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ABSTRACT

Miniature infrared cameras have recently come to market in a form factor that facilitates packaging in endoscopic
or other minimally invasive surgical instruments. If absolute temperature measurements can be made with these
cameras, they may be useful for non-contact monitoring of electrocautery-based vessel sealing, or other thermal
surgical processes like thermal ablation of tumors. As a first step in evaluating the feasibility of optical medical
thermometry with these new cameras, in this paper we explore how well thermal measurements can be made with
them. These cameras measure the raw flux of incoming IR radiation, and we perform a calibration procedure
to map their readings to absolute temperature values in the range between 40 and 150 ◦C. Furthermore, we
propose and validate a method to estimate the spatial extent of heat spread created by a cautery tool based on
the thermal images.
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1. INTRODUCTION

Energy-based tools are commonly used in minimally invasive surgery to perform a variety of tasks. Cauterization
is one relevant example: this refers to the practice of coagulating blood vessels by rapidly heating up tissue, with
the aim of controlling bleeding and maintaining good visibility of the surgical scenario. Coagulation occurs when
the temperature of tissue is elevated between 45 ◦C and 60 ◦C1,2 and can be achieved with a variety of tools,
including electric probes, lasers and ultrasonic forceps.1,3 Several resection instruments can simultaneously cut
and cauterize tissue (e.g. electric scalpels), and offer decreased blood loss and shorter operating time with respect
to traditional cutting tools.4

The use of cauterizing instruments requires the ability to regulate their operational parameters in order to
control the temperature of tissue. Ideally, surgeons would like to seal blood vessels, and at the same time limit
the spread of thermal energy to surrounding tissue. This is particularly important when operating in proximity
of delicate anatomy, where the buildup of temperature can cause accidental tissue damage and result in adverse
effects. Nerve damage secondary to heat is a common complication of prostatectomy,5 and is associated with
permanent erectile dysfunction and urinary incontinence.6 Nerves are known to be particularly sensitive to
temperature increase, with temperatures as low as 45 ◦C already posing a significant risk of injury.7 Another
important type of thermal tissue damage is carbonization (also referred to as charring in the medical literature);
this occurs when the temperature rises above 100 ◦C and is a severe type of tissue necrosis.8 Carbonization is
commonly observed in laser surgery, as it is often the result of an erroneous selection of laser parameters, e.g.
prolonged laser exposure.9 To optimize medical outcomes, carbonization should be avoided since it results in
longer healing times and may leave scars.8

Prior research in the medical field has evaluated the heat spread of different cautery instruments,3,10,11

and the findings have stimulated the development of novel solutions to reduce such spread.12–14 Despite these
technological advancements, a recent survey shows that the use of cautery instruments still represents a significant
challenge for surgeons,15 particularly due to the lack of temperature feedback. We hypothesize that if surgeons
had access to tissue temperature information during surgery, it would support the execution of safe actions, e.g.
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interrupting cauterization when tissue overheating is detected. To test this hypothesis, our research group is
currently exploring new methods to monitor tissue temperature: the goal is to implement a system that can be
straightforwardly integrated in a surgical setting.

Existing methods to monitor the temperature of tissue during medical treatment involve the use of sensors in
close proximity of the surgical site (e.g. thermocouples).16 Non-invasive techniques based on common medical
imaging technologies, i.e. Computed Tomography (CT), Magnetic Resonance Imaging (MRI), are being devel-
oped.16 The use of these techniques requires significant alterations in the procedure workflow (e.g. the use of
MRI-compatible equipment), and may involve exposure to radiation (in the case of CT). Alternative solutions
based on the use of mathematical models are also being investigated.17

In this paper we explore the feasibility of monitoring the temperature of tissue during cauterization using
infrared (IR) camera technology. IR cameras measure the flux of infrared radiation emitted by an object, and
can be calibrated to map such measurements to absolute values of temperature, thus enabling non-contact
temperature estimation. So far, applications of IR thermography to medicine have been limited to observing
the external surface of the human body,18 since commercially-available IR camera systems are bulky and not
amenable to be deployed inside. The recent introduction of miniature IR detectors like the FLIR Lepton,19 which
presents a footprint of just a few millimeters, enables the creation of devices that can be potentially integrated
on a surgical tool (e.g. the tip of a laparoscope) and used in a minimally-invasive procedure. As an initial
step in this direction, we present and validate the concept of a thermal stereo-camera system, which is able to
simultaneously (1) provide superficial tissue temperature estimation and (2) monitor the thermal spread created
by a cautery tool.

2. MATERIALS AND METHODS

To prove the principle of the proposed technology, we assembled the device shown in Fig. 1, consisting of a pair
of miniature IR cameras arranged in a stereo configuration (baseline = 27 mm). The stereo camera is mounted
on a passive articulated arm for easy positioning and orientation. The IR detector is the FLIR Lepton (FLIR
Systems, Inc., CA), which presents a footprint of 8.5x11.7x5.6 mm. This device is sensitive to incident radiation
in the long infrared range (wavelengths: 8-14µm). Each camera has a resolution of 60x80 pixels, with a field of
view of 50◦ and a frame rate of 9 fps. To obtain the video stream produced by the cameras, these were mounted
on two breakout boards (Pure Engineering LLC, CA) and then interfaced to a single board computer running
GNU/Linux (Raspberry PI 3 Model B, Raspberry PI Foundation, UK). While the breakout boards enabled us
to quickly test out our application, we plan to replace them with custom miniaturized circuitry in the future to
reduce the overall size of the system.

The relation between the cameras’ raw output (pixel values) and temperature was established through a
calibration procedure, as described later in this section. We calibrated the cameras to estimate temperatures
in the range between 40 and 150 ◦C. We then performed a calibration of the stereo camera to enable three-
dimensional scene reconstruction from the thermal images. This will enable us to monitor the spatial extent of
thermal spread in the physical space, as we shall see later in section 3.

Figure 1. Stereo thermal camera based on the FLIR Lepton.



2.1 Temperature Calibration

Infrared (IR) thermal cameras can estimate the superficial temperature of a target based on its infrared emission
(recall from Planck’s law that any object whose temperature is above absolute zero emits radiation in the IR range
of wavelengths20). IR camera calibration typically uses a blackbody as temperature reference.20 A blackbody is a
specialized piece of equipment that presents two important physical properties: (1) it absorbs almost all incident
IR radiation, thus it filters out environmental radiation that could introduce noise to the measurement and hinder
the calibration procedure; (2) it has a stronger IR emission than any other object at the same temperature, i.e.
its emissivity ǫ is close to the ideal value of 1.0. Industrial-grade blackbodies guarantee the best calibration
results, yet these devices are not always readily available. For this study, we developed an alternative method
to create controlled reference temperatures: a cylindrical block of steel (4140 alloy, radius and height are 76.2
mm and 27.9 mm respectively) was covered in high emissivity paint and heated up using a hot plate (Fig. 2a).
The upper surface of the cylinder was used as reference for the calibration (Fig. 2b). The high emissivity of the
paint (between 0.9 and 0.95 according to21) is advantageous since it provides a strong IR signal to the camera;
at the same time, the thermal inertia of the steel cylinder ensures a slow variation of superficial temperature,
thus providing a stable, uniform reference.

The calibration procedure consisted of exposing each of the FLIR Lepton cameras to known temperature
references and calculating the best fit between pixel value and temperature. Ideally, such a process should be
performed individually for each pixel,20 but for the sake of simplicity we we assume that all the 60x80 = 4800
pixels present the same response when exposed to a given temperature reference. We acquired a total of 12
raw thermal pictures of the steel cylinder surface, taken at 10 ◦C increments between 40 and 150 ◦C. The mean
temperature at the upper surface of the cylinder was selected as the input of our calibration model. The ground
truth for the calibration was obtained by means of another, factory-calibrated, thermal camera (FLIR A655sc,
FLIR Systems Inc., CA).

The theoretical relation between pixel value P and temperature T is in general nonlinear and follows a relation
of the form22

T =
B

ln( R

P−O
+ F )

(1)

with R, B, F and O being regression coefficients. The calibration of both cameras is shown in Fig. 2c. The

Figure 2. Temperature calibration: (a) steel cylinder used as temperature reference for the calibration - the upper surface
was painted with charcoal grill paint to increase its emissivity; (b) thermal image of the same steel cylinder heated up
at 65 ◦C - the image was captured with a FLIR A655sc camera; (c) calibration results - the chart on the top the final
calibration curves calculated for each of the two cameras, while the table below it reports the regression coefficients.



curves were estimated by nonlinear least squares regression. The root-mean-square error (RMSE) was 0.41 ◦C
and 0.37 ◦C for the left and right camera, respectively.

2.2 Stereo Calibration

We used the Matlab Stereo Calibration App23 to calculate the parameters of the stereo camera. The calibration
used a checkerboard pattern (Fig. 3b), wherein the size of each square is 25 mm. The checkerboard was created
out of an aluminum sheet (whose emissivity is typically quoted at ǫ ≈ 0.05− 0.07) on which black squares were
made by applying electrical tape (3M Scotch Super 88 vinyl, ǫ = 0.9524). The large difference between the
emissivity values of these two materials enables thermal cameras to clearly see the checkerboard when this is
heated up (Fig. 3b).

Results of the calibration process are shown in Fig. 3c. A total of 24 stereo image pairs were used in the
calibration, with a mean reprojection error of 0.18 pixels.

3. EXPERIMENTAL VALIDATION

Having presented both the temperature and optical calibration of the stereocamera, we now report on a benchtop
experiment aimed to validating the cameras’ ability to monitor the temperature of tissue. The experimental setup
is shown in Fig. 4a. We used a disposable cautery unit (Bovie Medical Corporation, Clearwater, FL) to achieve
localized coagulation on a sample of ex-vivo chicken tissue. The tip of the cautery pen (Fig. 4b) was put in
contact with the surface of the tissue, and heat was continually applied for 10 seconds. The procedure was
simultaneously recorded with the thermal stereocamera, which was positioned at a distance of 10 cm from the
heat application point ∗ and with a factory-calibrated thermal camera, namely the FLIR A655sc. The sequence
of stereo images captured by the thermal stereocamera was processed to extract (1) the temperature readings of
each camera; (2) three-dimensional pictures (i.e. point clouds) of the tissue surface. Combining the temperature
information with the point cloud produces a three-dimensional thermal map of the tissue surface, such as the one
shown in Fig. 4c. Such a map enables the quantitative estimation of the area of tissue subject to temperature
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Figure 3. Thermal stereocamera calibration: (a) checkered pattern used for the calibration - black and white squares are
made of materials with very different emissivity values in order to enhance in the infrared images (b) and facilitate corner
detection; (c) three-dimensional rendering of the stereocamera extrinsic parameters (top) and mean reprojection error
calculated on each image - a total of 24 image pairs were used in the calibration.



elevation, which can be simply calculated by performing a Delaunay triangulation of the points in the map and
summing up the areas of the triangles in the resulting mesh.

The same set of information, i.e. the temperature and area of heated tissue, was extracted from the images
collected by the FLIR A655sc and used as ground truth for the validation. Before the experiment, we positioned
a ruler on the surface of tissue and took a picture of it to enable spatial measurements in the FLIR A655sc
images. Since the presence of the cautery pen in the thermal images might occlude the view of underlying
tissue, the cautery tool was removed from the image immediately after heat application concluded, and then a
measurements was recorded.

3.1 Temperature Estimation

Fig. 5 shows the mean and peak temperature observed in the area surrounding the heat application point. This
area was segmented in the thermal images by including only those pixels for which temperature >= 40 ◦C. The
deviation (RMSE) between the ground truth mean temperature and the one detected by the FLIR Leptons was
0.76 ◦C and 1.17 ◦C, for the right and left camera respectively. Similarly, the RMSE between the ground truth
peak temperature and the one detected by the FLIR Leptons was 3.82 ◦C and 3.30 ◦C. These metrics were
calculated based on a total of 173 data points.

3.2 Spatial Extent of Thermal Spread

At each point in time, we estimated the surface area of tissue where temperature was >= 40 ◦C. We found an
RMSE of 12.52 mm2 between the estimation provided by the thermal stereocamera and the output of the FLIR
A655sc.

4. DISCUSSION

Results of the validation experiment indicate that the thermal stereocamera is capable of detecting and moni-
toring thermal processes on the surface of tissue. Temperature readings were found to be in line with the real
tissue temperature, thereby validating the temperature calibration. Also, the estimation of the spatial extent of

Figure 4. Experimental validation of the thermal stereocamera: (a) experimental setup - a disposable electrocautery pen
(b) is used to achieve pinpoint coagulation on a sample of ex-vivo chicken muscle tissue; the procedure is recorded with
another thermal camera (FLIR A655sc) to generate the ground truth for the validation; (c) the figure at the top shows
a sample of three-dimensional thermal image generated by the stereocamera; the bottom figure illustrates a sample of
thermal image generated by the FLIR A655sc and used as ground truth in the validation process.



Figure 5. Mean and peak temperature created by the cautery pen on the surface of tissue.

thermal spread is consistent with the one extracted from the FLIR A655sc; the estimation error can be explained
in light of the coarser resolution of the FLIR Lepton detectors (60x80) as compared to FLIR A655sc (480x640).

One limitation of this study is that it does not quantify the accuracy of each individual stereocamera pixel.
This is an important aspect, especially in light of the peak temperature estimation results (refer to the right
plot in Fig. 5): this error was particularly large at the beginning of the experiment when the Leptons detected
a peak slightly below 80 ◦C, but the FLIR A655sc measured a peak above 100 ◦C. In a first analysis, this could
be explained by an incorrect temperature reading by one (or more) pixels, however we suspect this is due to the
limited resolution of the FLIR Lepton IR detectors: the combination of image resolution and distance from the
target gives the stereocamera a resolution of approximately 1 mm2 on the tissue surface. Consequently any little
“hot” spot ends up being averaged out by the temperature in the surroundings, resulting in an incorrect peak
temperature reading. This hypothesis was corroborated by further analysis of the FLIR A655sc thermal images,
which revealed that temperature peaks were always detected in very small regions on the surface of tissue (as
small as 0.03 mm2). In the future, we plan to further explore this issue by comparing the temperature output
of each individual stereocamera pixel with the set of measurements made by the FLIR A655sc in the surface
area covered by that pixel. This analysis will require a registration method to relate pixels in the stereocamera
images to pixels in the FLIR A655sc.

The study reported in this paper represents an initial step in the creation of an IR-based surgical thermometry
platform, and additional work will be required to bring the system closer to clinical use. In particular, we
envision a system capable of integrating the thermal monitoring demonstrated in this paper with patient anatomy
information derived from medical images (e.g. pre-operative CT scans), so to enable the thermal supervision
of sensitive organs that could be located close to the surgical scene. We anticipate this will require a method
to intraoperatively register the stereocamera images with other medical imaging modalities. To facilitate the
evaluation and testing of the proposed platform, we plan to miniaturize the stereocamera design described in
this paper so that it could be scaled down onto the tip of a endoscope/laparoscope. In addition to the proposed
application, in the future we expect that this platform will enable the exploration of novel applications of IR
thermography in medicine.
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