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Abstract

Objective. Inflammation plays a central role in the pathophysiology of rheumatic diseases as well as in osteoarthritis.
Temperature, which can be quantified using infrared thermography, provides information about the inflammatory
component of joint diseases. This systematic review aims at assessing infrared thermography potential and limitations in
these pathologies. Design. A systematic review was performed on 3 major databases: PubMed, Cochrane library, and Web
of Science, on clinical reports of any level of evidence in English language, published from 1990 to May 2021, with infrared
thermography used for diagnosis of osteoarthritis and rheumatic diseases, monitoring disease progression, or response to
treatment. Relevant data were extracted, collected in a database, and analyzed for the purpose of this systematic review.
Results. Of 718 screened articles 32 were found to be eligible for inclusion, for a total of 2094 patients. Nine studies
reported the application to osteoarthritis, 2| to rheumatic diseases, 2 on both. The publication trend showed an increasing
interest in the last decade. Seven studies investigated the correlation of temperature changes with osteoarthritis, 16
with rheumatic diseases, and 2 with both, whereas 2 focused on the pre-post evaluation to investigate treatment results
in patients with osteoarthritis and 5 in patients with rheumatic diseases. A correlation was shown between thermal
findings and disease presence and stage, as well as the clinical assessment of disease activity and response to treatment,
supporting infrared thermography role in the study and management of rheumatic diseases and osteoarthritis. Conclusions.
The systematic literature review showed an increasing interest in this technology, with several applications in different
joints affected by inflammatory and degenerative pathologies. Infrared thermography proved to be a simple, accurate,
noninvasive, and radiation-free method, which could be used in addition to the currently available tools for screening,
diagnosis, monitoring of disease progression, and response to medical treatment.
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involving joints, connective tissue, muscles, tendons, and
fibrous tissue. In the general population, RA prevalence

Introduction

Inflammatory and degenerative joint diseases are common
and progressive clinical entities, often associated with sig-
nificant pain and functional disability. Among those with
the greatest impact on society are osteoarthritis (OA) and
rheumatic diseases such as rheumatoid arthritis (RA).!
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Osteoarthritis is considered a degenerative joint disease that
affects all articular joints and is associated with degenera-
tion of the joint cartilage and menisci, subchondral sclero-
sis, and inflammation of the synovial membrane.
Osteoarthritis is the most common musculoskeletal disease
and its prevalence, currently, around 20% to 30% of the
population of the wealthier countries, will increase further
with the progressive lengthening of life expectancy.?® After
cardiovascular diseases, OA is the most frequent cause
of disability and a reduction in work activity. In addition,
rheumatic diseases severely affect patient quality of life,
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ranges from 0.5% to 1%,*° being higher in women (in a
female/male ratio of 2.5/1) in industrialized countries. It
can occur at any age, with the peak incidence being between
the age of 40 and 70 years.® As OA, RA is a major cause of
disability, so that at least 50% of those affected are unable
to maintain a full-time job within 10 years of disease onset.’

Inflammation plays a central role in the pathophysiology
of these diseases, in particular for RA, with an immune acti-
vation and leukocyte infiltration into the normally sparsely
populated synovial compartment. Consequently, particu-
larly in the first stages of the disease, tissue edema and
fibrin deposition are prominent and can manifest clinically
as joint swelling and pain.>®° Moreover, increasing evi-
dence points to an important role of inflammation in OA,
which can no longer be simply labeled as a “degenerative”
discase. Inflammation promotes damage to joints and
bones, causing joint-related functional deficits, especially
in the earlier stages. The quantification of the inflammatory
component in the disease processes could help to better tar-
get treatments to address this pathological aspect and to
manage better each patient according to the specific disease
phase and manifestation. In this light, the temperature is a
key physical property, which can directly reflect the articu-
lar inflammatory processes. The increase above normal val-
ues is 1 of the 4 classical signs of inflammation, and thermal
cameras can detect and quantify these temperature
changes.!®!3 Infrared thermography (IRT), a noninvasive
and radiation-free method which provides information on
the thermal, metabolic, and vascular conditions of the
human body, could be therefore used in addition to the cur-
rently available tools for diagnosis, monitoring of disease
progression, and response to medical treatment, in particu-
lar in relation to the inflammatory component of joint
diseases.!*10

This systematic review aims at assessing the potential
and limitations of thermography in the study of the inflam-
matory component of joint inflammatory and degenerative
diseases.

Materials and Methods

A systematic review of the literature was performed on the
articles dealing with inflammatory and degenerative joint
diseases evaluated by IRT. The search was performed on
May 7, 2021 on PubMed, Cochrane library, and Web of
Science databases with the string: (Infrared Camera or
Thermography or Infrared Thermography or Thermal
Camera or IRT) AND (Arthritis or Osteoarthritis or OA or
Rheumatoid Arthritis or RA). The list of references for each
selected article was manually searched for more papers of
interest. The guidelines for Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) were
used (Fig. 1).!” Two independent observers (G.S. and G.C.)

conducted the screening process and analysis separately.
First, the articles were screened by title and abstract. The
following inclusion criteria were used during the initial
screening of titles and abstracts: clinical reports of any level
of evidence, written in the English language, published in
the last 30 years (1990-2021), with IRT used for diagnosis
of OA and rheumatic diseases, monitoring disease progres-
sion or response to medical treatment. Exclusion criteria
were articles written in other languages, studies on animals,
preclinical studies, reviews, case reports, studies not sup-
ported by statistical analysis, or studies analyzing other
applications of IRT. In the second step, the full texts of the
selected articles were screened, with further exclusions
according to the previously described criteria. Afterward,
articles not reporting any data on the correlation between
IRT measurements and joints structural changes (docu-
mented by currently available tools like x-ray, computed
tomography, MRI, and ultrasound) or clinical outcome
were excluded. Relevant data (publication year, type of
study, number of patients, pathology, joints involved, type
of IRT system used, treatment assessed, results) were then
extracted and collected in a unique database with the con-
sensus of the 2 observers to be analyzed for the purposes of
the present article (Tables 1 and 2).

Results

The articles screened were 718 and of these 32 articles
were found to be eligible for inclusion in the present
review. Among these, 9 studies reported IRT application
to OA, 21 to rheumatic diseases (17 RA, 2 juvenile arthri-
tis, 1 both RA and juvenile arthritis, 1 psoriatic arthritis),
2 studies reported on both OA and RA (Tables 1 and 2).
In total, 2094 patients were studied, 735 women and 308
men (from 18 studies, whereas the other 14 studies did
not specify the female/male ratio), with age ranging from
4 to 83 years. The publications with specific reference to
disease, location, and patients studied are reported in
Figure 2, which shows an increasing trend with three-
fourths of the papers of the last 30 years published in the
last decade.

Of the 32 articles, retrieved from the literature search, as
shown in Tables 1 and 2, 7 investigated the correlation of
temperature changes with OA, 16 the correlation with rheu-
matic diseases, and 2 with both OA and rheumatic diseases.
While 2 focused on the pre-post evaluation to investigate
treatment results in patients with OA and 5 in patients with
rheumatic diseases (1 study for each group also provided cor-
relation data, between the temperature changes and the pres-
ence of OA and rheumatic disease). In the following chapters,
results are summarized and detailed, distinguishing for OA
and rheumatic diseases; moreover, for each group, correla-
tional and pre-post studies are discussed separately.



CARTILAGE 13(Suppl 2)

1792S
Ly
c
2 Records identified through Additional records identified
S database searching through other sources
% (n=718) (n=5)
c
)
3
y
e Records after duplicates removed
(n=707)
(%)
£
c
$ y
-
a Records screened Records excluded
(n=707) (n=667)
ffm—
Full-text articles excluded
(n=8)
Reasons:
- e Casereport(2)
Full-text articles assessed e Articles not reporting any
g for eligibility data on correlation
2 (n=40) between IRT
g measurements and
. . S clincal outcome or joints
Addn::)nal r;co;ds identified structural changes,
roug( r_eoe)rcnces studies not supported by
Jre statistical analysis (6)
y
° Studies included in
3 qualitative synthesis
e (n= 32)
N~/

Figure |. PRISMA flow chart of the article selection process. PRISMA = Preferred Reporting Items for Systematic Reviews and

Meta-Analysis; IRT = infrared thermography.

Correlational Studies to Investigate OA-Related
Temperature Changes

Ofthe 10 identified studies, 5 treated the knee joint,!-20:21.23.28
3 the temporomandibular joint (TMJ),>42¢27 and 2 the
hand?*>?* (Table 1). Four of these papers®>?42%?7 reported on
IRT used to identify the joints’ absolute temperature differ-
ences between patients affected by OA and the control
group. All these studies reported significant differences

between the 2 groups. Infrared thermography was also used
to capture different patterns of heat distribution between
healthy and pathological joints. One study?® highlighted
that, due to the difference in inflammation spreading, the
mean, standard deviation, and contrast value of intensity
distribution over IRT images could discriminate between
the affected OA knee and normal knee. Another study?! also
proposed an automated screening system for knee OA based
on the different patterns of the temperature detected by IRT:
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Figure 2. Timeline of the included studies. M] = multiple
joints; TMJ = temporomandibular joint; OA = osteoarthritis;
RA = rheumatoid arthritis; sphere size = number of patients
included in the study.

266 knee thermal images were acquired, and a knee feature
extraction algorithm based on patella-centring was per-
formed. The extracted features were fed to a support vector
machine (SVM) classifier to perform an automated recogni-
tion. The SVM classifier had an accuracy rate of 85.5%, a
sensitivity of 85.7%, and a specificity of 85.5% in detecting
normal and abnormal cases. The feasibility of using the
symmetry/asymmetry distribution of temperatures to dis-
criminate between normal or abnormal thermal patterns,
and so between normal or pathological joints, was investi-
gated by 2 other studies,?>?” although without reaching sta-
tistical significance.

Infrared thermography was also used in 3 papers to
investigate the correlation between thermal patterns and
radiological severity grade.??>? Two studies described a
statistically significant correlation between temperatures
and radiological disease severity based on the Kellgren-
Lawrence (KL) classification.?3?> Interestingly, one? also
underlined that the temperature of joints with a radiological
diagnosis of KL grade 1 was higher than those of KL 0,
whereas temperatures of joints with more advanced OA
grades were lower, probably due to the prevalence of degen-
erative OA features. The third study did not find a correla-
tion between temperatures and KL classification.?®

Finally, one study'® reported on the difference in terms
of lower limb thermal skin response after an acute training
session between OA subjects and control group: the exer-
cised knee affected by OA was significantly warmer than
controls after exercise.

IRT-Based Studies to Investigate OA Treatment
Outcome
Of the 2 identified studies, 1 treated the knee joint' and 1

the TMJ?* (Table 1). These papers used IRT to monitor the
response to medical treatments, Movardol in knee OA,"

and Diclofenac Sodium?* in TMJ OA. The presence of a
diffuse vascularization and inflammation (visible as “red-
ness” and measurable by thermography) was significantly
decreased with the supplement of Movardol considering the
maximum temperature of the area and the global average
temperature of the skin over the affected knee. On the con-
trary, the use of Diclofenac Sodium in patients with TMJ
OA showed an improvement of the clinical outcomes after
3 months, but the skin surface temperature measured over
the TMJ showed no difference between patients and
controls.

Correlational Studies to Investigate Rheumatic
Diseases Related to Temperature Changes

Ofthe 20 identified studies, 5 treated the knee joint,?%-2-37.38.46
8 the joints of the hand,?%3%33-35:39.404849 1 the wrist,’® 2 the
joints of the foot,*#” and 4 multiple joints'*!4344 (Table
2). Thirteen of these papers?>29-31:33.33.36.38-41.48347 reported a
statistical difference in joints’ absolute temperature between
patients affected by rheumatic diseases and healthy con-
trols. While in these studies the presence of an active
inflammation process was detected by IRT as increased
temperature, one study** used instead of a particular index,
the HDI,'" with the aim to avoid possible biases related to
the measurement of the absolute temperature. The authors
compared HDI values of 10 control wrists and metacarpo-
phalangeal joints (MCPs) with 18 wrists with active arthri-
tis and 9 MCPs with active arthritis (RA and juvenile
arthritis). The HDI in joints with active arthritis was signifi-
cantly higher compared with control joints. Moreover, they
documented that an HDI cut-off of 1.3°C discriminated
well between controls and patients with active arthritis.
Infrared thermography was also used to capture different
patterns of heat distribution between healthy and pathologi-
cal joints?’; however, there was no difference between con-
tralateral joints, due to the similar spreading of inflammation
in bilateral joints of patients with RA.

Another approach was proposed by Pauk et al.:* the
authors found that the baseline temperature of fingers in
patients with RA was not significantly different from
healthy participants. However, the use of a cooling test
allowed for increasing the temperature contrast between
the maximum and the minimum temperature (Tmax-Tmin)
along the finger’s axis. The temperature Tmax-Tmin mea-
sured along the finger’s line was higher in patients with RA
compared with healthy participants post-cooling and post-
rewarming. The authors attributed this finding to vasculi-
tis, a relevant complication of an advanced stage of RA,
which in 90% of patients manifests as focal ischemia of the
fingers.

Four papers also reported the best joints to image
to detect the presence of active disease: the MCPs of the
second and third fingers, the proximal interphalangeal

35,40,41,43
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joints of the third finger, the distal interphalangeal joints of
the third finger, and the knees.

Eight studies reported a statistically significant correla-
tion between joint temperature and clinical assessment of
disease activity. In particular, IRT findings correlated with
clinical scores (DAS-28 and HAQ score),’’! serologic
markers of inflammation (ESR—erythrocyte sedimentation
rate and CRP—C-reactive protein),>>>7#¢ swelling,’® and
pain.***® One study*' generated a classifier using decision
trees (DTs—C5.0) to assess the level of severity, with the
objective to separate patients into 3 classes of RA activity
(low, medium, and high level): the data sets obtained from
the calculations showed high performance of the DT classi-
fier with a sensitivity of 96% and a specificity of 92%.
Contrarily, in one paper,* the thermographic analysis was
not associated with clinical measures of disease activity.
There was no statistically significant correlation between
joint temperature and clinical assessment of disease activity
including DAS-28, swollen joints, ESR, and CRP.

Another important finding is the correlation between
higher thermal values on the skin overlying joints and the
presence of active inflammation assessed through color
Doppler ultrasound (CDUS), which was reported in 6
papers. Among these, 5 studies?®>!3%*%4 documented a sta-
tistically significant correlation between IRT and CDUS, in
particular one of them affirmed that the use of combined
thermal and ultrasound imaging in RA showed superiority
to either imaging alone in terms of correlation with DAS-
28.% Instead, one paper®® did not find significant results in
the comparison of IRT joint average temperatures and
CDUS inflammation findings.

Finally, one study’® investigated the effect of a training
session in patients with active psoriatic arthritis. The aver-
age baseline temperature was higher in this group compared
with healthy control patients, and post-exercise, the authors
documented a longer time needed from the end of the exer-
cise to reach the minimum temperature compared with the
control group. Accordingly, the authors underlined that,
even in the absence of clinical symptoms, IRT can detect
inflammatory-related processes resulting in skin tempera-
ture recovery alterations induced by exercise.

IRT-Based Studies to Investigate Rheumatic
Diseases Treatment Outcome

Of the 4 identified studies, 2 treated the knee joint*>*® and 2
the hand***? (Table 2). These papers used IRT to monitor
the response of joints affected by RA to medical treatments,
in particular, intra-articular steroid injection,* steroid asso-
ciated with other drugs,* and cryotherapy.*** MacDonald
et al.* documented the effect of knee intra-articular steroid
injections: after treatment, a clear improvement in MTI (a
specific index used instead of absolute temperatures)’! was
documented. Interestingly, the authors observed the same

effect to a similar degree also in the contralateral not
injected knee. Also, Blyth et al.,* evaluating 3 different
treatments for knees affected by RA (triamcinolone hexace-
tonide—TH, TH with rifampicin, or TH with methotrex-
ate), documented that IRT revealed improvements at 3
months of follow-up compared with baseline, although it
could not find the difference among the 3 treatments.
Cryotherapy was applied with different cooling agents (ice
massage, cold air, and nitrogen vapor), all showing to
induce temperature changes in hand’s joints.*** Moreover,
according to Svaic et al.,** cryotherapy was an effective
physiotherapeutic method not only for lowering the joint
temperature, but also for reducing the pain level and
improving function in patients with RA, although with data
collected only in the immediate phase after treatment.

Discussion

The main finding of this study is that IRT is an effective
approach to document the presence of joint inflammation,
with correlations to other imaging and clinical features doc-
umented for different joints affected both by OA and rheu-
matic diseases.

The evolution of IRT in the last 30 years led to its use for
multiple purposes within human medicine, showing a great
potential to improve the medical diagnosis and therapy
monitoring within medical fields that include oncology,
neurology, urology, theumatology, and others.”>>* Among
these, results in orthopedics revealed that IRT is a sensitive
and reliable method for diagnosis, evaluation, and monitor-
ing of OA and rheumatoid diseases of different joints.>>%
This systematic review underlined the correlation between
surface skin temperature and joints’ inflammatory and
degenerative diseases. Anatomic relations of the skin and
circulatory system, together with increased metabolism and
a richer blood supply to tissues beneath the surface, repre-
sent important factors in thermographic analysis. Tissues
with a higher metabolism and a richer blood supply beneath
the surface skin, as it happens in the inflammatory process,
emit more infrared rays, allowing identifying and monitor-
ing this component of OA and rheumatic diseases by IRT.
Moreover, skin temperature can be taken into consideration
also to study the physiology of thermoregulation and the
thermal dysfunction associated with pain. Indeed, pain
plays a main role in the course and treatment of joints’
inflammatory and degenerative diseases, and it is known
that in knee OA there is a high prevalence of both nocicep-
tive and neuropathic pain, which are both associated with
an alteration of the thermal distribution of the human body
in the form of hyperthermic or hypothermic regions.>’

Based on this rationale and the positive IRT results, in
the last years, the trend of publications has significantly
increased also thanks to the technological advance of the
thermal cameras and the software used to generate
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and analyze the thermal images. In fact, the feasibility and
reliability have considerably improved as a result of new
standards and protocols in clinical practice. Skin tempera-
ture can be affected by many internal and external factors,
such as circadian rhythm, metabolic rate, emotional state,
physical activities, use of drugs, alcohol, and cigarettes,
temperature, humidity, and light of the room in which the
thermal images are captured, the distance and angle between
the thermal cameras and patient, and other factors.''>
Accordingly, to minimize the possible biases due to these
factors, the International Academy of Clinical Thermology
(IACT) has developed guidelines and protocols for the
equipment, design, and environmental conditions of the lab-
oratory room, as well as for the management of the patient,
which makes IRT more reliable and user-friendly.

The available literature investigated different aspects of
the application of IRT in clinical practice. Infrared thermog-
raphy has been used for diagnosis, monitoring of disease
progression, and response to medical treatment mainly in
patients with RA or other rheumatic diseases. In fact,
inflammation plays a central role in the pathophysiology of
these diseases, thus thermography can be easily used to
detect the presence of illness, and it can discriminate well
between healthy and pathological joints. While the useful-
ness of IRT in rheumatic diseases could be expected,
increasing evidence also underlines the important role of
inflammation in OA, which can no longer be simply labeled
as a “degenerative” disease, especially in the earlier stages.
In fact, many studies found a correlation between skin tem-
perature and OA. The large majority of the studies found a
correlation between the presence of illness (both in OA and
rheumatic diseases) and either an increase of absolute skin
temperature over the affected joints compared with healthy
subjects or the presence of disease with different patterns of
heat distribution, which reflected the spreading of joint
inflammation. In the case of rheumatic diseases, the
synovium is typically inflamed. Angiogenesis and vascular
reorganization in the synovium are also usually observed
patterns in patients with RA. The presence of synovitis may
explain why patients with RA have overall warmer joints
than healthy controls. As skin temperature rises within
increased subcutaneous blood flow, IRT is a possible
method for detecting joint inflammation in patients with
arthritis. As the spreading of inflammation in bilateral joints
is similar, and the feature differences are minor between
contralateral joints, the increased values were identified
through the comparison with healthy subjects.

On the contrary, in the OA setting, there is a degenera-
tion of the joint surface and the subsequent release of
degraded proteoglycans and proteolytic enzymes into the
synovial fluid, leading to more degeneration and causing a
secondary inflammation, with a growth of blood vessels
and nerves into the synovium and deteriorated cartilage.
Prostaglandins are important mediators of inflammation

and in this case are powerful vasodilators that can also
potentiate afferent C fiber sensitization. All of this causes
the difference in inflammation spreading, absolute tempera-
tures, and the values of intensity distribution over IRT
images that could also discriminate between the affected
joints and normal contralateral joints.

The feasibility of using the symmetry/asymmetry distri-
bution of temperatures to discriminate between normal or
abnormal thermal patterns, as well as between normal or
pathological joints, could be further examined by develop-
ments in IRT technologies. In this regard, Jin et al.?' pro-
posed an automated screening system for knee OA,
precisely an effective knee feature extraction algorithm
based on patella-centering and analyzed by a supervised
machine learning classifier algorithm, an SVM. This SVM
works by assigning labels to objects from a set of training
examples. This method showed promising results with high
accuracy, sensitivity, and specificity in detecting normal
and abnormal cases. This system was based on different
patterns of temperature. In fact, the absolute temperature
may present biases due to the patient and environmental
factors, thus specific indexes have been developed, and
research in this direction could further increase the reliabil-
ity of this technology and the ability to detect and distin-
guish different disease patterns.

In addition to the correlation with other imaging findings
(such as x-ray and CDUS) documenting the presence of dis-
case and/or joint inflammation, most of the studies were
also able to confirm a correlation between IRT findings and
the clinical assessment of disease activity detected by clini-
cal scores, serologic markers, and clinical examination
(pain, swelling, and function). In this regard, Frize and
Ogungbemile*! even generated a classifier using IRT images
to assess the level of severity in the patient group with a
sensitivity of 96% and a specificity of 92%. Finally, 7 stud-
ies investigated the usefulness of IRT as a complementary
diagnostic tool, showing the potential for monitoring dis-
case progression and response to medical treatments such
as steroids, cryotherapy, and exercise. Overall, all joints
supported the usefulness of IRT, with some findings sug-
gesting IRT being even more suitable to detect the presence
of active disease at the MCPs’ joints, proximal and distal
interphalangeal finger joints, and at the knee joints.

The overall literature findings support the potential of
using IRT for different joints and for both OA and rheu-
matic diseases, to identify and classify the inflammatory
component of the disease, as well as to monitor the treat-
ment outcome. However, after decades of research, data are
still based on a small number of patients for each clinical
condition. Accordingly, the literature presents some limita-
tions, which this systematic review reflects a small number
of available studies reporting on a small number of patients.
In addition, the heterogeneity of diseases treated in the stud-
ies and the different districts affected by pathology has
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hampered the possibility to perform a meta-analysis. The dif-
ferent technologies and protocols employed in the studies
have been a further hindrance. In fact, this is an evolving field,
starting from studies developing thermographic indexes like
the one by Ring ef al. in 1974, there are now different authors
relying on different patterns, indexes, and technological set-
tings.>-°! However, even though the literature presents hetero-
geneous studies of low level, this systematic review still
offered important indications, showing the feasibility and reli-
ability of IRT as a complementary diagnostic tool in inflam-
matory and degenerative joints’ diseases. These findings
could serve as a base for further studies toward the develop-
ment of more specific high-level studies in which IRT is used
following specific protocols and guidelines to minimize pos-
sible bias, evaluate the real potential of this approach, and
help to develop and improve IRT technologies.

The evolution of IRT could further change the field,
improving the performance of current technologies, and
open the possibility for new clinical applications. For exam-
ple, new-generation systems based on 3-dimensional and
thermal imaging can provide measures of joint volume,
shape, and thermal patterns that are more reliable than stan-
dard thermal measures.** The analysis of the available evi-
dence already shows promise, and further technological
advances may lead to an even more reliable and broader use
of IRT not only in the research setting but also in the clinical
practice, to improve the study and management of OA and
rheumatic diseases.

Conclusions

Infrared thermography is a simple, accurate, noninvasive,
and radiation-free method, which provides information on
the thermal, metabolic, and vascular conditions of the
human body, and could be therefore used in addition to the
currently available tools for screening, diagnosis, monitor-
ing of disease progression, and response to medical treat-
ment. The systematic review of the literature showed an
increasing interest in this technology, with several applica-
tions in different joints affected by inflammatory and
degenerative pathologies. A correlation was shown between
thermal findings and disease presence and stage, as well as
the clinical assessment of disease activity and response to
treatment, supporting the potential role of IRT in the study
and management of OA and rheumatic diseases.
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