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Background: Thermal imaging has been used as a clinical follow-up technique in several
medical specialties.

Purpose: The aim of this study was to investigate the feasibility of using medical thermo-
graphy in the diagnosis and follow-up assessment of a severe orthopedic trauma that requires
the use of an external circular fixator.

Patients and Methods: Twenty clinical follow-ups of thermal imaging correlated with
X-ray images were performed in a male volunteer, diagnosed with bone nonunion, during 11
months of treatment, in the hospital trauma and reconstruction department. Data were
acquired in the regions of interest of the proximal tibia, diaphysis and distal, with a Flir
T530 medical grade infrared camera from Flir Systems®, and the data processed by the
Matlab® 2019 custom made software.

Results: Statistical analysis was performed by Wilcoxon signed-rank test. The results
showed a median temperature of 22.2°C, and thus some periods of interruption in the healing
process between the third and twentieth clinical follow-up, and a significant increase of the
temperature to 34.6°C synchronous with a diagnosis of bone infection by the eleventh
clinical follow-up. The thermal images acquired during the 20 clinical follow-ups allow
a correlation with the data from the X-ray exams and also with the contralateral limb of the
evaluated patient, showing thermal alterations greater than 0.3°C, which are significant of
physiological abnormality.

Conclusion: The thermography exam can be a useful tool for applying on the follow-up of
patients after trauma or bone fracture. The results showed important physiological data
related to the vascularization necessary for bone repairing, being therefore a good indicator
of the healing process. In addition, as infrared thermography does not use ionizing radiation,
it can be used countlessly, in complement to the traditional X-ray exams that focus on
anatomical data analysis.
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Introduction
Nonunion bone, is a bone-articular pathology caused by unstable bone consolida-
tion after a major injury of the bone tissue and its consequent osteogenesis
production.’ This pathology can arise during the healing process of a bone fracture
and consists of the absence of new bone formation during the period of bone
healing, which can be aggravated by segmental bone loss, infections, type of
fracture, deformity, or failure of internal fixation.

The lack of progression of the healing process, commonly diagnosed based on
radiographic evidence, is characterized by one of the following factors: sclerosis at
the end of the fracture, presence of hiatus, absent or hypertrophic callus, and
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persistence or widening of the fracture line.? The Ilizarov
method™* is considered an excellent technique for treating
segmental fractures of severe fractures in long bones
(femur, tibia, and humerus), when accompanied by large
bone losses or bone infection (osteomyelitis) that progress
to non-bone consolidation (nonunion).>® The external
fixator is mechanical linked to the bone, therefore, perfor-
ating the skin in several locations which, together with the
biofilm that will be formed in these parts will contribute to
the contamination and infection of the area, slowing down
the treatment. To minimize this problem, antibiotics are
usually administered to the patients for long periods.’

Surgical techniques of radical debridement of bone
ends are widely used in the departments of trauma and
bone reconstruction; being the most common cases frac-
tures in tibia bones caused by serious car accidents due to
high energy trauma, portraying a difficult problem for
orthopedists throughout the world.® The external circular
fixation Ilizarov method (ECFIM) uses thin wires and/or
pins inserted percutaneously fixed and tensioned to pro-
vide a strong supporting structure, enabling internal bone
fixation in order to promote bone healing.’

In bone fractures that do not present complications, the
average healing time is six months, while in high-energy
bone trauma, depending on the severity of the fracture,
treatment is surgical and may require the use of a circular
external fixator extending the treatment time to eight
months or more. However, in fractures that present sig-
nificant segmental bone loss, surgical treatment includes
the processes of lengthening bone and bone transport, thus,
the time of treatment and medical follow-up can last for
several years, depending on the amount of bone lost. The
individual healing response presented by each patient, his
nutritional state, and other associated diseases can also be
determinant factors for the length of the clinical treatment.

The renowned Ilizarov’s technique, when combined
with the osteotomy procedure,'® promotes the local blood
supply and consequently bone healing, but also increases
the bone infections due to the pin/cable links. Meanwhile,
for patients who present local soft tissue loss in the injured
area, bone transport can provide soft tissue repair, as the
bone is pulled to an appropriate length for each patient."’
Within a few days, the traction force applied during bone
transport stimulates soft tissue regeneration together with
blood vessels and peripheral nerves around the area, con-
tributing to repairing the surrounding tissues.'> The heal-
ing process, bone formation and remodeling, is directly
related to metabolic and vascular activity at the fracture

site, creating warmer and cooler areas, according to skin
perfusion at the fracture site, bone transport and bone
elongation processes.

Successful bone repair relies heavily on the formation
of new blood vessels to ensure the supply of nutrients and
oxygen, as well as the removal of metabolites. Bone mor-
phogenetic proteins (BMPs) and vascular endothelial
growth factor (VEGF) are involved in cell differentiation
and bone vascularization in order to develop viable bone
tissue.'>'* A sufficient vascular network plays an impor-
tant role in the repair of bone defects. When there is no
formation of new blood vessels, there is a decrease in
temperature at the fracture site, which is a sign of inter-
ruption of the healing process. According to the
International Consensus and International Guidelines for
Medical Thermography, temperature measured by thermo-
graphic examination in bone fractures below 23°C indi-
cates interruption of bone healing. Thus, the assessment of
the temperature in the period corresponding to the bone
consolidation phase can support the physician in clinical
follow-up decisions.'>'® Due to the anatomical structure
of the lower limbs and according to the severity of the
bone trauma, previous surgeries and the patient’s treatment
time, blood perfusion (biological supply) may be relatively
poor in nonunion in the tibia diaphysis, with an emphasis
on lesions in the distal third. Thus, disturbed healing and
the occurrence of failures in the bone remodeling process
until the bone union takes place are very common in this
region of the body when compared to other sites.’

Together with the treatment with the ECFIM, when
observing the temperature differences in the affected
regions and between the insertion rings of the external
fixator, one can denote the interruption of the bone remo-
deling process and establish a thermal threshold in the
development of the infection. By analyzing the change in
the blood perfusion, the diagnosis through medical ther-
mography examination allows the correlation with radio-
graphic images, in the evaluation of the bone remodeling
stage at the fracture site. This allows the orthopedic sur-
geons to initiate gradual loading protocols to the affected
limb, that is, placing the foot on the ground to gradually
support the gait, with the intention of providing biological
stimulation to bone healing.'”'®

Internal thermal changes during bone healing are
reflected in adjacent tissues and related to changes in
blood flow and/or infection of the trauma region which
eventually manifested as changes at skin temperature
level. Thermography is a diagnostic technology that can
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detect epidermis thermal variations, so it can only be
applied to bone fractures or musculoskeletal injuries in
superficial bones, like the tibial.

Medical infrared thermography (IRT) provides two-
dimensional temperature images without the harmful
effects of Y IRT s
a noninvasive, noncontact, nonradioactive and low-cost

ionizing X-ray radiation.
diagnostic technology, allowing the acquisition of sequen-
tial images, capable of analyzing thermal variation related
to physiological changes at the skin level.'® Another prac-
tical advantage is that the infrared camera is portable, and
thus can be brought to the patient, directly in the clinical
environment, without the need to take the patient to an
imaging department, being therefore easier to use.
However, it is also important to highlight the difficulties
of making a thermal evaluation if there is no proper room
with a controlled environment and low interference from
metallic medical tools in the vicinity of the patient (which
can increase the reflected radiation and thus measurement
temperature errors). Anatomical data offered by radio-
graphic images together with the physiological thermal
information provided by an infrared camera allow a more
complete diagnosis, to tune the treatment protocols and
support medical decisions, like new surgeries.

A good vascularization, with an ample blood supply
for bone healing is recognized as an important factor, as
ischemic and hypoxic environments do not favor bone
repair.?’ The applicability of infrared imaging in bone
lesions has been described by De Sallis et al*' in their
investigation in children diagnosed with osteogenesis
imperfect (brittle bones), also use thermography to assess
changes in skin temperature to aid diagnosis and screening

vertebral fractures. Likewise, Reed et al'’

investigated the
applicability of IRT in pediatrics, as a screening tool in the
diagnosis of fractures and musculoskeletal wrist injuries,
as these traumas are very common in children. However,
the fracture line, or ligament and joints injuries, are not
always visible in the first radiographic image making
a second exam necessary. The aim of the authors was to
investigate the use of IRT in the verification of thermal
changes in the skin in the immediate inflammatory
response to trauma, or diagnosis of a bone fracture. For
this study, 105 children were evaluated to differentiate the
diagnoses of wrist torsion and fractures. In the thermo-
gram analyses, thermal cutoff values were set to establish
the temperature threshold for differentiating both clinical
diagnoses. Regarding the evaluation of severe fractures
using external fixation using the Ilizarov method,

Morasiewicz et al*? conducted research on the possibility
of using thermography to monitor bone regeneration dur-
ing the process of stretching the tibial bone with the use
Ilizarov external circular fixator. Due to the increased
metabolism expressed in temperature changes, evaluating
the thermal changes in the affected limb supports the
treatment with additional information to the surgeon.
Images were acquired in 18 adult patients and the results
showed a significant correlation between bone regenera-
tion (evaluated by radiographic images), compared to ther-
mographic images in the clinical follow-up of patients.
The robust correlation between the regenerated and ther-
mal indices measured with the Spearman correlation index
allows a reduction in the number of radiographic studies of
up to 50%, in most of the cases studied. Mean values of
Spearman correlation coefficient for the tibia and femur
were 75=0.925 (p<0.01) and 0.724 (p<0.05), respectively.

1'> observed thermal variations of the

Haluzan et a
fractured wrist between 1- and 11-weeks postinjury. At
the first week postinjury, the acute inflammatory response
is about to finish, and the reparative phase is beginning;
angiogenesis and cartilaginous callus formation are taking
place, causing an increase in temperature at the fracture
site. At week three, the microvascular invasion and perfu-
sion of the fracture site is at its highest, as the cartilaginous
callus is vascularized before ossification, causing the
greatest increase in temperature. At week five, the callus
is beginning to calcify, and the temperature begins to
decrease. By week 11, the ossification of the callus con-
tinued, and the temperature difference further decrease
until the twenty-third week, when the remodeling process
will be underway and there is very little difference in
temperature between the injured and uninjured wrist.

Given this premise, the present study investigated tem-
perature changes during the healing process in severe tibia
fractures, respectively in its three bony portions, proximal,
distal and diaphyseal. Comparative analyses were per-
formed with temperature measurements in 20 clinical fol-
low-ups of a male patient during 11 months of treatment in
the bone reconstruction department between 2020 and
2021.

The aim of this study was to evaluate the potential of
diagnosis and follow-up through infrared thermography
when applied to severe orthopedic trauma of the tibia
bone, under treatment with an external circular fixator. It
is known that thermography can give valuable information

on the vascularization, and thus can be helpful to evaluate
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the bone consolidation area as complementary to X-ray
images.

Materials and Methods

The volunteer is a 39-year-old male patient with severe
tibial fractures in three places, with bone loss in the distal
portion and a gap of 0.14 m. When the patient arrives at
the hospital of the clinic, trauma, and bone reconstruction
service in Curitiba (PR), Brazil, in 2019, he is diagnosed
with pseudarthrosis of the right tibia. In fact, he had been
under treatment for five years with a linear fixator at
another hospital, without success. Thus, he underwent
a therapeutic procedure of osteotomy of the tibia, with
a circular external fixator, to initiate bone transport. This
surgical approach aims to increase biological support and,
consequently, provide greater vascularization for the bone
consolidation process.

Thermal images were acquired from June 2020 to
May 2021, in 20 patient follow-up visits to assess the
clinical evolution, namely with radiographic examinations
and for treatment adequacy.

The acquisition of medical thermographic images was
performed according to radiographic positioning protocols.
A minimum of three sequential images were acquired
during the examination, with the patient lying in dorsal
decubitus on the clinical table, in anteroposterior view,
with the aid of an adjustable support for the thermal
imager, as illustrated in Figure 1.

Flir Model T530 Medical Certified Thermal Imager
Camera (FLIR® Systems Inc., Wilsonville, Oregon,
USA), thermal sensitivity/NETD <30 mK (at 30°C), lens
of 42° and sensor focal plane array resolution of 320x240
(76,800 pixels). The equipment was positioned perpendi-
cularly along the axis of the leg, according to the protocol
published by Reed et al'” at 0.4 m from the tibia shaft,
allowing visual correlation between thermal and radiolo-
gical images acquired on the same day. The medical room
was maintained with a relative air humidity below 60%,
assessed by a portable Mimipa® thermohygrometer, and
the ambient temperature, the patient was maintained at
a comfort level of 22°C. Clothes covering the region of
diagnostic interest were carefully removed and the patient
was invited to attend clinical follow-up visits always wear-
ing loose-fitting clothing that did not squeeze the affected
limb, Zhao et al.>* The patient was instructed to not have
heavy meals, smoke, or drink coffee, alcoholic or energetic
stimulants for at least two hours before the appointment. If
caffeinated beverages were consumed or antipyretic drugs

Figure | lllustration schematic of the image acquisition setup.

were administered, the images were not collected during
the medical consultation and the patient only underwent
radiographic examination. The patient was informed about
all the procedures, the importance of the results for public
health, and the IRT method.

After the initial clinical conversation with the physi-
cian and skin cleansing procedures by specialized nurses,
the patient underwent a 15-min thermal adaptation time to
the environment temperature, before thermograms were
acquired. Important information such as not crossing
legs, not resting hands on thighs were also passed on and
supervised by the researcher during the entire time of the
thermal acclimatization. The

patient’s room was
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previously prepared for the acquisition by removing the
patient from proximity to metallic medical materials that
could cause reflection on the evaluated limb, positioning
the clinical stretcher away from electrical wires and energy
conducting tubes, minimizing the interference of the infra-
red energy emanating from external sources. Likewise,
only the researcher and the surgeon remain at the time of
thermograms acquisition, thus avoiding the increase in
temperature in the vicinity of the patient.

This study met the ethical recommendations of
Resolution 466/12 and was approved by the Research
Ethics Committee of the Federal Technological
University of Parana — UTFPR number 3014748, of
November 12, 2018 and by Research Ethics Committee
of the Hospital das Clinicas of the Federal University of
Parand HC/UFPR — number 3067005 on December 8,
2018. The patient has signed an informed consent, giving
permission to the research team to capture, analyze and
publish the personal data and images.

The mean temperatures of the proximal tibia, shaft and
distal were analyzed, without including the insertion rings
of the ECFIM. To calculate the temperature distribution,
the tibia region was first segmented to exclude the back-
ground. A binary mask was built in MATLAB® to select
the regions of interest to extract the temperature
information.

Initially, the thermographic images were visually
inspected by the researcher to define the ROIs: proximal
and medial portions (15%50 pixels) and distal tibia region
(12x30 pixels), with a rectangular shape both in affected
limb, and contralateral, as shown in Figure 2.

The regions were defined considering the central por-
tion of the leg to avoid round areas of the body. Then,
a Matlab algorithm was used to crop each ROI,

ROI 1

corresponding to a sub-matrix of temperature values.
Each matrix was reshaped into a vector, from which the
outliers were removed using the rmoutliers function.
A value was considered an outlier if farther than three-
scaled mean absolute deviation (MAD) from the median.
The scaled MAD is defined as

Being X the vector of temperatures of a region and
X = median(X). The scalar c is calculated by:

~1
‘T V2erfcinv(3/2)

The median of each vector was calculated to reduce the
dimensionality of the temperature to a single value for
analysis. Data were analyzed using the Wilcoxon signed-
rank test, for independent samples, comparing the median
temperatures along the leg under treatment, with the con-
tralateral leg (CL).

Results

This chapter presents the infrared and X-ray images token
for 11 months, corresponding to 20 follow-ups. In order to
make it short, only the most relevant follow-ups are shown
in Figures 3-7.

Clinical follow-up 1, by June 18, 2020, (3a) Infrared
image and (3b) X-ray, after surgical process of reposition-
ing the EFIM in the right foot. Clinical follow-up 2,
July 16, 2020, (3c) infrared image and (3d) X-ray of the
surgical procedure and bone transport process in the prox-
imal tibia. Clinical follow-up 3, July 30, 2020, (3e) infra-
red image and (3f) X-ray to assess the biological response
to the bone transport process. In these three initial diag-
nostic evaluations, the patient was instructed not to rest his
foot on the ground, due to the fragility of the affected limb,

ROI 2 ROI3

Figure 2 Photograph of the evaluated limb (right leg) (A); Infrared image and defined ROlIs (B). ROIl —proximal tibia. ROI2 — tibia shaft (diaphyseal), ROI3 — distal tibia.

Abbreviation: ROI, regions of interest.
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Figure 6 Clinical follow-ups 12 (A and B), 14 (C and D) and 16 (E and F), (A, C, E) infrared image and (B, D, F) X-ray.
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Figure 7 Clinical follow-ups |7 (A and B), 19 (C and D) and 20 (E), (A, C, E) infrared image and (B, D) X-ray.

according to the sequence of images shown in the
Figure 3.

Clinical follow-up 4, August 20, 2020, (4a) Infrared
image and (4b) X-ray, to perform a new surgical procedure
and reassess the ECFIM adjustments. Evaluation of skin
infiltration in bone elongation in the distal portion of the
tibia. Clinical follow-up 5, September 3, 2020, (4c) infra-
red image and (4d) radiographic analysis of the evolution
of skin infiltration in bone elongation, in the distal portion
of the tibia, for a future surgical procedure to remove the
skin that presents invagination around the bone. Clinical
follow-up 6, September 24, 2020, (4¢) infrared image and
(4f) X-ray, after adjustment of the external circular fixator.
The patient stopped the adjustment for proximal elonga-
tion and intensified the adjustment in the distal portion.
The bone transport process was started with ECFIM
adjustment of a % turn performed twice a day, according
to the sequence of images shown in Figure 4.

Clinical follow-up 7, October 8, 2020, (5a) infrared
image and (5b) X-ray, one week after performing a new
ECFIM adjustment, the patient presented symptoms of
pain in the distal portion of the tibia, due to the tip of
the bone pushing the skin. Clinical follow-up 8,
October 22, 2020, (5¢) infrared image and (5d) X-ray,
performed one week after performing a new EFIM adjust-
ment, the patient still had strong painful symptoms in the
distal portion of the tibia, due to advancement bone
stretching and forcing the skin surface, provided by the
increased distension of the skin invagination around the
bone. Clinical follow-up 9, November 5, 2020, (5f) infra-
red image, for clinical follow-up after surgery to remove
the invaginated skin, complete bone elongation and
removal of the circular portion of the ECFIM below the
right foot. Two-month forecast for a new surgery. The limb
undergoing treatment is shorter than the contralateral.

Continued with bone lengthening protocol. Prescription
to perform stretching in the proximal tibia for another
week. Prediction of vascularized fibula surgery for com-
pression and stability of the iliac bone graft already per-
formed. X-ray exam was not performed, according to the
sequence of images shown in Figure 5.

Regarding Clinical follow-up 10, on November 19,
2020, the patient had no diagnostic evolution in the treat-
ment. However, in the next one, follow-up 11, one week
after, there was suspicion of edge necrosis in a surgical
incision in the distal region of the tibia, therefore, the
patient was immediately referred to hospital admission
and underwent a new surgery to prevent the infection
from progressing to bone regeneration.

Clinical follow-up 12, January 7, 2021, (6a) infrared
image and (6b) X-ray, for postoperative evaluation, the
patient still has a small scar on the distal portion of the
tibia. Amikacin antibiotic prescription to control bone
infection secretion. Start of right foot support on the
ground to provide biological stimulus for bone consolida-
tion. At the follow-up appointment 13, on January 14,
2021, the medical images of the surgical incision showed
good healing status, being fully closed, with no secretion
and no symptoms of pain. There was a decrease in edema
in the distal tibia and portion of the right foot. Clinical
follow-up 14, January 21, 2021, (6¢) infrared image and
(6d) X-ray, to monitor the healing of the surgical wound,
special dressings and laser application on the edges of the
incisions were maintained, which showed a skin with
small imperfections. Antibiotic prescriptions remained
unchanged. Referring to follow-up 15, January 28, 2021,
complications in treatment were recurrent, persistent post-
surgical infection was observed and, therefore, the patient
was instructed to continue the weekly assessment. Clinical
follow-up 16, February 4, 2021, (6e) infrared image and
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(6f) X-ray, small surgical wound hole closure was not
completed. So far, the patient has continued to present
postoperative infection even with administration of potent
antibiotics. Special weekly dressing procedures were
maintained, according to the sequence of images shown
in Figure 6.

Clinical Follow-up 17, February 18, 2021, (7a) infrared
image and (7b) X-ray, performed with a special dressing.
Recommendation of walking with the support of the limb
under treatment. Explication (to the patient) of the con-
tribution of the body weight to stimulate the bone healing
process. The piezoelectric action of mechanical load in the
diagnosis of bone nonunion provides positive effects on
bone metabolism. There was a reduction in foot and ankle
edema and, therefore, complementary treatment protocols
were maintained through laser therapy and continuity of
outpatient procedures of special dressings. In follow-up
18, March 4, 2021, medical images were obtained for
clinical follow-up one week after the patient had started
the process of supporting both feet on the ground for gait
maintenance. In this medical evaluation, the removal of
the support crutches was advised to start the process of
correct walking, providing an increase in the piezoelectric
effect to the bone healing process. In addition to the
clinical evaluation, the continuation of treatment protocols
with laser therapy in the surgical incision was prescribed,
and outpatient procedures for special dressings were main-
tained. Follow-up 19, March 18, 2021, (7c) infrared image
and (7d) X-ray, beginning of release some bars of the
external circular fixator to allow a soft adaptation to
weight. The patient was advised to walk without crutches.
Some corrections were made for adequate foot support to
the ground, nonflexion and extension of the knee joint
during gait. The clinical guidelines for outpatient dressings
remained unchanged. Clinical follow-up 20, May 13,
2021, (7e) Infrared image, for clinical reassessment of
the surgical wound treatment protocol with the use of
laser therapy and extension of outpatient dressing.
Through thermography images, the diagnostic evaluation
of decreased peripheral vascular supply at the focal point
of bone repair in the distal portion of the tibia was
observed, as well as the decrease in temperature through-
out the entire portion of the right foot. X-ray exam was not
performed, according to the sequence of images shown in
Figure 7.

In view of the medical images, important differences
were observed of the median temperatures evaluated in the
proximal tibia, and  distal

diaphysis, regions

(corresponding to segmental bone loss of 0.14 m), along
the treatment procedures with the external circular
ECFIM. Likewise, the thermal evaluation was helpful in
the diagnosis of postsurgical infection. The median tem-
perature was evaluated in the ROIs of the proximal tibia,
diaphysis and distal, as shown in Figure 8. During the first
phase of the treatment (follow-ups 1 to 10), the diaphysis
and distal portions of the tibia are colder, than the prox-
imal, while afterwards the three temperatures become clo-
ser. In clinical follow-ups 2 and 3, the median
temperatures measured in the diaphysis of the tibia were
22.4°C and 21.1°C, and in the distal tibia 21.1°C and
19.3°C, respectively, the temperatures are below the ther-
mal threshold of bone healing, showing these portions do
not have biological stimulus for healing.

In clinical follow-up 4, there was a thermal improve-
ment of the median temperature of the tibia diaphysis,
presenting 24.1°C, but the distal tibia region was still
below the thermal threshold, with a median temperature
of 20.8°C.

In the medical reassessments 5 and 6, there was an
increase of the vascularization observed throughout the
diaphysis, followed by a median temperatures augment to
29.2°C and 32.4°C, respectively. The results also showed
a higher temperature in the upper portion of the distal
tibia, with values above 26.0°C.

Regarding the follow-up 7 and 8, it was observed in the
data of image seven a good vascularization in all evaluated
portions of the tibia. However, in the medical consultation
8, it was observed that the skin infiltration at the bone tip
(a) of the distal tibia caused a decrease in blood supply at
the focal point of transportation bone. Thus, showing
a decrease in the median temperature to 25.4°C, with an
important thermal difference of 4.5 °C, contrasting with
the temperature of the previous clinical follow-up of
30.0°C. In view of this, the thermal image after removal
of the skin that entered the bone in the section (a) identi-
fied in follow-up 8, showed an improvement in vascular-
ization on the distal tibia portion with a temperature of
33.1°C, as well as in the entire limb undergoing treatment
of 31.5°C,
a normalization, in accordance with the normality stan-

with median temperature indicating
dards established by the international consensus and
guidelines for medical thermography, follow-up 9.

On the clinical follow-up 10, the patient was diagnosed
with postsurgical infection, caused by the ECFIM pin on
the side of the foot, in the portion of the talus bone, with

a decrease in the median temperature in the diaphysis
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Figure 8 Evolution of median temperature in the ROIs of the right leg (under treatment) in the 20 clinical follow-ups. The error bars correspond to one standard deviation.

(27.4°C) and in the distal tibia portion (27.8°C), the results
of thermographic analysis were in accordance with the
results of laboratory tests.

After 15 days, evaluation 11, the patient presented an
edema in the ankle and foot region, worsening the diag-
nosis of postsurgical infection, severe pain in the final
portion of the diaphysis and distal tibia. Thus, he was
referred to hospital for surgical procedure of debridement
and focal cleansing of the bone infection, the clinical
examination was confirmed with the analysis of thermal
images that demonstrate temperature change in the entire
limb under treatment, with greater accentuation in the
diaphysis portions of tibia (34°C) and distal tibia
(34.6°C), values higher than the median temperature of
the proximal tibia portion (33.9°C). The average tempera-
ture of healthy people is (31.5°C) in the tibia diaphysis,
decreasing to the extremities, therefore the temperatures
referred to above are abnormally high corroborating the
analysis of the infection.

In the subsequent evaluation, 12, a reduction in tem-
perature was observed with thermal distribution within the
normal range in all investigated portions.

In clinical segments 13 and 14, there was a progressive
healing and absence of infectious foci in the portions of

the proximal tibia and tibia diaphysis, but an increase in
temperature was again observed in the portion of the distal
tibia during this period (32.0°C and 33.1°C, respectively),
with suspicion of new infection of the ankle insertion pin.
The scar wound still has a tiny orifice, and special dres-
sings and laser treatment were maintained.

Regarding clinical follow-up 15, the patient had
of
a temperature greater than 31°C in all portions of the
limb under treatment by means of the ECFIM. After

a week of trying to solve the infections, the median tem-

a  persistent  diagnosis infection,  denoting

perature once again increased, affecting the entire limb, in
particular the tibia diaphysis (34.5°C), showing no
improvement in the diagnosis.

Regarding the clinical follow-up 17, it was observed in
the distal tibia and foot portion that the temperature is
compatible with the foot support on the ground, the ther-
mal values still too high (33.8°C), the region was very
sensitive, manifesting painful symptoms due to body
weight load at the focal point of the distal bone regener-
ated. This plantar support is recommended to provide
mechanical stimulation to bone healing. The temperature
denoted little improvement with thermal decrease in the
proximal tibia to 32.5°C and in the diaphysis to 32.1°C.
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Regarding the thermal evaluation of follow-up 18,
there was stabilization of bone healing without significant
changes in thermal magnitude, the median temperature
remained at (30.0°C). However, after 14 days of return
for a new reassessment of the healing process, it was
observed a change in the mean temperature with higher
value in the distal tibia portion with values equal to the
proximal tibia (33.2°C). These data characterize the pos-
sibility of a reminiscence infectious process in the distal
portion.

In the last clinical follow-up performed using medical
thermography (20), there was a drastic reduction in median
temperature in the entire limb under treatment, as the interval
between the previous clinical follow-up appointment was 57
COVID-19 priority
forced postponement of the scheduled appointments. The

days, since pandemic
results of the thermal evaluation demonstrated that the bone
graft in the distal region stopped providing blood supply to
the bone regenerate and thus the healing process became
reduced, especially in the tibia shaft portions with a median
temperature of 22.2°C and the distal tibia 21.7°C.

In accordance with the statistical analysis performed by
the Wilcoxon rank sum test for independent samples for

the defined ROIs, the data showed significant differences

36

in all comparisons performed, between the right leg (under
treatment) and the contralateral leg (CL), p<0.05.

For a better understanding of the evolution of clinical
treatment, in the different clinical procedures and in the
appropriate phases of bone healing with the use of the
ECFIM, Figure 9 shows the median temperature of both
legs during the treatment.

For a more detailed analysis of the assessed proximal
tibia, comparisons of the median value of the ROIs were
made between the right leg treated with ECFIM and the
contralateral, as shown in Dboxplot displayed
in Figure 10.

Detailed median temperatures of the evaluated ROIs of
tibia diaphysis, and the contralateral leg (CL) are shown in
the boxplot of Figure 11.

In the same way, the distal tibia median temperatures
of the evaluated ROIs are shown along with the median
CL, boxplot of Figure 12. The right distal tibia (the most
severe affected region) presented a bone loss of 0.14 m at

the beginning of the treatment.

Discussion
The postfracture bone healing process phases are quite
different, the first stage is the inflammatory process, where

Temperature (°C)

—(QO— Proximal

—O— Medial

—Q— Distal
- {3 -Proximal (CL)

18 | | 1 1 | | | |

- I} -Medial (CL)
- {7} - Distal (CL)

1 1 | | | | 1 1 | |

10

11 12 13 14 15 16 17 18 19 20

Clinical Follow-up

Figure 9 Evolution of median temperature in the ROIs of the right leg (under treatment) in the 20 clinical segments using the ECFIM in comparison with the ROls of the

healthy left leg (CL). The error bars correspond to one standard deviation.
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Figure 10 Boxplot of the median temperature of the ROI of the right proximal tibia with the use of the ECFIM, in the 20 follow-up sessions, compared with the ROI of the

same portion of the healthy left leg (CL).
Abbreviations: ECFIM, external circular fixator llizarov method; CL, contralateral.
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Figure |1 Boxplot of the median temperature of the ROI of the diaphysis portion of the right tibia using the ECFIM, in the 20 follow-up sessions, compared with the healthy

left leg (CL).

there is an increase in microcirculation at the fracture site,
with focal edema and warmer skin areas. The second phase
begins bone repair with the formation of soft callus, an
increase in internal bone temperature, as well as, in adjacent
areas due to the necessary vascular supply to start bone
remodeling.* In stage three, where the hard bone callus
appears, the temperature begins to decrease, returning only
to normal physiological pattern when complete bone remo-
deling is achieved, which corresponds to phase four of bone
healing, according to the thermal amplitude relevant to the

body region evaluated.”*2¢

The medical imaging follow-up of the clinical evolu-
tion of healing of bone fractures is made through X-ray
images, considered the gold standard in the evaluation of
orthopedic trauma.”’” Among medical diagnostic images,
digital infrared thermography imaging is a noninvasive
and noncontact diagnostic technique, which quantifies the
temperature by measuring the infrared radiation emitted by
the body surface.?

Regarding the evaluation of healthy volunteers who do
not present bone fractures, according to the international

consensus and guidelines for medical thermography,'® the
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Figure 12 Boxplot of the median temperature of the ROI of the right distal tibia portion (with ECFIM), in the following 20 clinicians, with the ROI of the same portion of the

healthy left leg.

median temperature in the leg region corresponding to the
tibia bone is 31.5°C. These data are also supported by the
researchers,”” who evaluated 175 healthy volunteers
(reference group) compared to thermal measurements in
patients corresponding to treatment of bone transporter
with ECFIM. Clinical follow-ups were carried out through
thermographic images and correlated with medical radio-
graphic images in fortnightly periods of return to the
medical clinic, in the assessment of new bone healing.
The results evidenced metabolic thermal alterations,
demonstrating an increase in the leg under treatment with
ECEFIM, associated with the bone formation and later its
total remodeling. For the right leg, the median temperature
was 30.3°C and for the left leg 30.5°C, showing values
close to the ones indicated by the international reference
standards. "'’

In the diagnosis of nonunion bone, temperatures are
colder, due to the absence of sufficient vascular supply for
bone remodeling and, therefore, the bone interrupts the
healing process. As observed in the temperatures obtained
in the two initial evaluations of the investigated patient
with very cold median temperature in the right leg treated
with ECFIM, with thermal values in the distal tibia of
23.5°C (assessment 1), and 21.1°C in the clinical follow-
up (assessment 2).

In medical thermographic diagnostic analysis, thermal
symmetry emerges as a clinical relevant parameter.'’**>’
The comparison of thermal images to contralateral limbs
enhanced the asymmetry regions which are indicative of
pathologies or injuries, as well as changes in local blood

flow.”® Thermal differences above 0.3°C indicate vascular
abnormality, values of 0.6°C denote an important abnorm-
ality that advise a more accurate clinical investigation with
other medical imaging tests in the correlation of diagnoses.
Nevertheless, differences above 1.0°C are a strong indica-
tion of abnormality diagnostic.'” In view of this statement,
and in accordance with the studies by the aforementioned
authors, the results of the 11 months of clinical follow-up
showed identical thermal behavior. Comparative values of
the patient in the right leg under treatment with ECFIM
and in the healthy left leg (contralateral limb), in the three
ROIs measured in the proximal tibia, tibia diaphysis and
distal tibia, the clinical follow-up 3, 4, 5, 7, 9, 11, 14, 15,
17, and 19 showed differences in the median temperature
higher than 1°C in all analyzed portions, confirming severe
thermal abnormality in the lower limb under treatment
protocol, with significant thermal difference values.
However, in the analysis of data from follow-up 6, the
median temperature in the ROI of the distal tibia showed
a thermal difference of 0.17°C, which is significant for
normality in the thermal comparison, demonstrating
a good vascular response to the stretching process in this
region. In clinical follow-ups 8, 10, 12, and 13, when
analyzing the tibia shaft, it shows variations among the
normal values of body thermal asymmetry, with no median
temperature in this portion measured greater than 0.2°C.
The findings of this long clinical follow-up by medical
thermography are in agreement with and strongly corro-
borate the data from the patient’s medical record of good
clinical evolution of healing in this bone portion.**
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Likewise, in the comparative analysis of the median
temperature in the proximal tibia portion, clinical follow-
ups 16, 18, and 20 confirm good vascular distribution of
the transporting bone performed in this portion, with tem-
perature values within the normal range of thermal sym-
metry, maintaining the metabolic contribution to the
complete cellular action of osteoblasts in the bone remo-
deling process. These data indicate the medical infrared
thermography (IRT) is suitable for monitoring bone heal-
ing in severe bone pathologies such as tibia nonunion and
other fractures in monitoring the phases of bone remodel-
ing, and suggest agreement with the authors who equally
evaluated medical thermography in the assessment of the
2139 This s

Morasiewicz et al who used medical thermography to

regenerated bone. also supported by
monitor bone regeneration during lengthening process in
18 patients who presented segmental bone loss in the
tibial bone and use ECFIM, with distraction osteogenesis
of one millimeter per day.”

The results of this important study demonstrated
a robust correlation between the bone regeneration and
the thermal data obtained, allowing the authors to point
out the thermographic examination contributed to a 50%
reduction in radiographic imaging exams in clinical fol-
low-up. Likewise, it was possible to assess the efficacy of
medical thermography imaging in the early detection of
soft tissue inflammation around the ECFIM Kirschner
wires.

The results of Morasiewicz et al*? corroborate the
findings of this investigation, where during the 11
months of clinical follow-up, the median of the ROI
temperatures evaluated from infrared images in the dif-
ferent phases of treatment with ECFIM are compared to
the contralateral limb, and clinical findings. The conclu-
sions proved to be assertive in the correlations with
X-ray images, confirming the diagnoses of interruption
of the bone regeneration and the verification of infec-
tious processes. The results found by these authors con-
firm the data obtained from this investigation in thermal
imaging evaluations of the interruption of the healing
process detected in thermal clinical follow-ups 1, 2, 3,
and 20. Thermal images showed very cold areas con-
firmed by the data processing of ROIs, showing median
temperatures in the thermal range of 21°C to 22°C.
These thermal values confirm the diagnosis of interrup-
tion of bone remodeling according to Haluzan et al and

o 15,2
Jafia et al. !>%¢

Referring to bone infection that arouses inflammation
in the rigid outer bone layer, with the subsequent advance-
ment to the inner parts of the bone under treatment, the
diagnosis of osteomyelitis,>' which provokes compression
of blood vessels, reducing local microcirculation; conse-
quently, it prevents the healing and leads to bone tissue
death.'?

In view of this, the clinical data evaluated in the
infectious processes of the patient under medical follow-
up, had shown correlation with relevant thermal changes
measured through thermography, in which the infectious
processes had presented a median temperature in the dia-
physis of the tibia (35.1°C) and distal tibia (34.2°C),
values higher than the temperature of the proximal tibia
portion (33.9°C).*’

The detected thermal changes allowed additional clin-
ical data to be correlated with the patient radiographic
images,'® which showed the focal points of temperature
rise, delimiting treatment areas and clinical decisions for
surgical interventions such as bone debridement, the cho-
sen option to prevent the advancement of bone infection
and to promote the regeneration of the distal portion of the
tibia.

Regarding the number of requests for radiographic
examinations to assess the bone healing process and
response to bone traction, lengthening procedures and
transporting bone treatment, it was observed that in the
20 follow-ups performed, 15 radiological images were
requested in lateral and anteroposterior views. The results
of the correlation analysis of radiographic and thermo-
graphic medical images suggest the possibility that ima-
ging exams in bone trauma can be interspersed,
minimizing excessive patient exposure to successive
exams with ionizing radiation. According to Morasiewicz
et al** about the same type of bone pathology analyzed
herein, it was possible to reduce the number of X-ray
exams as well. Thermography can be used in conjunction
with traditional diagnostic methods in monitoring bone
formation at all stages of limb lengthening. The authors
performed analysis of the established thermal index
values, based on 72 thermograms performed in the bone
regeneration process, during the evaluation of the different
healing stages of the bone elongation process. Thermal
data were compared with assessment scores from 72
X-ray examinations. The analysis demonstrated statistical
significance with a stronger index presented in the evalua-
tion of medical images in the anteroposterior view. The
authors also suggest that the examination through medical
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thermography does not replace the performance of radio-
graphic imaging exams, however the thermographic diag-
nostic technique aims to be an adjuvant complementary
exam in the medical prognosis and in cases of regenerated
bone formation disorders.

Likewise, in the treatment of bone fractures using
ECFIM, when the foot is full contacting the ground, the
data obtained by thermal imaging shows a greater local
vascularization. This action of increased vascularization is
due to mechanical loading stimuli provided to the bone,
explained by Wolff’s law of mechanotransduction.*?

The piezoelectric charge generated by the load of body
weight exerted on the affected limb, favors the cellular action
of osteoblasts at the fracture site. These data were similarly
evidenced in our study, in the diagnosis through thermography,
according to data obtained in the 20 thermal imaging exams.

The measured temperatures indicated the median
values of 32°C in the foot region, allowing the physician
to confirm that the patient is placing the foot on the ground
to support the gait, promoting biological stimulation of the
bone healing. IRT adds important physiological informa-
tion of the bone healing process, being therefore relevant
for the clinicians.®® In this context, thermographic analysis
may indicate changes and/or disturbances in the bone
repair process, presenting itself as a complementary diag-
nostic method to minimize the subjectivity of medical
reports, corroborating with other relevant additional infor-
mation not included in diagnoses made by conventional
methods of imaging. The temperature map of the affected
limb can support the prescription of additional immobili-
zation time, individualized rehabilitation protocol, as well
as new surgery.

The analysis of the thermograms support the evaluation
of the healing process, where cooler periods denote inter-
ruption of the bone reparation process while local infection
and vascularization increase the temperature, enabling
a more precise clinical approach, by complementing the
information of standard medical images. IRT allows
a reduction of invasive exams and, therefore, the ionizing
radiation in the clinical follow-up visits by interspersing
them with thermographic exams.

Conclusion
Medical infrared thermography is a safe image technique that
can be successfully applied to orthopedic trauma with bone

segmental loss and the use of an external circular fixator, as in

this case study, and the data is correlated with the gold standard
exams, X-ray, for evaluating the bone healing process.
Clinical follow-up by thermography in the different
stages of bone remodeling, including fixator adjustment
steps for mechanical action of traction or bone lengthen-
ing, as well as infectious and postsurgical bone graft
processes, appear to provide additional physiological data
of vascularization of the bone in regenerative process. IRT
provides the physician with additional information for the
clinical follow-up of the patient in the adjustments of the
treatment protocols, means for reducing the number of
X-ray exams and, consequently, to the ionizing radiation.
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