas. These discrepancies 

likely reflect the intrinsic differences between both technologies. While ICG angiography 

directly visualizes vascular perfusion through fluorescence imaging, thermography 

evaluates perfusion indirectly through changes in surface temperature following a 

thermal s<mulus. 

 

DIRT assessment requires the applica<on of a cooling s<mulus to generate a detectable 

rewarming pa2ern. Although this maneuver allows visualiza<on of perfusion dynamics, 

it may also contribute to variability in peripheral regions of the flap. Aher cooling, the 

rewarming process depends on local perfusion but also on heat diffusion through 

surrounding <ssues and environmental condi<ons. As a result, the <me required for 

peripheral areas to recover their baseline temperature may be longer and more 

heterogeneous than in well-perfused central regions. In the present study, 

thermographic acquisi<on was performed within a standardized intraopera<ve 

<meframe; however, it is possible that longer observa<on periods might allow 

peripheral regions to gradually rewarm, poten<ally reducing some of the variability 

observed in these areas. 

 

In contrast, ICG angiography relies on the intravascular distribu<on of the fluorescent 

dye, which reaches perfused <ssues regardless of surface temperature. This 

fundamental difference between the two techniques may explain why ICG-A was able to 

delineate peripheral perfusion territories more clearly than thermography under the 

same condi<ons. 

 

Furthermore, the cooling s<mulus required for DIRT represents a prac<cal limita<on of 

the technique. Excessive cooling could theore<cally induce vasospasm or alter 

microvascular behaviour in delicate reconstruc<ve sekngs. For these reasons, while the 

fourth objec<ve was achieved in demonstra<ng a general rela<onship between 



 198 

thermographic pa2erns and ICG-A perfusion categories, the limita<ons inherent to 

temperature-based perfusion assessment must be carefully considered when 

interpre<ng these results. 

 

Overall interpreta,on 

Taken together, the findings of this thesis indicate that dynamic infrared 

thermography is capable of detec<ng spa<al pa2erns of perfusion in ALT free flaps and 

of illustra<ng the dynamic behaviour of flap perfusion during the intraopera<ve period. 

The technique demonstrated a reasonable agreement with ICG angiography in 

iden<fying the dominant perforator territory and the general gradient of perfusion 

across the flap. 

 

At the same <me, the results highlight several important limita<ons of thermography as 

an intraopera<ve perfusion assessment tool. Compared with ICG angiography, DIRT 

appears less precise in iden<fying small areas of compromised perfusion, par<cularly 

when temperature differences are subtle and spa<ally heterogeneous. In addi<on, 

thermographic measurements are highly dependent on environmental condi<ons and 

technical factors, which may introduce variability in the interpreta<on of results. 

 

For these reasons, the findings of the present study do not support the use of 

thermography as a direct replacement for ICG angiography in clinical decision-making. 

Rather, DIRT should be understood as a complementary technique that may provide 

addi<onal physiological insight into flap perfusion dynamics. 

 

In par<cular, the poten<al sensi<vity of thermography to changes related to venous 

drainage suggests that this technology could contribute to a be2er understanding of 

venous physiology in perforator flaps. However, this hypothesis cannot be confirmed 

within the framework of the present study and should be explored in future research 

specifically designed to inves<gate this aspect. 
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Future studies incorpora<ng improved thermographic equipment, higher spa<al 

resolu<on, longer observa<on <mes for thermal recovery, and experimental designs 

focused on venous physiology may further clarify the poten<al clinical role 

 of dynamic infrared thermography in microsurgical reconstruc<on. 
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7: Conclusions 
 
 

1. Dynamic infrared thermography (DIRT) demonstrated a consistent spa,al and 

physiological rela,onship with intraopera,ve flap perfusion in anterolateral 

thigh (ALT) flaps, showing temperature gradients that followed expected 

perforator-based vascular territories from central to peripheral regions. These 

findings support DIRT as a technique capable of capturing meaningful perfusion-

related informa<on at both regional and zonal levels. 

 

2. Agreement between DIRT and indocyanine green angiography (ICG-A) was 

moderate and zone-dependent, par<cularly at baseline (T1), with higher 

concordance in central territories and greater discrepancy in peripheral 

watershed zones. This indicates that “agreement” between techniques should 

not be interpreted as equivalence, but rather as complementary perspec<ves on 

different physiological aspects of flap perfusion. 

 

3. Temporal intraopera,ve changes aBer venous anastomosis highlighted 

fundamental differences between arterial inflow and venous ouhlow 

phenomena, with thermography showing sensi<vity to dynamic changes related 

to venous drainage that were not always clearly dis<nguishable using ICG-A 

alone. These findings emphasize that venous conges<on and arterial 

hypoperfusion represent dis<nct pathophysiological en<<es that cannot be fully 

characterized by a single imaging modality. 

 
 

4. Despite its prac,cal advantages, DIRT cannot currently replace ICG-A in centers 

where fluorescence angiography is available, due to limita<ons related to 

temperature dependency, technical complexity, and lack of standardized 

sohware-based interpreta<on. However, DIRT may serve as a valuable 

complementary or screening tool—par<cularly in resource-limited sekngs—

provided that its physiological constraints are understood and that future 

developments enable automated, pa<ent-specific thermal standardiza<on. 
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8: Future lines  
 
Beyond its current clinical applica<on, this work highlights several future research 

direc<ons that may substan<ally expand the role of thermography in reconstruc<ve 

microsurgery. 

 

First, future studies should move beyond sta<c temperature measurements and explore 

high-resolu<on, pixel-by-pixel analysis of thermographic dynamics, par<cularly during 

controlled thermal challenges. Rather than focusing solely on absolute temperature 

values, the velocity and spa<al propaga<on of thermal recovery may provide more 

physiologically meaningful indicators of <ssue perfusion. Dynamic recovery curves at the 

pixel level could help dis<nguish regions that rewarm predominantly through ac<ve 

blood flow from those that equilibrate via conduc<on from surrounding <ssues. 

 

Second, alterna<ve s<mula<on paradigms should be inves<gated to improve feasibility 

and reduce the theore<cal risks associated with external cooling. One promising concept 

would be a “thermal bolus” perfusion test, consis<ng of transient perfusion of the flap 

circula<on with warm saline through the vascular pedicle (e.g., via a catheterized arterial 

limb or controlled intraluminal irriga<on under standardized condi<ons). This could 

poten<ally generate an immediate and quan<fiable thermographic signal without 

requiring surface cooling, allowing assessment of intravascular heat delivery and 

distribu<on across the flap. If validated, such a protocol might enable rapid 

intraopera<ve thermographic tes<ng that is more compa<ble with clinical workflows. 

 

Third, the development of mul<modal imaging plajorms deserves further explora<on. 

Hybrid systems combining infrared thermography and near-infrared fluorescence 

imaging—through synchronized acquisi<on or real-<me image fusion—could enable 

direct spa<al comparison between thermal and fluorescence signals. Overlaying 

thermographic and ICG-A data within a unified sohware environment may enhance 

interpreta<on, reduce subjec<vity, and facilitate region-specific correla<on analyses. 
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Fourth, advances in image processing and ar<ficial intelligence are likely to play a central 

role. Automated algorithms trained on large datasets could iden<fy subtle thermal 

gradients, recovery kine<cs, or spa<al signatures not easily recognized by human 

observers. Such tools could support objec<ve classifica<on at ROI or pixel level and 

improve reproducibility. 

 

Finally, to establish predic<ve validity, future studies should incorporate outcome-based 

valida<on strategies. Because in humans intraopera<ve decisions frequently lead to 

resec<on of territories considered non-viable by ICG-A, direct comparison between 

imaging predic<ons and subsequent necrosis is inherently limited. Therefore, animal 

models may provide a more appropriate plajorm to evaluate the true capacity of 

thermography (alone or combined with ICG-A) to discriminate <ssue des<ned for 

necrosis, allowing controlled preserva<on of borderline territories and systema<c 

follow-up. 

 

In summary, the future of thermography in reconstruc<ve microsurgery lies not in 

replica<ng exis<ng techniques, but in developing physiology-driven dynamic metrics, 

improved s<mula<on protocols, and integrated mul<modal analysis pipelines. With 

appropriate technological refinement and valida<on, thermography could evolve from 

an exploratory adjunct into a more clinically ac<onable component of intraopera<ve 

perfusion assessment. 
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