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Usefulness of subtraction thermography in the evaluation
of blood vessels and lymphatic vessels in the dental pulp
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Purpose: Caries or iatrogenic thermal trauma of the teeth have a significant impact on the dental pulp structure connected with
stimulation of angiogenesis and lymphangiogenesis. Therefore, the aim of the study was to identify the difference in the rate of heat
dissipation by vessels present in the dental pulp. Methods: Freshly extracted healthy (» = 10) and carious (n = 14) molars and premolars
were cut on a diamond saw and subjected to active thermographic examination and then subjected to lymphoscintigraphy and X-ray
examination. The tooth samples were heated uniformly to 40 + 0.5 °C. A thermal imaging camera with a resolution of 640 x 320 pixels
was used to record the sequence of thermograms during free cooling. Due to the different volume of teeth and different surface condi-
tions of the examined teeth (color, roughness) and the related different radiation emissivity, the changes in the temperature (AT') of the
tooth cross-section surface were analyzed using the subtractive method within 120 seconds from the switching off of the thermal impulse
(heating). Results: Thermographic examination of healthy and cariously changed teeth revealed areas of increased tissue fluid flow com-
bined with heat release, which may indirectly indicate the existence of vessels in these areas. On a thermal imaging camera, variations in
the rate of heating or cooling across several cross-sectional sections of the same tooth indicate changes in the dental structure’s density.
Conclusions: In caries-affected teeth, intracanalicular fluid flows are different than those of healthy teeth. Therefore, it can be concluded
that the pulp vessels enabling circulation of body fluids — blood and lymphatic — increases with the intensity of inflammation. Maintain-
ing the homeostasis of the dental pulp depends heavily on the circulation of bodily fluids within the dental organ.
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dentin and the associated accelerated demineralization

or hypermineralization of collagen and enamel prisms.
Moreover, with this technique it is possible to analyze

1. Introduction

Thermography is a nonionizing, non-invasive, quan-
titative method for diagnosing periapical inflammatory
lesion [1] therefore it is an alternative optical method
for detecting lesions in hard and soft tissues of the
tooth. This method involves energy conversion using
thermal infrared radiation (Planck) from teeth to detect
various lesions. This refers to lesions in the enamel and

soft tissue fluid flow. Thermophotonic lock-in imag-
ing (TPLI) uses diffusive thermal waves as markers to
collect information on the subsurface properties of
tooth structure. In this process, a low-power, continuous
light source of modulated intensity (e.g., a laser) is used
for generating a thermal wave field inside the tooth,
followed by infrared emission of the thermal-wave
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field. This means that the local change in surface
temperature is assessed and averaged over a series
of cycles, while heat is periodically introduced into
the sample at a specified blocking frequency. The
received signal that carries information on sub-surface
heterogeneity is assessed. Demodulation of the ther-
mophotonic signal allows phase and amplitude images
to be determined from a reference signal (i.e., optical
excitation modulation signal) [1].

Important in imaging related to medicine are heat
exchange processes occurring in tissues, such as
conduction or convection. Basis of the application of
thermal imaging in biology and medicine lies in the
exchange of heat between the living organism and
the environment, which occurs through the surface
tissues of the body. The occurrence of changes in the
thermal map of the imaged surface of the organism is
closely related to the changes that occur in the me-
tabolism and blood supply of internal tissues [12],
[38]. Metabolic processes are considered to be the
primary source of thermal energy in the body. Ac-
cording to the available literature, nearly 60% of
total energy is utilized for the generation of heat
[23], [25].

The main cause of inflammation in teeth is dental
caries. It is caused by a bacterial agent resulting in dem-
ineralisation and subsequent decay of the hard tissues of
the tooth. After overcoming the enamel barrier, the car-
ies reaches the dentin, the structure of which is char-
acterised by dentinal tubules. In their lumen, there are
odontoblast protuberances, nerve fibres and tissue fluid,
which form a living connection between the dentin and
the pulp. When the carious process reaches these struc-
tures, the pulp’s defence reactions are activated. In-
flammation is the primary defence mechanism of any
vascularised tissue. It is no different in the pulp, where
we can distinguish between acute inflammation caused
by a saline stimulus or chronic inflammation caused
by a milder but long-lasting stimulus. In addition to
caries, pulpitis can be caused by traumatic, thermal,
chemical and osmotic factors [37].

As a result of damage to the enamel and dentin sur-
faces by a deep carious lesion or fracture of the tooth
tissues due to trauma, bacterial colonisation of the root
canals can occur, forming a biofilm that infects the tooth
pulp [5], [29]. Very often, bacteria colonise in spaces
beyond the reach of dental instruments and antimicro-
bial agents. Proteins from the remaining necrotic tis-
sue and bacterial adhesives provide nutrients for their
survival [6]. The main route of passage of bacterial
transformation products (such as lactic acid, propionic
acid and acetic acid) in deep caries is through dentinal
tubules, which open on contact with acids. At the low

pH caused by the presence of the aforementioned ac-
ids, a specific by-product released extracellularly by
acid-forming Gram-positive bacteria, lipoteicholic acid
(LTA), is activated [19], [48].

Odontoblasts express toll-like receptors (folls), which
recognise specific pathogens and trigger the recruit-
ment of other immune cells such as dendritic cells
and lymphocytes [8], [11]. Other molecules, including
beta-defensin [39] or transforming growth factor beta
(TGF-b), are also released by odontoblasts. Beta-de-
fensin has a bactericidal effect on bacteria commonly
found in caries, such as Streptococcus mutans and Lac-
tobacillus sp [34]. TGF-b controls homeostasis, exert-
ing a pro-inflammatory effect in the early phase of
injury and an anti-inflammatory and tissue-suppressive
effect in the late phase [34], [41].

Because thermography primarily images changes in
the infrared radiation intensity of an object and conse-
quently changes in its temperature, it is an excellent
tool for imaging inflammation developing in the body.
The thermographic measurement method is based on
the physical phenomenon that objects with a tem-
perature above absolute zero (0.0 K or —273.15 °C)
emit electromagnetic radiation. If its intensity can be
determined, the temperature of the emitting object can
be calculated without contact. One of the processes
accompanying the inflammatory process is an increase
in temperature at the site of infection. This increase in
temperature is due to activation of the thermoregula-
tory centre in the hypothalamus in response to exoge-
nous and endogenous pyrogens [10]. Exogenous py-
rogens include viruses, bacteria, allergens or immune
complexes, while endogenous pyrogens include cyto-
kines (interleukin 1 and 6) and tumour necrosis factor,
released by stimulated monocytes and macrophages.
During the reaction, there is increased expression of
hypothalamic cyclooxygenase 2 (COX-2) and produc-
tion of prostaglandin E2 (PGE2). The thermoregula-
tory centre is activated and switched to a higher thermal
equilibrium point [33]. A number of changes, such as
constriction or dilation of blood vessels, occur to achieve
a higher body temperature, resulting in a decrease or
increase in temperature in a particular area of the body.
The circulation of body fluids in the dental organ is of
great importance in the process of maintaining the
homeostasis of the dental pulp and the nerves and odon-
toblasts contained within it [45], [46]. The lymphatic
system provides an alternative means of recirculating
intercellular fluid, while also becoming a defence
against potential bacterial infection associated with
pathological processes in the oral cavity. Understand-
ing the mechanisms of angiogenesis and lymphangio-
genesis during these processes may be beneficial for
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more effective disease management, but further re-
search is needed.

Lymphoscintigraphy is currently the gold standard
for imaging lymphatic vessels. It is a well-established
nuclear medicine technique for assessing lymphatic
function by obtaining images of the lymphatic system
using gamma rays after injection of small amounts of
radiotracers [14], [36]. This technique is mainly used
to differentiate lymphoedema from other causes of swel-
ling and to delineate collateral lymphatics, the degree of
vascular obstruction and the presence of abnormal lym-
phatic vessel collections [27].

The metabolic process is a fundamental aspect of
human physiology, and its regulation is influenced by
a multitude of factors. Illness, pregnancy and physical
activity, for instance, can significantly alter metabolic
rates when compared to a rested body in normal con-
ditions. It is also noteworthy that the development of
a disorder, such as local inflammation, can result in
a local increase in metabolism.

In pathologically affected teeth, vasodilatation is
observed in the pulp, accompanied by a variety of in-
filtrates [15]. These infiltrates are macrophage-lympho-
cytic or neutrophilic in nature. The nature of the infil-
tration is central to the nature of the lesions occurring
in the teeth. According to some authors [21], [28], [35],
neoangiogenesis occurs as a result of the ongoing
inflammatory process, accompanied by the appear-
ance of new — both blood and lymphatic — vessels. As
a result, the flow of interstitial fluids in pathologically
affected teeth is different from that in healthy teeth.
Caries is one of many dental diseases accompanied by
such phenomena. The aim of the study was to identify
the difference in the rate of heat dissipation by vessels
present in the dental pulp.

2. Materials and methods

For the subtraction thermography surveys, healthy
and teeth affected by caries right after extraction were
cut in the transverse axis on a diamond saw, dried
thoroughly and immediately subjected to thermographic
testing after being placed in saline.

Cut tooth samples were heated with a 250 W IR lamp
from a distance of 12 cm to 40 + 0.5 °C. There was no
other heat sources in the room that could affect the
sample from the heat emitter in the form of the lamp
used for heating.

The recording of a sequence of thermograms during
free cooling of the samples for 120 seconds was per-
formed using a high-resolution thermal imaging cam-

era FLIR P640 with a spacer ring enabling recording
from a distance of approx. 3 cm. The results of subse-
quent thermograms were subtracted from the so-called
zero thermogram, i.e., the thermogram taken at the be-
ginning of the cooling process. Then, areas showing
asymmetry in the temperature distribution were located.

For three areas (ROI), temperature gradient graphs

were created and for each sample, the values of di-

mensionless temperature indices were calculated. The

obtained indices were compared with the so-called

“gold standard”, i.e., the result of lymphoscintigraphy.

The sensitivity and specificity of the thermographic

technique were assessed based on the analysis of ROC

curves (determination of the cut-off value for each
indicator).

Sequences of recorded thermograms were sub-
jected to computer analysis using digital image analy-
sis. A specialist software for thermogram analysis was
used — ThermaCAM Researcher Pro 2.8 (FLIR Sys-
tems). The first step of the data analysis was to subtract
the image after heating the samples with a lamp from the
images recorded at different time points during free
cooling at ambient temperature (7., =22 + 0.5 °C). The
subtraction procedure enabled changes caused by sam-
ple heterogeneity to be more visible.

The thermal imaging survey was carried out in the
following stages:

e Experimental determination of the temperature de-
pendence of the tooth surface on its cooling time
after heating with a long (up to 5 min.) thermal
pulse of 7, =45 + 0.5 °C;

e Performing in vitro tests on teeth with caries foci
of various sizes, consisting of determining the de-
pendence of the temperature distribution of the
cross-sectional surface of the tooth (measurement
temperature) on the cooling time at ambient tem-
perature (Tom, = 22 + 0.5 °C) stimulated by a ther-
mal pulse;

e Calculation of the standard temperature contrast of
the cross-sectional surfaces of the test teeth and de-
termination of the dependence of the standard tem-
perature contrast for individual tooth regions;

e Verification of the thermal imaging results obtained
with the gold standard, which is the assessment
using isotopes in lymphoscintigraphy and with X-ray
examination.

Changes in the density of the tooth structure caused
by the presence of the lymphatic system can be seen
on the thermal imaging camera as differences in the
rate of cooling or heating of different cross-sectional
areas of the same tooth. Presumably regions with a high
density of lymphatic vessels will be more porous, i.e.,
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less dense, and thus slower to change their temperature
during cooling.

Subtraction, a technique of subtracting thermograms
taken at different times during the cooling process,
was used with the aim of becoming independent of the
emissivity coefficient values in different regions of the
tooth cross—section. The subtraction operation of the
two thermograms consisted of calculating for each
pixel (1).

C(i, j) =Standarization [ A(i, j) — B(i, /)], (1)

where the output images are denoted by 4 and B, and
the resultant image by C.

Image A is the first thermogram recorded after the
termination of the thermal effect ( = 0 s), while im-
age B is one of a sequence of thermograms taken at suc-
cessive seconds of cooling (after 60 s, 90 s and 120 s).

Subtraction operations were performed on isolated
sections of the thermograms — ROI (region of interest),
which contained only the part of the tooth that was of
interest due to the presence of a defect (density of
lymphatic vessels).

The thermographic test was carried out during the
cooling process. Changes in the temperature distribu-
tion of a tooth previously heated to 7o = 40 = 0.5 °C
during free cooling at ambient temperature 22 + 0.5 °C
were recorded. Two series of cooling measurements
were performed for all teeth to enable validation of the
proposed method (repeatability). All analyses of the
thermogram sequences were carried out using Therma-
CAM Researcher Pro 2.8 and MatLab (MathWorks)
softwares. The temperature distribution of each tooth
was measured twice, at intervals not exceeding 7 days.
It made an analysis of the repeatability of the thermal
imaging results (inter-rater reability possibly).

Thermogram A
r=0s

Due to the different surface condition of the cross-
sectional area of the teeth examined (colour, rough-
ness) and the associated different emissivity of the
radiation, the changes in temperature (A7) of the tooth
surface 120 s after turning off the thermal pulse
(heating) were analyzed. After subtraction of the ma-
trices of distribution of temperatures (in MatLab)
taken at # = 0 s (matrix 4) and ¢ = 120 s (matrix B), ma-
trix C was obtained to illustrate the changes in tem-
perature of the tooth cross-sectional area that occurred
after 2 min of convective cooling at ambient tem-
perature (Tym, =22 + 0.5 °C).

The thermographic survey was carried out at the
Faculty of Mechanical Engineering, Wroctaw University
of Science and Technology.

In the subtraction thermography study for selected
tooth areas (ROI), basic descriptive statistics were esti-
mated: means (M), standard deviations (=SD), minimum
(Min) and maximum (Max) values, and temperature
distribution symmetry indices. A non-linear regression
analysis was used for building mathematical models
of temperature change over time. The Bland—Altman
method was used for assessing the repeatability of the
measurement results and the correlation coefficient
between the result of the first and second measurements
was calculated. Calculations were performed using Sta-
tistica v.13 (TIBCO, Software Inc., USA). Temperature
indices were calculated for each sequence of thermo-
grams (samples).

3. Results

Directly recorded example thermograms are shown
in Fig. 1.

Thermogram C
result of subtraction

Thermogram B
t=120s

ROI1

Fig. 1. Photograph of the cross-sectional surface of tooth no. 13 and thermograms with marked regions (ROI):
ROI1 — maximum temperature of the ROI1 region (tooth cross-section contour),
ROI2 — region with the smallest temperature difference (potential site for the presence of vessels),
ROI3 — region of greatest temperature difference — homogeneous structure (no gaps in tissues).
The concept of subtraction of thermograms: 4 — B = C
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3.1. Temperature indices

Indices for the cross-sections teeth should correlate
with the status of the teeth (caries severity and vascular
density). In contrast, in Figure 2, an example of the tem-
perature dI'Op in ROI2 (AT ROIZ) and ROI3 (AT ROI3) re-
gions of tooth no. 12 during free cooling and mathe-
matical models is shown.

ATgrop = -0,0000009:° + 0,000740¢° - 0,1812¢
4 R?=0,990

B NN
SN
12 \ \..‘

- \"
-14 — 3 2

AT goiz = -0,0000057¢° +0,001813¢% - 0,2696¢
-16 4 R*=0,993

0 20 40 60 80 100 120

t(s)

AT (°X)

Fig. 2. Example of temperature drop in ROI2 (ATrop)
and ROI3 (ATrop) regions of tooth no. 12 during free cooling
and mathematical models

A sequence of thermograms of the cross-sectional
surfaces of the test teeth was recorded at 30 Hz for
120 s of the free cooling process. Due to the low dy-
namics of temperature changes, only 12 thermograms
recorded at 2 s intervals were used for statistical analy-
sis. The shape of the cooling curves of the analyzed
regions of the tooth’s cross-sectional area depends,
among other things, on the size of the vascular bed (but
also on the severity of carious lesions).

In Table 2, the results of measuring the lowest tem-
perature in two regions is shown, the location of which
was determined by analyzing the resulting C thermo-

ROI1: 16,0°C (AT)

gram, which is the difference in temperature distribu-
tions at the time the thermal excitation was switched
off (t = 0 s) and after 120 seconds. The ROI3 region
corresponds to the site on the tooth surface with the
largest temperature difference and the ROI2 region to
the smallest (Fig. 3). The ROIl region covered the
entire area of the chewing surface of the tooth.

In Figure 3 illustrates example temperature distribu-
tions on the surface of tooth no. 12 at the beginning (¢ =
0 s, figure A) and end of the cooling process (¢ = 120 s,
figure B) from an initial temperature of 7y = 40.5 °C
to a final temperature of 75y = 24.5 °C. In this way,
the influence of different emissivity coefficient values
in different regions of the tooth surface was elimi-
nated. On this basis, two areas of 3 x 3 pixels with the
largest (ROI3) and smallest (ROI2) temperature dif-
ferences were determined on the thermograms. Also,
using a polygon, a rectangle (ROII1) describing the
test tooth surface was determined.

e ROII — a rectangle circumscribed around the tooth
cross-section contour marked in green;

e ROI2 — the area of the tooth surface with the largest
vascular bed (smallest temperature change), shown
in blue in protocols;

e ROI3 — the area with the smallest vascular bed
(fastest temperature change), shown in red in pro-
tocols.

The recording time of the transient (cooling) proc-
ess was set at 120 s and the sampling frequency at 1 Hz
(sufficient due to the low dynamics of the cooling proc-
ess). Each sequence (measurement) comprised 120 ther-
mograms, which were then analyzed using Therma-
CAM Researcher Pro 2.8 (FLIR Systems). The mini-
mum temperature (7,,), maximum temperature (7 .y),
mean (Tpean) and standard deviation (SDt) were read
from each analyzed thermogram (ROI) region. Mean
values (Tyean) Were used for plotting the cooling
curves.

Fig. 3. Distribution of the temperature difference in the cross-sectional surface of tooth no. 12 after 120 s
of cooling with the following marked regions: ROI2 — lowest temperature difference, ROI3 — highest difference
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3.2. Temperature contrast

Based on the results of the measurements of tem-
perature changes in the ROI2 and ROI3 regions, the
so-called temperature contrasts — C(¢f) were deter-
mined from the dependence (2).

ATROB (t=60)— ATROB (t=0)

Clt = 60) =
ATy (t =60) — ATypp, (1 =0)

2

For example, the temperature contrasts at 30, 60
and 120 seconds of cooling were calculated for the
data in Table 1, as (3)—(5).

-1.8-0.0
C(t=30)=———=1.455, 3
=30="4 00 ©)

-1.3-0.0
C(t=60)=——""=1.309, 4
( ) -1.1-0.0 @

-0.8-0.0
C(t=1200=——=1.225. 5
( ) -1.0-0.0 )

3.3. Rate of temperature changes

Another way to describe the temperature change
during cooling is to determine the so-called rate of
change (decrease) in the average temperature of the
region, determined from measurements taken as a time
series with a fixed interval (Az = 10 s). The rate
change of G was calculated as the geometric mean
of the variable-base indices calculated from the
dependence (7).

iy =M-100, N
(i)
where: i =1, 2, 3, ..., 12 — numbers of temperature meas-
urements after 10, 20, 30, ..., 120 seconds. An example
calculation for tooth no. 12 is shown in Table 2.

Table 2. Temperature measurement and rate
of change indexes for tooth no. 12

; Temperatures Indexes
and a summary index C(f) which is the geometric mean 1(s) in tooth regions
of 12 contrasts: Tron Troms iroR2 iroI3
0 — 40.3 44 .4 — -
C(t)=1%/C(t=10)-C(t=20)-...-C(t=180)=1.370. 10 | 39.0 418 96.77 9414
(6) 20 2 37.3 39.8 95.64 | 95.22
L. . 30 3 359 38.0 96.25 95.48
The temperature contrast showed distinct areas with 20 4 346 366 06,38 96.32
different cooling rates. 50 5 33.3 35.1 9624 | 95.90
60 6 322 33.8 96.70 96.30
70 7 31.3 32.8 97.20 97.04
Table 1. Example results of temperature measurement 80 8 30.4 31.8 97.12 96.95
and temperature variation of tooth no. 12 90 9 297 30.9 97.70 97.17
Temperature in tooth regions 100 10 2.1 30.1 97.98 o741
£ [s] i C(1) 110 11 284 29.4 97.59 97.67
Tron Troms ATron | ATron 120 12 27.4 28.6 96.48 97.28
0 — 40.3 444 0.0 0.0 - t — time (s), i — temperature measurement result number, Trop
10 1 39.0 41.8 -1.3 —2.6 2.000 ’ . .
— temperature at point ROI2, Tro;3 — temperature at point ROI;,
20 2 37.3 39.8 —1.7 —2.0 | 1533 irop — temperature rate of change index at point ROI2, i3 — tem-
30 3 35.9 38.0 —1.4 ~1.8 | 1.455 perature rate of change index at point ROI3.
40 4 34.6 36.6 —1.3 —-1.4 1.368
50 5 33.3 35.1 —1.3 -1.5 1.329
60 6 32.2 33.8 -1.1 -1.3 1.309 R .
70 7 31.3 32.8 -0.9 —1.0 1.289 4. DlSCllSSlon
80 8 30.4 31.8 -0.9 —1.0 1.273
90 9 29.7 30.9 —0.7 —0.9 1.274
100 | 10 | 291 | 301 | 0.6 | —08 | 1.277 Thermography is used in various fields of science
110 11 284 24 —0.7 —0.7 | 1.261 and medicine — from sports medicine, dentistry, oncol-
120 12 27.4 28.6 -1.0 —0.8 1.225 . . .
Ve 1370 ogy to industry and construction. However, in the case

t —time (s), i — temperature measurement result number, Trop
— temperature at point ROI2, Tz — temperature at point ROI;,
ATror, — temperature change at point ROI,, Aro;; — temperature
change at point ROI;, C(f) — temperature contrasts.

Staining scale of: 0-2, where 0 — no reaction, 1 — weak reaction,
2 — strong reaction.

of training, we can observe the response of the tissue
stimulated in the results of exercise. The temperature
map then shows distinct changes depending on how long
the body cools down after the stimulus [24], [44].
Metabolic processes are considered to be the pri-
mary source of thermal energy in the body. According to
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the available literature, nearly 60% of total energy is
utilized for the generation of heat. Analysis of the
temperature distribution on the surface allows to study
inflammation, infection, tissue damage, connective
tissue damage and the degree of congestion in organs
throughout the body [35]. This is based upon the fact,
that hyperaemic tissuses are able to transport more
free energy in form of heat. This is associated with
increased production by tissues or this is an element
of thermoregulation, where dilated vessels help in heat
release to the outside of the body [26].

Therefore, thermography is further used in the
study of thermoregulation, detection of breast cancer,
diagnostics of diabetic neuropathy and vascular disor-
ders, measurement of body temperature, dental diag-
nostics, dermatology, blood pressure monitoring, di-
agnostics of rheumatic diseases, diagnostics of dry eye
syndrome and eye diseases, diagnostics of liver dis-
eases, kidney treatment, heart surgeries, gynaecology,
personality testing and brain imaging [28], [32], [40].

The measurement of temperature as a diagnostic
procedure with human teeth has been described with
the use of thermocouples, infrared thermometers,
miniature thermometers, thermistors, infrared ther-
mography and cholesterol liquid crystals [21], [30],
[43].

In 1996, Gratt et al. developed a new classification
system using thermograms for patients with chronic
orofacial pain. Thermograms were classified as nor-
mal, hot and cold when the selected AT values of the
anatomical area (temperature difference on the right
and left side) were 0-0.25 °C — above 0.35 °C and
below 0.35 °C, respectively. Gratt et al. [16] reported
that hot thermograms give a clinical diagnosis of sym-
pathetic pain, peripheral nerve-mediated pain, tempo-
romandibular joint (TMJ) arthropathy or sinusitis,
while cold thermograms give a clinical diagnosis of
peripheral nerve-mediated pain or pain independent of
the sympathetic nervous system [4], [16], [17].

Normal thermograms included those with a clini-
cal diagnosis of cracked tooth syndrome, trigeminal
neuralgia, pretrigeminal neuralgia or psychogenic
facial pain. This methodology proved to be accurate in
92% of cases. Asymptomatic TMJ patients were
shown to have symmetrical thermal patterns with
mean AT values of 0.1 °C, whereas TMJ pain patients
showed asymmetrical thermal patterns with increased
temperature over the affected TMJ area with mean AT
values of 0.4 °C [28].

Canavan et al. [4] studied a group of patients with
mild to moderate temporomandibular joint dysfunc-
tions (TMDs) and found that AT values were corre-
lated with patients’ pain levels. Gratt et al. report that

IRT of the chin is an effective method for diagnosing
inferior alveolar nerve (IAN) deficits.

Despite its many advantages, electrothermal de-
tachment (ETD) that is a common orthodontic bracket
detachment method can cause thermal damage to the
dental pulp. Cummings et al. [9] conducted in vitro
studies using IRT on extracted human premolar teeth
and found that during ETD, pulp temperature in-
creases from 16.8 to 45.6 °C, causing severe pulp
tissue damage.

Smith et al. [42] stated that change in the surface
temperature of teeth is not suitable as a simple clinical
means to assess pulp vitality. However, others found
that teeth with non vital pulp have lower temperatures
than teeth with vital pulp.

Many dental conditions are associated with distur-
bances in nerve conduction and blood flow [49]. La-
hiri et al. [28] were able to directly demonstrate the
relationship of vascular bed size to heat transfer rate.

Thermography can be used as a screening method
for conditions in various dental specialties. Changes in
the pattern of normality can be an indicator of patho-
logical conditions [18], [20], [31].

Thermography is also used in orthodontics during
the cementation of orthodontic brackets. The tem-
perature rise of the composite material on which the
orthodontic brackets are cemented must be controlled
to prevent overheating of the dental pulp [2].

In endodontics, the most common reason for root
canal treatment is pulpitis, which causes pain to the
patient. The absolute temperature limit for restorative
procedures in a dental organ is 41.5 °C. Above this
temperature, pulpitis and even necrosis may occur [1].
Caries present within the dental pulp connects to the
dental pulp via the dentinal tubules. Monitoring in-
tertubular temperature through the use of thermogra-
phy may help to identify and differentiate inflamma-
tory conditions such as acute pulpitis with apical
periodontitis (endo-perio lesions) 36 = 0.5 °C, acute
periapical abscess 37 £ 0.4 °C and chronic periapical
abscess 35 £ 0.6 °C [1], [22], [33].

Thermography is also used for detecting changes
in tooth decay (caries) at an early stage. A temperature
0f 49.66 °C suggests the presence of decalcification of
the tooth enamel. Thermography may help in its iden-
tification of caries in areas that are visually difficult
to access clinically, complementing radiographic im-
aging in the diagnostics of carious lesions [44]. The
use of thermal imaging in orthodontics makes it pos-
sible to monitor, among other things, the variation in
tooth temperature rise during electrothermal removal
of orthodontic brackets, avoiding the high risk of
overheating of the dental pulp. It also makes it pos-
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sible to analyze cross-sections of teeth during the
process of removing ceramic brackets using a CO,
laser [2].

In the field of surgery, thermography is very useful
for quantifying the cutaneous inflammatory response
after surgical removal of retained teeth [7], [23]. Some
studies identified changes in the facial circulatory sys-
tem after extraction of third molars and found that re-
gional blood flow might change after surgical trauma
and increase local circulation. This happens mainly in
the lymphatic microcirculation. This biological proc-
ess may cause a temporary local rise in temperature
[3]. In orthognathic surgery, thermography quantifies
facial temperature in patients undergoing maxillary
and mandibular osteotomy [13].

In our study, subtractive thermography was used to
detect areas of different energy dissipation time, indi-
cating different density and heat conduction capacity
of the teeth. This indicates the heterogeneity of the
tooth structure resulting from damage to the wall by the
developing carious process. the accompanying inflam-
mation also leads to the expansion of vessels, which
are capable of bringing more energy from the teeth.
This release proved to be useful in assessing the pres-
ence of a vascular bed in the dental pulp under physio-
logical and pathological conditions.

The limitations of the study include the low num-
ber of teeth analyzed in both groups. Furthermore, the
inability to distinguish between lymphatic and blood
vessels on examination.

5. Conclusions

Hyperaemia as a result of inflammation is associ-
ated with increased blood flow, thus, an increased
temperature of a tooth. Thermography can detect these
temperature changes so high resolution thermography
may be used for diagnostic purposes. The active dy-
namic thermography confirmed the presence of areas
of various sizes, which indicate the changes in fluids
drainage and, consequently, heat. This is indicative of
the inflammation-induced change in the size of the
bed that allows the circulation of body fluids — blood
and lymph.
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