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Abstract
Thermal imaging (TI) allows the detection of thermal patterns emitted from objects as a function of their temperature in the long-
infrared spectrum and produces visible images displaying temperature differences. The aim of this pilot study was to test TI to
visualize the coronary circulation of swine hearts. Thirty swine hearts were prepared for ex situ coronarography, and thermal
images were acquired through a FlirOne thermal camera (FLIR Systems®) paired with a Google Android Smartphone. Coronary
arteries were cannulated, namely the anterior interventricular artery, the circumflex branch of the left coronary artery, and the right
coronary artery. The heart was cooled, and contrast medium (CM) consisting of distilled water heated to 40 °C was injected in a
coronary vessel, while thermal images were captured. These steps were repeated for each coronary vessel and under experimen-
tally simulated coronary heart disease. Thermal imaging coronarography (TIC) allowed a clear representation of the morphology
and course of the coronary vessels and of experimentally simulated coronary heart disease, moreover, demonstrated to be easy to
perform during or after autopsies on ex situ hearts, non-destructive, reproducible, and cheap. On the basis of these preliminary
results, TIC might allow a subsequent more focused and comprehensive cardiopathological examination of the heart, which
remains mandatory for the definitive diagnosis of coronary heart disease. Although these preliminary results seem encouraging,
further systematic studies on human hearts, both normal and pathological, are necessary for estimating the sensitivity and
specificity of the proposed method and to draw any definitive conclusion.
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Introduction

Thermal imaging (TI), also known as infrared imaging, is a
technique originally developed for military use that shows the
thermal patterns emitted from objects in the long-infrared
spectrum, invisible to the human eye [1]. All objects emit
infrared energy (heat) as a function of their temperature: the
hotter the object, the more infrared radiation emitted. Thermal
cameras, also known as infrared cameras, enable the conver-
sion of invisible infrared radiation into visible images and can
be used to visualize temperature differences [2].

TI has been proposed in different clinical settings, such as to
estimate the blood perfusion of skin and tissues related to the
metabolic activity [3] and a number of different pathologies [4].
In particular, the more relevant applications of TI published in
the medical literature were the following: the diagnosis and
screening of breast cancer [5–8], the assessment of burns [9,
10], the study of inflammation and the related therapy
[11–13], muscular pathology [14, 15], fever in the screening
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of SARS infection in airports [16–18], angiogenesis [19], and
cardiac surgery [20]. More recently, TI applications have been
proposed for forensic purposes on post-mortem samples. TI has
been used in studies dealing with the post-mortem interval to
estimate the supravital energy production in early post-mortem
phase [21] or related to forensic entomology. In particular, TI
was used to investigate the temperature of exposure of insects
colonizing the carcasses [22] and to detect cadaveric remains
colonized by insects and larval masses producing heat [23, 24].
On the other hand, to the best of our knowledge, TI has not been
investigated yet for the imaging of vascular structures on post-
mortem samples. The aim of this pilot study was to test TI to
visualize the coronary circulation of ex situ swine hearts.
Imaging of the coronaries was acquired also simulating experi-
mentally coronary artery occlusion and/or sub-occlusion.
Results have been discussed focusing on the pros and cons of
thermal imaging coronarography (TIC), pointing out any poten-
tial future perspectives of TI in post-mortem angiography.

Materials and methods

TIC was performed on 30 hearts of 18-month-old swines,
which were obtained from a local butcher and prepared for
ex situ coronarography.

Preparation of the heart—cannulation of coronary
arteries

For each heart, according to C. Bruguier et al. [25], using blunt
dissection, the root of the aorta and the pulmonary artery were
separated down to their proximal portion. A 2-cm-long por-
tion of the aorta was removed with a transversal cut in order to
identify the three aortic cusps into the remaining stump of the
ascending aorta. The orifice and origin of the left coronary

artery were identified above the left aortic cusp, and a Ch 6
infant feeding tube (Unomedical—ConvaTec limited,
Deeside, UK) was gently inserted into the ostium to trace
the short stem of the artery. To ensure that the catheter was
maintained in place inside the anterior interventricular artery
(AIA), careful dissection and isolation of the proximal 2 cm of
the AIA was performed to enable its ligature with a 0.5-cm-
wide satin band and an orthodontic rubber band (Fig. 1).

The exact same procedure was performed for the circumflex
branch of the left coronary artery and for the right coronary artery.

Thermal camera

Thermal images were acquired through a FlirOne ther-
mal camera (FLIR Systems®, Wilsonville, Oregon,
USA) paired with a Google Android Marsmallow 6.0
Smartphone with the FlirOne™ App (FLIR Systems,
Wilsonville, Oregon, USA) installed.

Preparation of contrast medium

Three contrast media were prepared: contrast medium 1,
consisting of ultrasound gel (CM1); contrast medium 2,
consisting of a mix of ultrasound gel (50%) and distilled water
(50%) (CM2); and contrast medium 3 consisting of distilled
water (CM3).

Thermal imaging coronarography

After the cannulation of the AIA, each heart was placed in a
refrigerated environment (− 20 °C) for about 10 min, until its
temperature decreases to about + 4 °C. Ten millimeters of CM
was heated to 40 °C, aspirated with a syringe and injected into
the AIA through the Ch 6 infant feeding tube, while thermal
images were captured through the thermal camera.

Fig. 1 a The satin band was
looped under the previously
isolated proximal 2 cm of the
anterior interventricular artery
(AIA). The two strings of the satin
band were thus inserted into an
orthodontic rubber band. bOne of
the two strings was passed again
under the previously isolated
proximal 2 cm of the AIA
dragging the orthodontic rubber
band under the AIA. Finally, the
two strings were knotted
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Selection of the contrast medium

The steps of the procedure previously described were per-
formed for the AIA for the circumflex branch of the left cor-
onary artery and for the right coronary artery of:

– Five hearts using CM1: the procedure was repeated five
times for each tested coronary artery.

– Five hearts using CM2: the procedure was repeated five
times for each tested coronary artery.

– Five hearts using CM3: the procedure was repeated five
times for each tested coronary artery (Table 1).

For CM1 and CM2, prior to each injection, a further step,
consisting of the washing out through abundant distilled water

of the CM previously injected, was performed. The resulting
thermal images were analyzed aiming at selecting the contrast
mediummore suitable to perform the further experimental trials.

TIC was performed for the AIA, for the circumflex
branch of the left coronary artery and for the right coro-
nary artery for the remaining 15 hearts, using CM3. These
steps were repeated 60 times, for each coronary artery,
namely 4 times on the AIA, 4 times on the circumflex
branch, and 4 times on the right coronary artery, of each
of the 15 hearts tested with CM3 (Table 1).

Thermal imaging coronarography under simulated
pathologic conditions

– Aiming at simulating a complete occlusion on 10 hearts
previously tested with CM3, the AIAwas occluded 2 cm
distally to its origin through a knot performed with a
surgical suture (Ethilon® Nylon Suture) (Fig. 2a). After
the occlusion of the AIA, each heart was placed in a
refrigerated environment (− 20 °C) until its temperature
decreases to about + 4 °C. Then, the AIA was instilled
with 10 mL of CM3 previously heated at 40 °C while
thermal images were recorded. These steps were repeated
50 times, namely 5 times for the experimentally occluded
AIA of each of the 10 tested hearts (Table 1).

– Aiming at simulating a sub-occlusion on the remaining 10
hearts previously tested with CM3, a small round-shaped
plastic object presenting a minute hole (Fig. 2b) was intro-
duced from the left coronary ostium and slowly pushed into
the AIA. Then, each heart was placed in a refrigerated
environment (− 20 °C) until its temperature decreases to
about + 4 °C and the AIA was instilled with 10 mL of
CM3previously heated at 40 °Cwhile thermal imageswere
recorded. These steps were repeated 50 times, namely 5
times for the sub-occluded AIA of each of the 10 tested
hearts. The resulting thermal images were analyzed and
compared to the corresponding images acquired on the
AIA of each heart under normal conditions (Table 1).

Table 1 Number of injections of different contrast media on each tested
heart along the Bselection of the contrast medium^ phase of the study and
the Bthermal imaging coronarography under simulated pathologic
conditions^ phase of the study

Number of injections

AIA CA RA

nH nR nH nR nH nR

CM1 5 × 5 5 × 5 5 × 5
Tot. 25 Tot. 25 Tot. 25

CM2 5 × 5 5 × 5 5 × 5
Tot. 25 Tot. 25 Tot. 25

CM3 5 × 5 5 × 5 5 × 5
15 × 4 15 × 4 15 × 4
Tot. 85 Tot. 85 Tot. 85

Occlusion 10 × 5 Not performed Not performed
Tot. 50

Sub-occlusion 10 × 5 Not performed Not performed
Tot. 50

AIA anterior interventricular artery, CA circumflex branch of the left cor-
onary artery, RA right coronary artery, CM1 contrast medium 1, CM2
contrast medium 2, CM3 contrast medium 3, nH number of tested hearts,
nR number of repetitions of the injection

Fig. 2 a Anterior interventricular
artery (AIA) occlusion through a
surgical suture. b Small round-
shaped plastic object (diameter =
0.6 cm) presenting a minute hole
(diameter = 0.2 cm) which was
pushed into the anterior
interventricular artery (AIA)
aiming at simulating a sub-
occlusion
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Examination of coronary arteries

After TIC, the coronary vessels were examined making mul-
tiple transverse cuts at 3-mm intervals along the course of the
main epicardial arteries, including branches such as the diag-
onal and obtuse marginal and checking patency.

Finally, on five swine hearts, after the instillation of
10 mL of CM3 into the AIA, the circumflex branch of
the left coronary artery, and the right coronary artery, the
myocardium was sampled according to guidelines for in-
vestigation of sudden cardiac death [26]. Myocardial sam-
ples were stained in hematoxylin and eosin, and histologic
examination was performed.

Results

Our cannulation method, taking advantage of an elastic ortho-
dontic rubber band, allowed a good perfusion of the coronary
arteries in all the tested samples.

Thermal imaging coronarography under normal
conditions and selection of the CM

After the cooling of the heart at − 20 °C for 10 min, the heart
appeared uniformly colored in dark violet (Fig. 3a). After the
instillation of 1–5mL of CM3 themorphology and the course of
the principal coronary vessels were clearly appreciable (Figs. 4a,
b and 5a, b) while the thermal image of their secondary branches
appeared only after the instillation of 5–10 mL of CM3
(Figs. 3c, d, f, 4c, d, and 5c, d). In particular, coronaries appeared
colored in light violet, orange, yellow, and bright yellow varying
along the course of the vessel and along the injection of CM3.
All the investigated vessels resulted clearly distinguishable from
the surrounding tissues, whichwere almost uniformly colored in
dark violet (Fig. 3c, d, f).

Fig. 3 Thermal imaging of the heart before the instillation of CM (a).
Branching of the left coronary artery of the swine heart, adapted from the
original Figs. 7–18 from Dyce K et al. [26] (b). TIC of the left coronary
artery (c). TIC of the circumflex branch of left coronary artery (d).

Branching of the circumflex branch of left coronary artery and of the
interventricular branch of the right coronary artery of the swine heart
adapted from the original Figs. 7–19 from Dyce K et al. [26] (e). TIC
of the interventricular branch of the right coronary artery (f)

�Fig. 4 TIC of the AIA under normal conditions after the injection of 3mL
(a), 5 mL (b), 8 mL (c), and 10 mL (d) of CM3. TIC of the AIA of the
same heart following complete occlusion (white arrow, e–h), after the
injection of 3 mL (e), 5 mL (f), 8 mL (g), and 10 mL (h) of CM3
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On the other hand, the secondary coronary branches of the
AIA, the circumflex branch, and the right coronary artery
appeared not perfused in the five hearts injected with CM1
and less perfused in the five hearts injected with CM2 (Fig. 6).
Similar results were obtained when the procedure was repeat-
ed for each single vessel. Moreover, CM1 and CM2 needed to
be washed out from the vessel through abundant instillation of
distilled water before repeating the TIC, while this further step
was unnecessary after the instillation of CM3. Basing on these
results, CM3 was selected for the further trials, namely the
TIC performed on the AIA, the circumflex coronary branch,
and the right coronary artery on the remaining 15 hearts tested
under normal conditions.

After the instillation of CM3, the course of the AIA was
clearly depicted in all the tested samples (Figs. 4a–d and 5a–
d). However, along the course of both the right coronary artery
(Figs. 3f and 7a) and the circumflex artery (Figs. 3d and 7b),
some isolated attenuation of the thermal signal, resulting in a
focally light violet color, occurred when the vessel deepened
into the epicardial fat and the myocardium. Similar results
were obtained when the procedure was repeated for each sin-
gle vessel.

Thermal imaging coronarography under simulated
pathologic conditions

On 10 hearts previously injected through CM3, TIC was re-
peated after the complete occlusion of the vessel through a
surgical suture (Fig. 2a). A clear demise of the thermal signal
occurred after the occlusion (Fig. 4e–h, white arrow), while a
distinct enhancement of the thermal signal was significant in
the AIA segment proximal to the occlusion, especially after
the injection of more than 5 mL of CM (Fig. 4f–h). Moreover,
when the injection of 10 mL was completed, collateral sec-
ondary coronary branches were clearly appreciable at TI (Fig.
4h). Similar results were obtained when the procedure was
repeated five times for each AIA under the same simulated
pathological conditions.

On the remaining 10 hearts previously injected through
CM3, TIC was repeated after the introduction of a small
round-shaped plastic object (Fig. 2b) into the AIA. A clear
demise of the thermal signal corresponding to the position of
foreign object (Fig. 5e–h, white arrow) occurred while a dis-
tinct enhancement of the thermal signal was appreciable in the
AIA segments both proximal and distal to the sub-occlusion
(Fig. 5e–h). Similar results were obtained when the procedure
was repeated for each AIA under the same simulated patho-
logical conditions.

Examination of coronary arteries

The gross examination of coronary vessels, performed through
multiple transverse cuts at 3-mm intervals, excluded the pres-
ence of atherosclerotic disease. Moreover, very short tracts of
both the right and the circumflex artery deepen into the epicar-
dial tissues being covered from fat and myocardium. At histo-
pathological examination of the myocardium after the instilla-
tion of distilled water, alterations were not observed (Fig. 8).

Discussion

TI allows the detection of infrared radiation, which is a function
of temperature, and produces thermal images displaying tem-
perature differences of the studied object. In fact, the available
TI studies of the cardiovascular system are not strictly
categorizable as angiographic imaging studies because they
were aimed at depicting the vascularization of a body district
rather than a single vessel. Indeed, mammals are homeotherm
and in particular cases different body districts may display phys-
iologic and/or pathologic slight differences of temperature
[3–19]. However, a significant difference of temperature be-
tween tissues and the circulating blood suitable to image
through TI single vessels with an adequate degree of accuracy
is not presumable in a living mammal. On the other hand, after
the decease, the body cools and it is usually preserved in a cool
or refrigerated environment before autopsy to slow down post-
mortem alterations. Basing on this key concept, a significant
difference in temperature between a vessel injected with a hot
CM and the surrounding tissues, furthermore if previously
cooled, may be expected at post-mortem TI. On these grounds,
angiographic applications of TI to analyze single vessels in a
post-mortem setting seemed plausible and thus TI was tested in
this pilot study on coronary arteries of ex situ hearts. Swine
hearts were selected to test TIC because the coronary arteries
of the pig are very similar to that of humans [27–29]. The results
of this study are herein analytically discussed.

Selection of the CM for TIC

If compared to the instillation of CM2 and CM1, the injection
of CM3 allowed the best depiction of the morphology and the
course of coronary vessels, permitting to observe not only the
principal coronary vessels but also their secondary branches.
These results are probably related to the lower density of CM3
(100% distilled water) with respect to CM2 (50% of ultra-
sound gel and 50% of distilled water) and CM1 (100% ultra-
sound gel). Indeed, the lower density of CM3 probably
allowed a better perfusion of small caliber secondary vessels,
which was difficult with CM2 and hindered with CM1.
Moreover, CM1 and CM2 needed to be washed out through
abundant instillation of distilled water before repeating the

�Fig. 5 TIC of the AIA under normal conditions after the injection of
3 mL (a), 5 mL (b), 8 mL (c), and 10 mL (d) of CM3. TIC of the AIA
of the same heart following sub-occlusion (white arrow, e–h), after the
injection of 3 mL (e), 5 mL (f), 8 mL (g), and 10 mL (h) of CM3
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Fig. 6 TIC of the AIA under normal conditions after the injection of 3mL
(a), 5 mL (b), 8 mL (c), and 10mL (d) of CM. After the injection of CM1
(first column), the course of the principal coronary vessels was
appreciable. After the injection of CM2 (second column), the course of

the principal coronary vessels was appreciable and the secondary
coronary branches were partially appreciable. After the injection of
CM3 (third column), the morphology and the course of the principal
coronary vessels and of their secondary branches were clearly appreciable
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injection, while this further step was unnecessary after the
instillation of CM3; thus, CM3 was selected for TI of further
15 hearts and for the additional trials performed on the exper-
imentally occluded or sub-occluded AIA.

Although further studies are necessary to confirm our re-
sults on hearts presenting real coronary heart disease, we can
hypothesize several advantages related to the use of CM3.
Considering future possible applications of TIC on human
hearts, the injection of a CM denser than blood may entail a

mechanical stress suitable to alter intra-vitam pathological
conditions, for example, breaking the adhesion between a
thrombus and a coronary artery plaque and thus displacing a
thrombosis. On the other hand, there is no apparent reason to
hypothesize the alteration of intra-coronary pathological con-
ditions when a CM less dense than blood, such as CM3, is
injected into a coronary. Moreover, the injection of CMwith a
temperature (40 °C) similar to blood in a living person prob-
ably avoids also thermal stress. Finally, no histopathological
alterations related were observed at histopathological exami-
nation after the injection of distilled water.

Thermal imaging coronarography under normal
conditions

TIC allowed to clearly delineate all the investigated coronary
arteries, which were colored in light violet, orange, yellow,
and bright yellow, and to distinguish them from the surround-
ing myocardial tissue, which was almost uniformly colored in
dark violet (Fig. 3). TI is based on the conversion of invisible
infrared radiation into visible images to visualize temperature
differences. In particular, the contrast between myocardial tis-
sue, which was previously cooled for 10 min at − 20 °C, and
the coronary arteries, which were injected with CM3 at 40 °C,
was suitable to appreciate the morphology and course of the
main coronary vessels. The chromatic variation along the
course of coronary arteries is a function of the temperature
of the liquid inside the vessel. As demonstrated from our re-
sults along the course of the coronary artery, the CM3 releases
heath to the surrounding tissues, being hotter (bright yellow)
proximally and gradually lowering its temperature distally,
becoming yellow, orange, and finally light violet. The colora-
tion of the coronary artery is of course also a function of the
amount of the injected contrast medium. Indeed, as apprecia-
ble in the later phases of injection, the 5–10 mL of CM3 were

Fig. 7 a TIC of the right coronary
artery, some isolated attenuation
of the thermal signal, resulting in
a focally light violet color,
occurred when the vessel
deepened into the epicardial fat
and the myocardium. b TIC of the
circumflex branch of the left
coronary artery (left lateral view
of the heart), some isolated
attenuation of the thermal signal,
resulting in a focally light violet
color, occurred when the vessel
deepened into the epicardial fat
and the myocardium

Fig. 8 Histopathological images of myocardial tissue sampled in the
boundaries of the AIA before (a) and after (b) TIC. Alteration of the
myocardial tissues were not observed after the injection of distilled
water at 40 °C (CM3)
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capable to heat a more prolonged segment of coronary artery
(Figs. 4c, d and 5c, d).

TIC of the AIA allowed a clear depiction of the vessel in all
the tested samples (Figs. 4a–d and 5a–d). On the other hand,
along the course of both the right coronary artery (Figs. 3f and
7a) and the circumflex branch of the left coronary artery (Figs.
3d and 7b), some isolated attenuation of the thermal signal,
resulting focally light violet in color, occurred when the vessel
deepened into the epicardial fat and the myocardium, which
thermally insulate the coronary vessel. After TIC trials, results
were confirmed at gross examination, performed throughmul-
tiple transverse cuts of coronary arteries. The further experi-
mental trials simulating pathological conditions were per-
formed on the AIA, because of the more uniform thermal
signal deriving from the TIC performed on this vessel.

Thermal imaging coronarography under simulated
pathologic conditions

Sudden cardiac death (SCD) is defined as a natural, unexpected
fatal event due to cardiovascular collapse occurring within 1
hour since the onset of initial symptoms [30]. The most frequent
cause of SCD in the general population in industrialized coun-
tries is atherosclerotic disease and, in particular, coronary ath-
erosclerosis, which leads to impaired cardiac blood supply.
Basing on these general concepts and in the absence of
cardiopathological conditions in the swine tested sample, in
the present study, we chose to experimentally simulate a total
obstruction and a sub-obstruction of the AIA to test a possible
role of TIC in the post-mortem diagnosis of coronary heart
disease on ex situ hearts. In particular, total occlusion and sub-
occlusion were selected for these exploratory tests because of
their important hemodynamic effects, which were presumed to
be more clearly appreciable through TIC. The occluding plaque
was simulated through the surgical suture of the AIA because it
was expected to totally occlude the blood supply after the oc-
clusion. On the other hand, the sub-occluding plaque was sim-
ulated through the insertion of a foreign body into the AIA. A
round-shaped foreign body was chosen because the coronary
vessel is round-shaped too; thus, a good adhesion with the ves-
sel walls could be expected. The diameter of the foreign object,
slightly lower than the left coronary ostium, allowed to push it
into the coronary artery for some centimeters until the progres-
sion was blocked by the consensual distal decrease of the caliber
of the AIA. Finally, the 0.2-cm hole in the center of the foreign
body was expected to allow the residual passage of CM3, sim-
ulating the hemodynamic setting occurring along a sub-
occluding atherosclerotic plaque.

After the occlusion of the AIA, the complete demise of the
thermal signal (Fig. 4e–h) was clearly related to the ceasing of
the downstream circulation. On the other hand, the distinct en-
hancement of the thermal signal in the AIA segment proximal to
the occlusion, displaying a bright yellow signal, appeared

mainly related to the backward accumulation of hot contrast
medium (Fig. 4f–h). Finally, after the injection of 10 mL was
completed, two collateral secondary AIA branches were clearly
appreciable at TI (Fig. 4h), suggesting a possible role of TIC
also for the assessment of collateral compensatory circulation,
often occurring in cases of chronic coronary heart disease.

Considering thermal images acquired following experi-
mental simulated sub-occlusion of the AIA, the clear demise
of thermal signal corresponding to the foreign object was as-
sociated to an enhancement of the coronary artery thermal
signal both proximal and distal to the sub-occlusion (Fig.
5e–h). This thermographic pattern appears to be markedly
different from the demise of signal related to the deepening
of the vessel into the epicardial fat and the myocardium (Fig.
3d, f). On these grounds, under our experimental conditions,
the differential diagnosis between these conditions through
TIC resulted possible and quite simple.

Conclusions

Post-mortemTI allowed, under our experimental conditions, the
analysis of single coronary vessels and to distinguish the vascu-
lar structures from the surrounding tissues. Indeed, a proper
difference of temperature between vessels, injected with hot
CM, and the surrounding tissues (i.e., the background) was
achieved because of post-mortem cooling, which was aided
through the cooling of the studied animal sample. Thus, the
results of this preliminary pilot investigation, performed on
swine coronary arteries, seem encouraging to test further angio-
graphic applications of TI in human post-mortem samples.

Basing on our preliminary results, TIC, allowing a clear
and reproducible depiction of coronary vessels and of simu-
lated coronary heart disease, might be proposed as a technique
allowing subsequent further imaging studies [25, 31–35], in-
deed, especially if performed together withMPMCTA can not
only orient about the cause of death before autopsy but can
also help to identify affected regions for guiding and improv-
ing the sampling for microscopic examination [36]. In conclu-
sion, these techniques may help to achieve a more focused
cardiopathological examination of the heart, which remains
mandatory for the definitive diagnosis of coronary heart dis-
ease [26]. The cannulation of coronary vessels is easy to per-
form; the thermal camera and the related app interface are
user-friendly, cheap, and portable. Moreover, the catheter,
the CM (hot distilled water), and a freezer at − 20 °C are
available almost everywhere. Considering these undeniable
advantages, TIC might be performed during the autopsy or
even later and in a different setting on the ex situ heart.
Finally, TIC is non-destructive and might be repeated virtually
infinite times on the same sample. Obviously, further system-
atic studies on human samples are necessary to draw any
definitive conclusion.
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