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Abstract—Accurate perforator selection is critical for success-
ful deep inferior epigastric artery perforator (DIEP) flap breast
reconstruction. While computed tomography angiography (CTA)
provides high-resolution anatomical detail, it lacks functional
perfusion assessment. Dynamic infrared thermography (DIRT),
in contrast, captures superficial rewarming dynamics but lacks
objective anatomical validation. This study presents a stan-
dardized multimodal measurement system enabling automated
fusion of DIRT with CTA-derived perforator coordinates. The
framework integrates controlled thermographic acquisition, real-
time hotspot detection, metric spatial calibration, and global one-
to-one assignment of thermal hotspots to CTA perforators within
a predefined periumbilical region of interest. The workflow was
evaluated in 12 patients. Of 46 CTA perforators within the region
of interest, 84.8% were successfully linked to thermographic
hotspots, with a median spatial offset of 14.74 mm. Automated
assignment excluded 76.1% of detected hotspots due to lack of
anatomical correspondence, thereby reducing subjective inter-
pretation. The proposed system enables quantitative multimodal
validation of functional and anatomical imaging and provides
objective support for perforator selection in clinical practice.

Index Terms—Dynamic infrared thermography, computed to-
mography angiography, multimodal imaging, perforator map-
ping, DIEP flap, measurement systems

I. INTRODUCTION

Breast cancer remains the most prevalent malignancy world-
wide, with a continued rise in incidence projected over the
coming decades [1]. In parallel, breast reconstruction rates
after mastectomy have increased substantially, and autologous
techniques are increasingly preferred due to superior long-
term aesthetic and functional outcomes [2], [3]. Among these,
the deep inferior epigastric artery perforator (DIEP) flap is
widely regarded as the gold standard for abdomen-based breast
reconstruction.

Successful DIEP flap reconstructions depend on accurate
preoperative identification and selection of perforating vessels,
as suboptimal perforator choice increases operative time, flap
complications, and postoperative morbidity [4], [5]. Conse-
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quently, robust and reproducible preoperative perforator map-
ping is a key element in modern reconstructive planning.

Computed tomography angiography (CTA) is widely con-
sidered the clinical reference standard for perforator mapping,
offering high-resolution visualization of perforator location,
course, and caliber. Meta-analytic evidence suggests that CTA-
guided planning improves localization and surgical outcomes,
albeit with variability in protocols and radiation exposure
concerns [6], [7]. Alternative modalities such as color Doppler
ultrasound have been comparatively evaluated, highlighting
trade-offs between anatomical precision, operator dependence,
and clinical workflow integration [8].

Dynamic infrared thermography (DIRT) leverages super-
ficial rewarming patterns after controlled cooling to assess
perfusion characteristics non-invasively and without ionizing
radiation [9]. In the context of DIEP planning, thermography
has been investigated for preoperative perforator detection
using both research-grade and portable devices [10], and as
part of multi-modal perfusion studies alongside indocyanine
green fluorescence and hyperspectral imaging [11]. However,
thermographic interpretations are typically qualitative and rely
on visual assessment of hotspots without quantitative anatom-
ical confirmation.

Despite these advances, the literature currently lacks a
standardized framework that quantitatively integrates func-
tional thermographic data with anatomical CTA reference
information. Approaches using projected augmented reality
or extended reality have been proposed to visualize comple-
mentary information on the patient, but they generally do
not implement automated spatial co-registration or objective
multimodal validation [12], [13]. Moreover, published ther-
mography studies rarely provide algorithm-driven matching
against external ground truth, instead depending on subjective
interpretation [14].

In this work, we present a measurement-driven multimodal
fusion system that enables automated linking of DIRT thermal
hotspots with CTA-derived perforator coordinates. Our frame-
work combines controlled thermographic acquisition, real-time
computational processing, and global one-to-one assignment to
objectively associate functional perfusion signals with anatom-



ical targets within a clinically defined periumbilical region of
interest, with evaluation in a clinical patient cohort.

II. MATERIALS AND METHODS
A. Study Design and Population

This study assessed a multimodal imaging workflow com-
bining DIRT with preoperative CTA for perforator mapping
in DIEP flap planning. Consecutive adults scheduled for
unilateral or bilateral DIEP flap breast reconstruction were
eligible. 12 patients were enrolled (mean age 50.7 + 11.5
years; mean BMI 27.2 + 3.8 kg/m?). Ethical approval was
obtained (Belgian registration number B3002024000116), and
all participants provided written informed consent.

B. CTA Acquisition

All patients underwent preoperative abdominal CTA accord-
ing to institutional protocol. Arterial-phase CTA images were
acquired at 0.6—-1.0 mm slice thickness with standard multi-
planar reconstructions. A dedicated radiologist or experienced
reconstructive surgeon identified relevant perforators of the
deep inferior epigastric artery and recorded their coordinates
relative to the umbilicus in a standardized axial coordinate
system (left-right and cranio-caudal offsets in millimeters).
These coordinates served as anatomical reference points in
the DIRT-CTA fusion workflow.

C. DIRT Measurement Protocol

Preoperative DIRT was performed with patients in supine
position to evaluate perforator activity. System performance
and calibration were validated separately; only patient data
are reported here.

The dynamic thermography protocol followed established
DIEP flap-DIRT procedures using a controlled cold challenge.
After camera positioning with the umbilicus centered and
in focus, a baseline thermal sequence was acquired. The
abdominal skin was then uniformly cooled for 2 min with
a standardized method (sterile bag filled with water at 5 °C).
Immediately upon removal, the rewarming phase was recorded
continuously for 5 min at 50 Hz, with real-time visualization
and hotspot detection provided by the acquisition software.

As the analysis relies on relative temperature differences and
rewarming dynamics rather than absolute temperature values,
the influence of ambient environmental factors on hotspot
detection is limited under stable acquisition conditions.

D. Hardware

1) Multimodal Measurement Head: DIRT was acquired
using a research-grade long-wave infrared camera (FLIR
A655sc, Teledyne FLIR, USA). The camera operates in the
7.5-14 pm spectral range and provides radiometric images at
a resolution of 640x480 pixels and a frame rate of 50 Hz. The
thermal sensitivity (NETD) is below 30 mK at 30 °C. During
clinical measurements, the camera-to-skin working distance
was maintained between 0.8 and 1.3 m.

To enable metric scaling and robust geometric alignment,
a time-of-flight (ToF) depth camera (ifm O3D303, ifm elec-
tronic, Germany) was rigidly coupled to the thermal camera.

The ToF sensor provides per-pixel distance measurements over
a working range of approximately 0.3-8 m, with a depth
accuracy of = 4 mm. Depth data were streamed synchronously
with the thermal images and used to estimate camera-to-skin
distance during acquisition.

Both sensors were mechanically integrated into a sin-
gle measurement head using a custom 3D-printed mounting
bracket, ensuring a fixed and reproducible relative pose be-
tween the thermal and depth cameras (Fig. 1). This rigid
coupling is essential for stable cross-modal calibration and
consistent spatial mapping across measurements.

Fig. 1.
camera (C) is mounted to the boom stand (A) using a rapid-connect plate
(B), while the ToF camera (D) is rigidly coupled to the thermal camera via a
custom 3D-printed ASA bracket (E).

Close-up view of the multimodal measurement head: the thermal

2) Mechanical Mounting and Clinical Deployment: The
multimodal measurement head was interfaced to the support
structure using a Manfrotto 625 rapid—connect plate (Man-
frotto, Cassola, Italy). This quick-release interface enabled
repeatable attachment while preserving sensor alignment.

In the clinical setup, the system was typically mounted on
a Manfrotto 085BS light boom stand (Manfrotto, Cassola,
Italy), allowing stable overhead positioning above the patient
in supine position. This configuration ensured a fixed viewing
geometry while keeping the floor area around the operating
table unobstructed, facilitating integration into routine clinical
workflow (Fig. 2).

For transport and storage, the complete measurement head,
mounting components, and cabling were housed in a dedicated
flight case with tailored cut-outs. This ensured mechanical
protection of the sensors and enabled reproducible system
deployment across measurement sessions (Fig. 3).

3) Acquisition Workstation: Image acquisition, visualiza-
tion, and real-time processing were performed on a mobile
workstation (Dell Precision 3490, Dell Technologies, USA)
running Windows 11 Pro. The workstation was equipped with
an Intel Core Ultra processor, dedicated NVIDIA RTX graph-
ics, and 32 GB of RAM, providing sufficient computational



capacity for simultaneous thermal streaming, depth processing,
hotspot detection, and DIRT-CTA fusion.

Fig. 2. Complete measurement setup mounted on the boom stand (B) and
positioned above the abdominal region of the patient (A), connected to the
acquisition workstation (C).
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Fig. 3. Custom flight case with tailored compartments for the measurement
head (B), acquisition workstation (A), and cabling (C).

E. Software

1) Software Architecture: A custom Python-based acquisi-
tion and processing framework was developed to enable real-
time analysis of thermal imaging data in combination with
CTA-derived perforator information. The software provides
a dedicated graphical user interface for pre- and intraopera-
tive use and executes a fully automated processing pipeline
(Fig. 4).

Metric calibration is established before the start of the
measurement using a depth-assisted distance estimate. The
surgeon selects a point on the abdomen in the live thermal
view, which is projected to the depth map using a known cross-
modal calibration. The resulting distance is used both to drive
thermal camera autofocus and to compute real-time pixel-to-
millimeter scaling, ensuring geometric consistency between
acquisition and analysis.

Thermal image sequences are streamed into the system and
internally normalized to a canonical (t,y,x) representation,
which forms the basis for all subsequent spatial processing.

2) ROI Definition: Early in the acquisition, the umbili-
cus is detected automatically from the initial cooled frames.
The abdominal skin in contact with the cooling medium is
first identified, after which the umbilicus is segmented as a
localized warm structure within this region. A temperature-
weighted centroid is computed to define the umbilical origin,
which serves as the global anatomical reference for spatial
mapping and CTA coordinate transformation.

Perforator analysis is restricted to a fixed periumbilical
region of interest (ROI). Anatomical and cadaveric studies
consistently report that dominant DIEP perforators cluster
within a confined zone surrounding the umbilicus [15], [16].
Based on this anatomical evidence and typical clinical harvest
zones, the ROI is defined as a square region of 150 mm x
150 mm centered on the detected umbilical origin.

Constraining analysis to this predefined square ROI serves
both clinical and measurement purposes. Clinically, it focuses
detection on the most relevant perforator region. From a
measurement perspective, it reduces the spatial search domain,
limits boundary-induced thermal artefacts, and improves ro-
bustness and stability of the subsequent hotspot-to-perforator
assignment. The ROI placement and its relation to detected
hotspots and CTA-derived perforators are visualized in the
graphical user interface (Fig. 4).

3) Hotspot detection: Thermal hotspot detection is per-
formed automatically using spatiotemporal analysis of post-
cooling rewarming dynamics. Temporal difference images are
computed between an early baseline window and later time
points in the acquisition, emphasizing localized temperature
increases associated with underlying perforators. Within the
ROI, adaptive intensity thresholding is applied to the dif-
ference images, followed by spatial coherence constraints
to retain only connected, physiologically plausible regions.
Detected hotspots are classified as primary or secondary based
on their temporal behavior. Difference images capturing early
rewarming are used to detect primary hotspots, while later
difference images reveal secondary, more diffuse rewarming
patterns (Fig. 6).

For each hotspot, an intensity-weighted centroid is com-
puted to provide a spatial representation, even in the pres-
ence of irregular or extended hotspot morphology. Secondary
hotspots that spatially connect to primary regions are treated
as extensions, while isolated secondary hotspots are retained
as independent candidates.

4) DIRT-CTA fusion: CTA perforator locations, expressed
as millimeter offsets from the umbilicus, are mapped into
thermal image coordinates using the established pixel-to-
millimeter scaling.

Linking between CTA perforators and detected thermal
hotspots is formulated as a bipartite one-to-one assignment
problem. For each CTA perforator-hotspot pair, the Euclidean
distance in physical units is combined with a normalized
hotspot brightness measure to compute a composite matching
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Fig. 4. Screenshot of the graphical user interface during a measurement. The periumbilical region of interest is automatically defined, detected thermal
hotspots are visualized, and CTA-derived perforator locations are overlaid and linked in real time.

score, with anatomically implausible pairs beyond a 30 mm
distance threshold excluded from consideration and a prefer-
ence given to primary hotspots.

The optimal global assignment is obtained using a linear
sum assignment (Hungarian) algorithm, maximizing the total
matching score under one-to-one constraints such that each
CTA perforator and each hotspot is used at most once. This
approach avoids greedy or ambiguous associations and yields
spatially and physiologically consistent matches.

III. RESULTS

All measurements were successfully completed in the clin-
ical environment without technical failures. The complete
measurement setup, including camera mounting, calibration,
and software initialization, could be installed and removed
within approximately 5 minutes.

A. DIRT-CTA Linking Performance

Across the 12 included patients, 46 CTA-derived perforators
were identified within the predefined periumbilical ROI and
were treated as anatomical reference for performance evalua-
tion. Of these, 39 were successfully linked to a thermographic
hotspot, corresponding to a sensitivity of 84.8% (95% CI:
71.1-92.4%) (Fig. 5).

In 8 of the 12 patients, all CTA perforators within the
ROI were successfully linked. In the remaining four patients,
linking was partial. In three of these cases, the clinically
most relevant perforators, based on size and intramuscular
course, were successfully linked, whereas smaller or less
favorable vessels were not. In one patient, two clinically
relevant perforators could not be linked. On average, 3.83 +

1.67 CTA perforators and 13.58 + 3.38 thermal hotspots were
identified per patient.

In total, 163 thermal hotspots were detected, of which
39 were anatomically linked to CTA perforators, yielding
a precision (positive predictive value) of 23.9% (95% CI:
17.9-31.2%). The remaining hotspots frequently exhibited
small spatial extent, peripheral location near the ROI boundary,
late or diffuse rewarming behavior, or occurrence at the edge
of the cooled region. Several were attributed to incomplete
cooling coverage resulting in false-positive thermal responses.
However, a subset of unlinked hotspots could not be readily
explained by acquisition artefacts or anatomical misalignment
and may correspond to superficial vascular structures not
visualized as DIEP perforators on CTA.

Spatial measurement accuracy was quantified as the Eu-
clidean distance between each CTA perforator coordinate and
the centroid of its assigned hotspot. The median linking
distance was 14.74 mm (IQR 15.32 mm). This offset reflects
both geometric mapping uncertainty and physiological surface
displacement, as thermographic rewarming centroids may not
coincide exactly with the anatomical perforator exit point.

B. Clinical Interpretation of Linked Hotspots

When CTA perforators were accompanied by qualitative ra-
diological scores, all perforators labeled as favorable were as-
sociated with clearly visible, early-appearing primary hotspots.
In contrast, perforators with unfavorable scores were either
linked to small, secondary hotspots or could not be linked to
any hotspot at all. In cases where no radiological perforator
scoring was available, the proposed system provided clear
functional differentiation between perforators based on hotspot
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Fig. 5. Overview of hotspot detection and CTA linking results across all
patients. A total of 23.9% of detected thermal hotspots were linked to CTA
perforators, while 76.1% remained unlinked. These unlinked hotspots included
small or peripheral responses, as well as hotspots without a clear anatomical
correlate. Overall, 84.8% of CTA perforators were successfully linked to a
thermal hotspot, with a median linking distance of 14.74 mm.

prominence and temporal behavior, supporting informed intra-
operative decision-making.

Representative examples of the DIRT-CTA linking results
are shown in Fig. 6, illustrating different clinical scenarios and
the patient-specific nature of hotspot interpretation.

IV. DISCUSSION

This study presents a standardized and clinically deployable
measurement system that enables automated fusion of DIRT
with CTA-derived perforators for DIEP flap planning. The
framework combines controlled thermographic acquisition,
metric scaling, and global one-to-one hotspot assignment,
allowing quantitative evaluation of spatial correspondence be-
tween functional rewarming patterns and anatomical perforator
coordinates.

A central measurement outcome is the median hotspot-to-
perforator linking distance of 14.74 mm. To interpret this
value, comparison with contemporary DIRT validation studies
is required. Recent clinical investigations correlating DIRT
with CTA in DIEP reconstruction have commonly applied
spatial matching tolerances in the centimeter range. Meier et
al. used a predefined 2 cm (20 mm) radius when correlating
projected DIRT hotspots with CTA perforators, reporting a
74.5% DIRT-CTA correspondence within this tolerance [12].
Similarly, Sonda et al. evaluated DIRT-CTA agreement using
a 2 cm spatial criterion and reported comparable correlation
rates [17].

Earlier work by Tenorio et al. reported a mean spatial
difference of approximately 12 mm between DIRT hotspots
and Doppler-identified perforators [18], while Weum et al.
described systematic lateral displacement of hotspots relative
to CTA-defined perforator locations [19]. These studies indi-
cate that centimeter-scale spatial variation between functional
hotspots and anatomical perforator exit points is intrinsic to
DIRT-based mapping.

Linking CTA perforators-hotspots
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Fig. 6. Representative examples of automated DIRT-CTA fusion within the
periumbilical region of interest (ROI). In cases without radiological perforator
scoring (A, B), differences in hotspot prominence and rewarming behavior
provide functional information that may support perforator selection. When
CTA perforator scores are available (C, D), favorable perforators corresponded
to prominent primary hotspots. Incomplete cooling may introduce false-
positive hotspots near the ROI boundary (E).

Importantly, the reported 14.74 mm median offset does
not represent pure geometric error, but the spatial separation
between an anatomical CTA exit point and a thermographically
derived perfusion centroid. Thermal hotspots reflect dynamic
superficial rewarming patterns and may be displaced from
the perforator trajectory due to oblique subcutaneous courses,
perfusion spread, or tissue thickness effects, as described in
prior DIRT investigations [19], [20].

Beyond spatial distance, 84.8% of CTA perforators within
the predefined ROI were successfully linked to thermographic
hotspots. Conversely, 76.1% of detected hotspots were not
anatomically supported by CTA and were excluded through
global assignment constraints. Compared to DIRT-only ap-
proaches, where hotspot interpretation remains subjective, this
multimodal filtering provides structured anatomical validation
and reduces ambiguity in perforator selection.

The proposed system augments CTA with quantitative func-
tional information in a reproducible coordinate framework.
While CTA visualizes perforator caliber and course, it does not
convey dynamic perfusion behavior. The presented approach
enables objective association of anatomical and physiological



data without replacing CTA as anatomical reference.

Beyond its immediate clinical application, the structured
and quantitatively validated DIRT-CTA correspondence also
creates a foundation for future artificial intelligence (Al)-based
decision support. Standardized multimodal feature extraction
and objective hotspot—perforator linking may enable data-
driven perforator ranking or relevance prediction in larger
patient cohorts.

Several limitations should be acknowledged. The cohort
size remains limited, and larger studies are required to further
characterize inter-patient variability. The 30 mm anatomical
plausibility threshold for assignment was selected in consul-
tation with experienced surgeons; future work will investigate
sensitivity of the matching performance to this parameter and
further evaluate intraoperative surface validation of hotspot
centroids. This study focused on measurement validation;
formal usability evaluation was not performed and will be
addressed in future work.

Overall, when interpreted in the context of published
DIRT-CTA validation studies employing centimeter-scale spa-
tial matching criteria, the reported linking distances and corre-
spondence rates indicate that automated DIRT-CTA fusion can
be achieved within clinically plausible spatial variability while
providing objective and reproducible multimodal association.

V. CONCLUSION

This study introduced a standardized measurement system
for automated fusion of DIRT with CTA-derived perforator
information in DIEP flap planning. The proposed framework
integrates controlled thermographic acquisition and real-time
hotspot detection to objectively associate functional perfusion
signals with anatomical perforator ground truth.

Clinical evaluation demonstrated that 84.8% of CTA-derived
perforators within the periumbilical region of interest could
be linked to thermographic hotspots, while the majority of
thermally active but anatomically unsupported regions were
automatically excluded. This multimodal filtering improves
interpretability and reduces subjectivity compared to DIRT-
only approaches.

By providing surgeons with simultaneous anatomical and
functional information in a reproducible workflow, the pro-
posed system supports more informed perforator selection and
establishes a practical foundation for objective multimodal
validation in reconstructive surgery. Future work will focus on
larger clinical cohorts and automated perforator recommenda-
tion strategies.
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