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ABSTRACT

Infrared thermography, or thermal imaging, is a non-
invasive diagnostic technique that can detect subtle
physiological changes associated with inflammation
and tissue stress. Thermal imaging offers a unique in-
sight into vascular and metabolic reactivity to muscu-
loskeletal stress by recording heat patterns on the skin
surface. Applied to overuse conditions, such as tendi-
nopathies, stress fractures, and bursitis, this technol-
ogy holds the promise of becoming a significant step
forward, as asymptomatic or subclinical processes can
be identified that are detected before structural dam-
age manifests, as detected by traditional modalities.
Although enthusiasm is increasing, the deployment
of thermal imaging in sports and clinical settings is
controversial. Although specific research confirms
its sensitivity in the early stages of injury prevention,
questions remain about its specificity, standardiza-
tion, and consistency in diagnosis under various condi-
tions and from different operators. The lack of uniform
guidelines and interpretive inconsistency raises many
important questions regarding its single clinical val-
ue. This review aims to provide a critical analysis of
thermal imaging, highlighting its potential in the early
detection of overuse injuries based on accumulating
evidence, technological foundations, clinical appli-
cations, and limitations. It also examines regulatory
and ethical issues and discusses future research and
directions for integrating emerging digital health tech-
nologies with existing research. Ultimately, the paper
poses whether thermal imaging is an innovative aid or
a heavily publicized complement to musculoskeletal
diagnostics.
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Introduction

Overuse injuries constitute a significant clinical and
socioeconomic impact, especially on athletes, work-
ers, and soldiers. Such injuries result from repetitive
microtrauma, with causes that include conditions like
tendinopathies, stress fractures, and bursitis. Their
sneaky manifestation mainly results in late detection,
long-lasting incapacity, and the onset of chronic im-
pairment or premature resignation from jobs that re-
quire specific physical efforts.” Therefore, preliminary
identification and treatment are essential, and existing
diagnostic routes are quite unsatisfactory because they
cannot detect preclinical or progressing cellular strain.
Conventional methods of diagnosis, such as magnet-
ic resonance imaging (MRI), ultrasound, and clinical
observation, can be utilized after structural changes
have occurred. They are, however, limited in the early

or subclinical stage of injury because they depend on
gross pathological alterations.

Additionally, these approaches may be associated
with high costs and dependency on operators or may
not be applicable in field-based monitoring, especial-
ly in athletic environments where decision-making is
highly time-sensitive.” These drawbacks have high-
lighted the need to develop new tools to detect the
physiological stress reaction before structural damage
occurs. Thermal imaging has the potential to serve as
a new diagnostic aid, as it detects the infrared ener-
gy emitted by the body’s surface, providing an image
of local inflammation and changes in blood flow pat-
terns. Its exponents propose that it may fill the gap be-
tween the onset of symptoms and structural pathology,
intervening earlier in a noninvasive manner.” However,
despite its theoretical promise, clinical integration of
thermal imaging has been controversial. Fears about
its diagnostic accuracy, interuser reliability, and sensi-
tivity to the environment have hindered further adap-
tation (Figure 1).

This review critically examines the practicability
and limitations of using thermal imagers to identify
overuse injuries in their early stages. It questions op-
timistic projections, examines the quality of the avail-
able evidence, and asks whether this technology truly
provides a paradigm shift in musculoskeletal diagnos-
tics or leaves an underdeveloped tool with untapped
potential.

Case studies have also highlighted the clinical
prospects of thermal imaging in the recent past. For
example, in elite soccer, preseason thermal scanning
showed that 22% of asymptomatic players had asym-
metric patellar tendon cooling; 80% of them experi-
enced tendinopathy in 3 months, facilitating proactive
load reduction. The same has been done with portable
thermal cameras, where military trials were done to de-
tect stress fractures among recruits. The specificity was
78%, 2 weeks before radiographic confirmation, put-
ting down the attrition rate to 40%. These examples in-
dicate how clear signs of thermal aberration in an early
stage might be used as an intervention.* This narrative
review is a thorough analysis of the utilization of infra-
red thermography in the early identification of overuse
injury as a synthesis of existing evidence. It indicates
several gaps and controversies in the area.

In contrast to systematic reviews or the
meta-analyses, our research is built on an attempt to
present an exhaustive but critical overview of publish-
ing peer-reviewed works with PubMed, IEEE Xplore,
and Scopus (2010-2025) databases and to use them
because of their importance to musculoskeletal diag-
nostics. The review will follow a threefold structure:
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Fig 1 | Infrared thermal imaging of patellar tendinopathy®

the first part is the assessment of the technological ba-
sis and clinical groundworks, which lie behind the use
of thermal imaging; the second part is assessment of
the advantages of the imaging combined with its draw-
backs relative to traditional diagnostic options; and
the third part will be the discussion of some emerging
uses and potential ethical issues. Although we under-
stand that narrative methodology may have inherent
weaknesses regarding the influence of selection bias,
this method enables us to address multidimensional,
interdisciplinary problems that cannot be evaluated
using numbers. We aim to present the clinicians and
researchers with a sober opinion on the emerging use
of thermal imaging in sports medicine, occupational
health, and in these areas, especially injury detection
before clinical occurrences. The review will specifical-
ly avoid non-English and non-peer-reviewed articles to
the extent of academic rigor, acknowledging that this
could exclude some important information available
in other linguistic or gray literature sources.

Case Examples Illustrating Clinical Utility

Case 1

Preseason Detection of Patellar Tendinopathy in an Elite
Soccer Player: A 24-year-old professional soccer player
was at his routine preseason thermal screening, which
identified a 1.6°C hyperthermic area over the right pa-
tellar tendon. The patient did not provide a history of
pain, and there was no limitation in their functional
ability. The clinical examination was regular. Conven-
tional ultrasound revealed a standard tendon structure
with the absence of neovascularization. According to
the thermal results, the sports medicine crew adopted
altered training loads (a 30% cut in plyometric drills)
and started preventive eccentric strengthening. In
8 weeks, the player exhibited clinical signs of tendinop-
athy; however, early therapy ensured that the structural
damage of the tendon did not occur. This case illustrates
that thermal imaging can detect further signs of tissue
“at risk” of injury before the development of symptoms,
such that it can be treated proactively and potentially
change the progression of injury.

Case 2

Early Stress Fracture Identification in Military Training:
In Basic training thermal surveillance, one recruit had
a hypothermic zone of 1.4°C on the mid-tibia, although
he had not described any definite pain after marches,
at the age of 19 years. Radiographs according to initial
presentation were normal, but an MRI test had proved
10 days down the line the presence of a Grade 2 stress
fracture. The thermal observation led to the withdraw-
al of load-bearing drills and vitamin D therapy. This
early diagnosis that allowed rehabilitation in 22 ver-
sus 37 days cut the rehabilitation duration by 40% of
peers at the platoon level who had later radiographic
results (mean 3.2 weeks postsymptoms). This case can
demonstrate how thermal imaging can help close the
gap between the ability to detect stress on functional
bones and those changes that can be identified.

Literature Search Strategy

Three key databases, PubMed, IEEE Xplore, and Sco-
pus, were searched systematically to find similar stud-
ies published from January 2010 to June 2025. The
search strategy used the key terms and their Boolean
variations given below:

(“thermal imaging” OR “infrared thermography”)

AND (“overuse injuries” OR “tendinopathy” OR
“stress fractures” OR “bursitis”)

AND (diagnosis OR early detection OR screening)

The following inclusion criteria were applied: the stud-
ies had to be (1) peer-reviewed, original research or re-
view articles; (2) published in the English language; (3)
using musculoskeletal applications in human beings;
and (4) include sufficient methodology of thermal imag-
ing protocol. Exclusion requirements eliminated the fol-
lowing: (1) studies that had subjects other than humans;
(2) nonmusculoskeletal applications; (3) studies that
had less methodological information; or (4) conference
abstracts that did not include full methods papers.

The starting search resulted in 1,482 records. After
removing the duplicates and screening the title/ab-
stract, 217 articles were thoroughly examined. Finally,
85 studies matched all inclusion criteria (see PRIS-
MA flow diagram, Figure 2). Although this stringent
selection process can make a review of high quality,
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Fig 2 | The PRISMA flow diagram represents the literature selection process. The flowchart records the identification,
screening, and eligibility of studies included in this review and their ultimate inclusion. A total of 85 studies were included
that fulfilled all established inclusion criteria because of duplicate removal (n = 317) and multistage screening (title/abstract:
n=1,165; full-text: n = 217) of 1,482 records found based on database searching. Nonmusculoskeletal applications (n = 62),
lack of detailed methodology (n = 48), and use of nonhuman subjects (n = 22) were estimated to be the main reasons for
exclusion at the full-text step. The entire selection procedure followed the PRISMA 2020 guidance on systematic evidence

synthesis

drawbacks such as biases related to non-English stud- to the design of studies. To conduct diagnostic accura-
ies and lack of recent preprints not yet in searched cy studies (n = 32), we used the QUADAS-2 tool to as-
databases are observed. The last database is the most  sess four well-established domains: patient selection,
body of evidence concerning the use of thermal imag- index test (thermal imaging), reference standard (MRI/
ing to detect overuse injuries. ultrasound), and flow/timing. The Newcastle-Ottawa

Scale was used to evaluate observational studies (n =

Quality Appraisal of Included Studies 53), which assessed selection, comparability, and out-
The quality of methodology in the researched studies come evaluation. Two independent reviewers carried
was carefully evaluated using standard tools pertinent  out the appraisals, and a third reviewer was included
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Table 1 | Evidence summary of key studies on thermal imaging for overuse injuries

Study (Year) Design Population (r) Pathology Thermal Findings Gold-Standard Key Limitations
Comparison

Hildebrandt et al. Cohort Alpine skiers (38) Patellar tendinopathy ~ 1.2-1.8°C Ultrasound (grade I-I1) No blinding, small sample

(2010) hyperthermia

Sandsetal. (2011)  Longitudinal Gymnasts (45) Wrist stress fractures ~ 0.9°C asymmetry MRI (3T) No control group

loannou (2020) Case-control Military (112) Tibial stress syndrome  1.5°C hypothermia ~ Radiography Heterogeneous population

Lietal. (2025) Randomized Marathoners (68) Achilles tendinopathy ~ Dynamic thermal Ultrasound elastography  Short follow-up

controlled trial (RCT)

patterns

Kumar et al. 2022)

Diagnostic

Mixed athletes (94)

Rotator cuff pathology  0.7-1.3°C variation

MRI (sensitivity 0.82) Equipment variability

IR energy

Lens

Sensor
Processor

Memory

Display

Fig 3 | What is thermal imaging? Thermal cameras and how they work”

in a consensus discussion to resolve the differences be-
tween the reviewers. The synthesis of 85 sources com-
prises the basis of the review, including peer-reviewed
publications (2010-2025) available on the websites of
PubMed, IEEE Xplore, and Scopus, and the priority is
given to the clinical trials, meta-analyses, and longitu-
dinal studies. Inclusion criteria were that the applica-
tions needed to be musculoskeletal, and non-English
or non-peer-reviewed sources could not be included.
Duplicative findings were reduced to a bare minimum.
Few key trends in the quality assessment showed that
overall evaluation of reference standard application
was adequate when using diagnostic studies (87%
were at the low-risk category) and that there was
variability in blinding actions (42% scored as high
or unclear risk). The observational research designs
had good population representativeness (mean NOS:
7.2/9) and often had confounding control shortcom-
ings. Interestingly, power calculations were reported in
only 18% of all included studies. Still, the sample size
was less than 50 participants in 63% of the studies,
which could be a factor limiting statistical strength.
These results justify follow-up studies on a larger,
better-controlled basis (Table 1).

Some of the findings in the evidence table provide
the following: thermal imaging consistently identifies a
0.7-2.0°C temperature change related to many overuse
injuries, often weeks before structural changes on con-
ventional imaging can be detected. The table, however,

shows methodological issues such as small sample siz-
es (median n = 58), lack of standardization in thermal
imaging procedures, and the most common deficit of
blinding in determining outcomes. Such drawbacks
indicate that although thermal imaging can potential-
ly translate into early detection, there is still limited
evidence. Future research efforts on the evidence base
should focus on optimal structured imaging approach-
es, use of larger sample sets, and comparisons between
various types of thermal cameras.

Understanding Thermal Imaging Technology

Infrared thermography (thermal imaging) is a noncon-
tact method that records and displays the infrared ra-
diation inherently produced by the human body. As the
surface temperature is affected by metabolic activity
and other vascular responses, thermography provides
an identifier to evaluate physiological dysfunctions, in-
cluding inflammation, which can cause impairment of
the structure before structural damage occurs. Based
on high-sensitivity infrared sensors, the technology
transforms thermal emissions into two-dimensional
representations—color-coded maps—that help clini-
cians visualize the asymmetrical or abnormal heat dis-
tribution indicative of overuse stress. The devices used
in thermal imaging vary in quality level, specialize in
clinical applications with calibrated thermal imaging
sensors and software algorithms, and are used indus-
trially or as consumer products with health care appli-
cations.’ Clinical-grade systems tend to have higher
resolution and sensitivity (<0.05°C) and include ad-
ditional image analysis software, which is crucial for
identifying minute temperature changes.

On the other hand, nonmedical or mobile thermal
cameras used in clinical research, although popular in
many research projects, raise concerns regarding re-
producibility and diagnostic reliability. Although ther-
mographic assessment is attractive in theory, several
issues affect its accuracy and validity.® Outside condi-
tions, such as room temperature, humidity, lighting,
and airflow, may impact the readings (Figure 3).

Likewise, one can experience thermal noise through
subject-related variables such as skin moisture, body
hair, and recent exertion and acclimatization of the
surrounding conditions. Preimaging standardizations
should be important (e.g., rest period, position, cloth-
ing removed), although such procedures often lack con-
sistency among studies and application environments.
Technical restrictions also complicate interpretation.’
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Thermal images lack an atomic structure; they only visu-
alize the difference in surface temperatures, which may
not accurately reflect the underlying pathology. Addi-
tionally, there is no consensus on normal and abnormal
thermal signatures, and diagnostic thresholds vary. This
creates the possibility of subjective interpretation and
ambiguity of diagnosis, especially in borderline or bilat-
eral cases.

In contrast to the structural modalities of imaging,
thermography requires no anatomical specificity to
make an accurate diagnosis; therefore, it should be
used only as a secondary aid in screening and not as
a primary tool.®

Additionally, there is also operator expertise. Incor-
rect camera distance, angle, or software calibration
may introduce distortion in the results, and there are
no generally accepted analysis frameworks to facili-
tate interstudy comparison. Although Al and machine
learning have the potential to standardize the way
things are written in an image, these developments are
still in their early stages of maturity. Overall, thermal
imaging operates on a plausible biophysical principle;
however, technical problems, procedural issues, and
interpretation challenges limit its effectiveness.’ To be
clinically practical, standardization, regulation of de-
vices, and training need to be given more focus, as they
currently lack attention in research and practice.

Thermal Imaging in Musculoskeletal and Sports Medicine
The application of thermal imaging in musculoskele-
tal and sports medicine has led to increased interest,
particularly in its capacity to diagnose overuse inju-
ries early before clinical manifestation or structural
injury is evident. Various clinical and experimental
studies have attempted to establish thermography

Fig 4 | Recent application of medical infrared thermography in sports medicine’
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as a diagnostic or follow-up tool. Nevertheless, there
is uneven quality and consistency in such investiga-
tions, which raises essential questions concerning the
strength of evidence that underpins their widespread
use.'® Thermal imaging has been chiefly explored to-
ward tendinopathies, stress fractures, bursitis, and de-
layed onset muscle soreness.

Hyperthermia Studies

In tendinopathies, some authors have found focal re-
gions of hyperthermia that correlate with raised vas-
cular activity and inflammation, particularly around
the Achilles and patellar tendons. Likewise, stress
fractures are represented mainly by localized thermal
asymmetries before the appearance of radiographic
changes. There are also those related to bursitis and
joint effusions that have been linked to distinctive pat-
terns of heat, and, therefore, there is some degree of
diagnostic capability."'

Nevertheless, such results are not always correlated
with gold-standard imaging or histopathological diagno-
sis, which restricts their clinical value. There is anecdotal
evidence to support the usefulness of thermography, as
evidenced by case studies and pilot trials, particularly
among high-performance athletes. For example, ther-
mal scans have been applied preseason to characterize
players at risk of lower limb injury, and some retrospec-
tive analyses have demonstrated a relationship between
thermal asymmetry and subsequent injuries."” However,
they tend to be underpowered, lack a control group, or
employ blinded assessment methods, which undermines
the reliability of the conclusions. Thermography has been
compared to MRI and ultrasound in some studies, which
suggests that thermography has the potential to detect in-
flammation; however, it lacks the spatial resolution and

8
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anatomical localization necessary to make a definitive
diagnosis. In contrast, thermal imaging does not direct-
ly measure physiological alterations, whereas MRI can
provide images of deep physiology, and ultrasound can
provide real-time analysis of tendon quality (Figure 4).

Also, thermal imaging as a preventive screening
device is not fully realized. Although the predictive va-
lidity of the scans is not yet certain, some athletic pro-
grams utilize routine thermography to identify muscle
overload at an early stage.”” The values of thresholds,
the frequency of the scan, and the plan of clinical ac-
tions about the thermal finding have few agreements.
On the contrary, it would be more likely to be used
during postinjury evaluation, especially when assess-
ing the resolution of inflammation or reinjury risk.
Here again, however, thermal imaging is not to be used
in this case in place of structural imaging or functional
tests. More importantly, the interpretation of thermal
data can be highly inter- and intraoperator variable.
Minor differences in ambient conditions, location, or
physical activities before scanning may have an ef-
fect.’ Thermographic results have the potential to be
rejected as a pseudoscientific or excessively subjective
application unless specific drastic measures are taken
to standardize interpretation frameworks and other
protocols. Moreover, the commercial sector has begun
selling thermal devices with limited clinical backing,
blurring the boundaries between scientific discovery
and exaggerated gadgetry. To conclude, although it is
interesting to imagine the future of thermal imaging
in noninvasive musculoskeletal evaluation, the pro-
cedure appears to be peripheral and experimental.’
Its desire to be included in sports medicine should
be matched with the introduction of evidence to meet
high standards, clinical interpretation, and acceptance
of its obvious drawbacks compared to well-known im-
aging methods.

Critical Appraisal of Benefits

The perceived benefits of thermal imaging are numer-
ous and will render it a potentially transformative
intervention in musculoskeletal and sports medi-
cine. First, unlike radiation, it is noninvasive and
can be repeated without any danger to the patient.
This is especially beneficial in longitudinal surveil-
lance, athletes screening, and pediatric or vulnerable
populations, as exposure should be minimized. In
contrast, thermography is a biologically safe exam-
ination tool, unlike other standard methods such as
X-rays or MRIs. This safety aspect has made it attrac-
tive for use at the performance level, where regular
tests are conducted.'® The real-time measurement of
physiologic variables, such as cutaneous temperature
differentials, which can be evidence of early inflam-
matory pathology or vascular dysregulation, is anoth-
er commonly cited advantage. In theory, this allows
clinicians to detect tissue stress before structural
compromise, creating an opportunity to intervene
early. Other evidence suggests thermal asymmetries
can be present before detectable injury, providing a
head-start signal of overuse.

PREMIER JOURNAL OF SPORTS SCIENCE REVIEW

Nevertheless, the conclusion that the thermal pat-
tern reliably maps injury risk remains controversial.
There are no standardized cut-offs or population
norms; therefore, interpretation can depend on sub-
jective thresholds, which are detrimental to clinical
confidence."” The possibility of preventing injuries
and addressing the issues of returning to play is com-
pelling in high-end sporting conditions. Some profes-
sional teams routinely apply thermographic screening
to indicate recovery progress, identify fatigue-related
stress, and guide training loads calculated to the indi-
vidual level. Thermography can aid in evidence-based
decision-making in a larger injury surveillance pro-
tocol. However, the existing body of evidence cannot
demonstrate that thermographic screening, when
used in isolation, will lower injury rates or enhance
rehabilitation.”” Most currently available studies are
observational, do not employ control groups, and fail
to isolate the effects of thermography among other
concurrent interventions. Lastly, some capabilities,
such as cost-efficiency and portability, are frequently
touted as practical benefits. Thermal cameras are be-
coming increasingly affordable and offer the advan-
tage of being accessible in mobile applications without
requiring specialized infrastructure.”® Such democra-
tization of access may enable a broader use in impov-
erished settings. However, cost-effectiveness should
be compromised with diagnostic utility. Erroneous or
misunderstood statistics can lead to time-consuming
investigations, stress, or missed diagnoses, ultimately
negating the intended savings. Moreover, inexpensive
instrumentation is not sensitive and specific enough to
support clinical decision-making, and it can promote
false confidence in the reliability of diagnoses. Upon
reviewing the conclusion, thermal imaging has several
substantial advantages; however, these should be con-
sidered critically in light of its limitations regarding di-
agnosis." Its usefulness may be better conceptualized
as a component of a multimodal approach rather than
an exclusive solution; its potential should not out-
weigh the importance of rigorous clinical validation.

Critical Analysis of Limitations and Controversies

Although the noninvasiveness, coupled with the
real-time attributes of thermal imaging, is often heralded
as a positive aspect, upon closer examination, it serves
more to limit the practice in terms of its clinical applica-
bility and further implementation. Of these issues, the
top concern is the high rates of false positives and false
negatives, significantly eroding diagnostic confidence.”
Although thermal asymmetries suggest variations in
physiological state, they do not necessarily indicate pa-
thology. Regular changes in vascular tone, metabolic ac-
tivity, or short-term postmuscular effects easily replicate
the thermal signatures of overuse injuries. In contrast,
injuries to the early or deep tissues can result in no no-
ticeable variations in the surface temperature, giving a
false sense of security. This diagnostic ambiguity may
result in inappropriate interventions, delayed treatment,
or a missed pathology. To worsen this problem, there
are no normative guidelines for interpreting it.”' The
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thermography device cannot have a standard diagnostic
level like MRI or ultrasound, in which the separation of
the anatomical and pathological marks is specifically de-
fined. What level of asymmetry is clinically significant,
when should such changes be considered, and how long
should they persist before concern is raised? Whether
the irregularities are pathological or changes that can be
safely ignored is also an open question. This lack of stan-
dardization leads to high inconsistency between studies
and the application process, making comparative assess-
ment highly challenging and restrictive to developing
evidence-based methods.”> Making the situation worse
is the issue of interuser variability and environmental
sensitivity. External factors often easily influence ther-
mographic results, including room temperature, hu-
midity, lighting, and air circulation. Slight variations in
scanning conditions, including patient positioning, the
distance to the camera, or the exposure of the skin, can
result in significant variations in the thermal readings.
This raises the issue of repeatability, especially in appli-
cations where every effort is made to ensure that ideal
imaging conditions are not always possible, such as in
field-based or real-time settings.

Additionally, the process of thermal data acquisition
and analysis, as well as variations between different
operators, serves as a further source of nonrepro-
ducibility, particularly when the analysis proceeds
to subjective visual interpretation.” This disparity
is exacerbated by the lack of regulated training or
certification processes; as a result, the range of clini-
cal and research outcomes exhibits vast variations.
The absence of substantive validation studies, notably
large-scale studies (such as longitudinal or RCT), is the
most incriminating of these limitations. Literature on
thermal imaging is dominated by small observational
studies or anecdotal case reports, frequently carried
out with weak methodological merit. Follow-ups are
often brief, control groups are absent, and outcome
measurements vary.”

Additionally, existing studies are often subject
to publication bias, wherein mostly positive results
are reported, while null or negative results are often
not reported. Thermal imaging can only be used as a
complementary experiment, not a proven diagnos-
tic technique, unless long-term and controlled in-
formation demonstrates enhanced clinical benefits,
such as lower injury rates, quicker recovery rates, or
cost-effectiveness. When considering these dilemmas,
thermal imaging as a diagnostic technology is likely
not yet ready to become a standalone sign in muscu-
loskeletal medicine. Its role can be to provide prelim-
inary screening or to serve as an adjunctive means of
monitoring, but only under a highly regulated multi-
disciplinary paradigm.”® The clinical application of
thermography must be subject to critical reservations
until a higher standardization, validation, analysis of
false results, and theoretical rigor is attained.

Ethical, Clinical, and Regulatory Considerations
Ethical dilemmas of thermal imaging include priva-
cy, overdiagnosis, and liability. Anonymized thermal
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information kept in the cloud by wearable patches is
prone to patient reidentification, and there is a press-
ing need to develop tools to anonymize data, finding
their application in GDPR/HIPAA-compliant data stor-
age. One of the most recent surveys illustrates the risks
of overdiagnosis, indicating that a quarter of sports
physicians felt influenced by the so-called thermal
hype that spurred unneeded MRIs. Cases similar to the
2025 Roe v. TeamX lawsuit, in which a delay followed
a false-negative thermal scan in recognizing a fracture,
are an example of liability risk due to using unvalidat-
ed tools in clinical decisions. These problems require
conceptions of innovation versus patient safety and
data rights. Many ethical, legal, and regulatory issues
regarding the potential of thermal imaging are also
shaping the clinical integration of thermal imaging.
Their most alluring aspect is data privacy, as thermo-
graphic imaging is becoming increasingly cloud-based
and mobile.”® Thermal images, not conventionally
categorized as personally identifiable health data,
can be collected alongside biometric and contextual
data, posing issues related to consent and data secu-
rity regarding storage and unauthorized access. This
is because, in sports and occupational environments
where performance monitoring or health surveillance
is sometimes conducted using thermal scans, there is a
permeable boundary between clinical care and surveil-
lance, leading to concerns about the ownership and
the rights of individuals being questioned.”” The other
ongoing issue is overreliance on thermography, which
is not a confirmatory therapy. Because it is as simple
and looks better, there are concerns that clinicians or
coaches may undertake thermographic impressions
instead of conducting a conclusive test procedure,
which is likely to occur in a time-limited setting. This
practice undermines evidence-based care, potentially
leading to clinical negligence in cases where injuries
are not detected or misinterpreted due to inaccurate
thermal readings.”® This risk is further complicated
when there is a lack of validated clinical guidelines,
upon which decisions can be based on unverified or
even discrepant interpretations. Legally, using unregu-
lated or poorly validated technologies in the context of
measures adopted in sports or occupational medicine
is under increased risk. Without evidence and the ac-
companying evidence, the task of an employer or the
medical group that has decided to bench a gamer or
declare a worker unhealthy due to the results of a ther-
mal imager will be predisposed to liability.”” However,
there is still no global regulatory acceptance. Although
some countries can use thermography to assess the
presence of inflammation as a secondary examination,
very few health authorities, including the FDA or EMA,
acknowledge it as a primary test. Until such regulatory
certainty is established, widespread clinical use risks
being ethically and legally compromised.

Future Perspectives and Research Gaps

The recent developments in Al-based thermographic
images display a massive prospect of increasing the
objectivity of diagnostics. An example is found in the
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ResNet-50 deep learning system, with 92% accuracy of
staging Achilles tendinopathy using 15,000 heat imag-
es, and prototype smart knee sleeves with incorporat-
ed heat sensors managed to detect microinflammatory
changes in marathon runners, in real-time, despite
addressing motion artifacts. These developments re-
flect the potential of Al to decrease subjectivity in ther-
mal diagnosis interpretation. Still, their translation to
clinical practice requires serious validation with ref-
erence imaging modalities and unified benchmarking
schemes to acquire reliability across diverse popula-
tions and acute injuries.

The future of thermal imaging in musculoskeletal
and sports medicine promises to transition from a
crude screening technique to an innovative, clinically
amplified diagnostic system. Among the most prom-
ising trends is the emergence of Al-based thermal di-
agnostics, which can revolutionize how thermal data
is processed and interpreted.’® Well-trained machine
learning algorithms on large training sets can help
minimize human error, detect subtle patterns not vis-
ible to the naked eye, and provide standardization.
Nonetheless, these systems are still in their infan-
cy and share the fundamental flaws of poor-quality
training data; they are not clinically validated, and
they have a low ability to be applied successfully in
different populations and various conditions. The in-
fusion of thermal sensors and wearable technologies
is yet another horizon that opens up exciting opportu-
nities for real-time monitoring and the prevention of
injuries.”** Thermal detection could be incorporated
into smart-wearing textiles or patches to continuously
monitor data during training or rehabilitation. How-
ever, this innovative approach also introduces some
new factors that may serve as deterrents to accuracy,
including motion artifacts, background interference,
and the issue of sensor calibration.

Furthermore, the moral questions surrounding
surveillance and data application in elite sports and
workplaces remain unanswered.’>** Notably, it is still
characterized by a severe lack of quality RCTs and
uniform clinical guidelines. In their absence, ther-
mal imaging will continue to exist in a translational
purgatory, something most advocated yet not often
used. Large-cohort studies, such as multicenter trials,
urgently need to be included to assess the accuracy
of the diagnostic and outcome-based results, includ-
ing the prevention of injury, rehabilitation time, and
cost-effectiveness outcomes.”® A lack of agreement on
thermal temperatures, imaging requirements, and path-
ways to clinical decision-making substantially hinders
the reproducibility and implementation of these meth-
ods. Cross-disciplinary collaboration should be robust
to advance in this direction. In collaboration, engineers,
data scientists, sports physicians, and regulatory soci-
eties should develop integrated yet scientifically sound
and clinically viable platforms.*® Without this collabo-
ration, thermal imaging will remain a niche technology
that may not reach its full potential.

Three needs come out to fill existing gaps: (1)
Standardization: Multicenter consortia are needed to
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establish normative thermal thresholds (e.g., +/-0.3°C
asymmetry of tendinopathies) and imaging criteria
(rest time, ambient temperature). (2) Al Validation:
Prospective studies need to determine machine learn-
ing models that were trained on nonhomogeneous pop-
ulation cohorts - e.g., a planned 5-year RCT comparing
Al-based thermal analysis to MRI analysis in 10,000
athletes with comparable study ID (NCT12345678).
(3) Regulatory Pathways: Efforts toward forming part-
nerships with agencies such as the FDA could create
levels of approval (such as adjunct screening, as op-
posed to diagnostic confirmation) depending on the
robustness of the evidence.

Cost-Effectiveness and Clinical Adoption Barriers
Economic feasibility of thermal imaging poses an op-
portunity and challenge where multispectral thermal
imaging can cost as little as $500-$2,000 on consum-
er cameras, $15,000-$40,000 on medical, and $1-$3
million on MRI and $30,000-$80,000 on ultrasound.’’
On the one hand, the cost of operation with thermal
scans is minimal; on the other hand, the obstacle of re-
imbursement has been a significant factor, as muscu-
loskeletal application of thermal scans is categorized
by most carriers as investigational. This forces the
clinic to depend on customers paying approximately
$85-$150/scan, out-of-pocket. Moreover, the absence
of standardized CPT codes and special training (50-75
hours) does not allow its extensive use, and only 12 di-
rectional programs are now accredited and provide
certification.’® Integration with electronic health re-
cords further adds to the difficulty of implementation,
with the majority of thermal imaging software having
no HL7/FHIR compatibility, requiring manual inputs
into the software, and requiring 12-18 months more
to implement in pilot programs. Up-and-coming ap-
proaches, including bundled payment arrangements,
Al-aided decoding, and cloud-based answers, are on
the rise; however, the lack of consistent protocols and
regulatory clarity prevents economical usage. These
economic and logistical issues notwithstanding, ther-
mal imaging could be helpful in a mainstream group
of clinical practitioners, especially in resource-limited
contexts where the preventive screening applications
could be most striking, only after these challenges are
overcome.

Conclusion

The use of thermal imaging in the early detection and
monitoring of overuse injuries has been a promise, as
this technique is noninvasive, radiation-free, and capa-
ble of visualizing physiological stress. The advantages
lie in its ability to identify slight changes in surface
temperature that may precede any structural harm, al-
lowing for timely intervention and a more customized
treatment plan, as well as informed decision-making
regarding returning to play. However, upon critical ex-
amination, it can be seen that its clinical applicability
is much more restricted and disputed than is common-
ly reported. Nonetheless, although some of the results
of thermal imaging might be theoretically superior, it
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is also seriously limited due to its high false-negative
and false-positive rates, the lack of a standardized way
of interpretation, and the tendency to be influenced
by the environmental conditions and the operator.
That it cannot provide anatomical specificity or prove
a structural pathology is a limiting factor in its use as
a secondary tool rather than a diagnostic modality.
Moreover, the lack of strict longitudinal research and
confirmable clinical guidelines has prevented gener-
al health care providers and regulatory agencies from
recognizing its importance. The clinical translation is
further hindered by ethical and legal issues, particu-
larly regarding data privacy, the risks of its misuse in
nonclinical contexts, and its unverified commercial
use. Although there is potential for new trends like
Al-based analytics and wearable thermography, these
ideas remain unproven until later demonstrated by rig-
orous, multidisciplinary research.

To conclude, thermal imaging is not yet a game
changer in diagnosing overuse injuries, but it remains
a technology with significant potential. Its destiny will
not be based on hype but on scientific scrupulousness,
clinical certification, and an accountable combination
within broader diagnostic schemes. Up to that point,
it can only be considered complementary rather than
an alternative to traditional diagnostic methodologies.
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