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ABSTRACT

Objective Skin temperature assessment is essential

for the diagnosis of cellulitis and monitoring treatment
response, but is currently subjective and can contribute to
overdiagnosis. We aimed to characterise skin temperature
changes over time in cellulitis and compare two objective
measurement approaches, a thermal imaging camera (TIC)
and a non-contact infrared thermometer (NCIT).

Design A device comparison study nested within a
prospective cohort. We measured limb temperatures daily
for 4 days using a TIC and two NCITs.

Setting Two acute hospitals in the UK’s National Health
Service.

Participants 202 adults (age >18 years) diagnosed with
lower limb cellulitis who attended hospital for antibiotic
treatment.

Outcome measures We used linear mixed-effects
models to quantify changes in temperature over time and
intraclass correlation coefficients (ICC) to assess reliability.
We compared temperature measurements between
devices using Lin’s concordance coefficients and Bland-
Altman plots with estimated 95% limits of agreement.
Results 202 patients were included: 95% white ethnicity.
Baseline limb temperature differences varied between
2.4°C and 3.4°C, depending on the device. All devices
showed significant reductions in affected limb temperature
per day, with the largest decrease recorded by the TIC
(—0.34°C per day, 95% Cl —0.48°C to —0.19°C, p<0.001).
Only the TIC and NCIT-1 showed significant reductions

in limb temperature difference per day. All devices had
excellent reliability (ICCs >0.98). However, the magnitude
of daily temperature change estimates was small relative
to the repeatability coefficients of each device. The NCIT-2
consistently recorded the smallest differences in limb
temperatures and demonstrated evidence of proportional
bias.

Conclusions Daily temperature changes may be too small
for reliable monitoring at the individual patient level, but
cumulative changes from day 0 to day 3 may be sufficient
for clinical interpretation, despite limitations in the
precision of device measurements. NCITs’ measurement
capabilities differ widely, so these devices cannot be used
interchangeably. Due to this and the potential benefits
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STRENGTHS AND LIMITATIONS OF THIS STUDY

= Our study is the first to directly compare two emerg-
ing technological approaches for objective skin tem-
perature monitoring in cellulitis.

= Limb temperature progression was measured dai-
ly, providing insights into early clinical response in
patients with more severe cellulitis than in previous
studies.

= The reliability and repeatability of skin temperature
measurements, which have not been previous-
ly explored, were assessed and compared across
devices.

= Measurements were recorded using feasible and
practical methods, making them applicable to ev-
eryday clinical settings.

= Nearly all study participants were of white ethnicity,
so findings must be confirmed for patients with dif-
ferent skin tones.

of advanced thermal image analysis, TICs should be
prioritised for further study in cellulitis. Future research
should confirm our findings in different skin tones and
explore the clinical utility of thermal imaging in enabling
earlier diagnosis or detecting signs of therapeutic failure.

INTRODUCTION

Cellulitis is a common bacterial skin infec-
tion characterised by warmth, pain, swelling
and acute colour change of the affected
skin." Skin temperature assessment is essen-
tial for both the initial diagnosis of cellulitis
(to differentiate from mimics such as vari-
cose eczema and lipodermatosclerosis) and
for monitoring response to antibiotic treat-
ment.”” In current practice, this is a subjec-
tive clinical assessment and is likely to be
very unreliable, especially when conducted
by different clinicians over time. One study
showed that even substantial temperature
differences in extremities of >3°C were only
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detected by clinicians 76% of the time.* Unsurprisingly,
therefore, cellulitis is both overdiagnosed® ® and over-
treated, with 30%-50% of patients experiencing unnec-
essarily prolonged antibiotic treatment.”™

Technological solutions that provide an objective
assessment of skin temperature can potentially improve
diagnostic accuracy in cellulitis, thus improving patient
outcomes, reducing unnecessary antibiotic treatment
and associated harms, including antibiotic resistance
and reducing healthcare costs. Two broad approaches
have been applied: non-contact infrared thermometers
(NCITs) "2 and thermal imaging cameras (TICs).!*18
Diagnostic studies using these devices in cellulitis have
found significant temperature differences between
affected and unaffected limbs.!*1618 However, few studies
have monitored temperatures beyond the point of diag-
nosis,"” "7 and none have attempted to compare these
two technologies. Therefore, the objective of our study
was to characterise skin temperature changes over time in
cellulitis and compare these two approaches.

METHODS

Patient and public involvement

This study involved patients and the public in the design
and conduct of the research through the James Lind Alli-
ance Cellulitis Priority Setting Partnership'’ and a patient
and public involvement (PPI) group consisting of people
with lived experience of cellulitis. Our PPI contributors
were involved from the study design stage; they helped
to check the acceptability of the study procedures, edited
patient information materials and improved the defini-
tions and collections of outcome measures.

Study design and population
This device comparison study of two technological
approaches (one TIC and two NCITs) was nested within
a prospective cohort study of patients with cellulitis
conducted between June 2021 and March 2023.*" The
study was conducted at two acute hospitals in the UK’s
National Health Service (NHS): a large tertiary referral
hospital and a district general hospital, both within
University Hospitals Sussex NHS Foundation Trust.
Adults (aged 218 years) were eligible if their treating
clinician identified them as having lower limb cellulitis
that required antibiotic treatment. The main exclusion
criteria were having received three or more calendar days
of antibiotics from the hospital for cellulitis prior to study
enrolment or having been treated for a previous episode
in the preceding 28 days. Patients were also excluded if
the clinical diagnosis changed to an alternative diagnosis
within 3days of enrolment or if the patient, in the judge-
ment of the investigator, did not have a clear diagnosis
of cellulitis, to enable the exclusion of infections, such as
severe/deep diabetic foot infections, which may be loosely
labelled as cellulitis but are treated with different guide-
line antibiotic agents and durations. Further exclusion
criteria are detailed in online supplemental materials p2.

Devices
Two devices were evaluated throughout the whole study.

TIC) FLIR ONE Gen 3—Android USB-C (Teledyne
FLIR, USA), a TIC that attaches to a smartphone with
an object temperature range of —20°C to +120°C and a
reported accuracy of +3°C.

NCIT-1) Extech IR200 (Extech Instruments Corpora-
tion, USA), an NCIT with a surface temperature range of
0°C-60°C and reported accuracy +0.8°C.

A third device became available in the study at month 9
and was used on 103 (51%) study patients.

NCIT-2) Thermofocus 0800 /H5 (Tecnimed s.r.1., Italy),
an NCIT with a measuring range of 1.0°C to 55.0°C and a
reported accuracy of £0.2°C to £1.0°C, dependent on the
measuring temperature and least accurate at extremes of
range.

Procedures

Temperature measurements were taken at the point of
maximal temperature on the affected limb and at the
corresponding point on the non-affected limb to allow
calculation of temperature difference (affected minus
unaffected limb temperature) (details in online supple-
mental materials p2).

To calculate reliability, repeated measurements were
taken from both the affected and unaffected limbs (two
measurements for the TIC and three for the NCITs,
because a priori it was hypothesised that measurements
from the NCITs would be more variable, and taking
another repeat measurement added negligible extra
time for these devices (<10s) in contrast to the ~2min
for each TIC reading and image upload). Temperature
readings were made approximately 10 min after removing
any clothes or dressings. The devices were held at room
temperature for at least 10min before readings were
taken. Measurements were taken indoors in temperature-
regulated clinical areas. Temperature measurements
were not provided to treating clinicians.

Where possible, temperature measurements were
performed on all patients daily for 4days beginning on
day 0, defined for the study as the date the patient began
their hospital-associated antibiotic treatment for cellulitis
(61 (30%) were already taking antibiotics prescribed in
the community for a median 3days (IQR 2, 4), in which
case day 0 was when the prescription was changed in
hospital). Where patients were enrolled after day 0,
temperature readings were only available from enrol-
ment. Where patients were discharged before day 3, read-
ings were only available until discharge.

Statistical analysis

Skin temperature over time

For each device, linear mixed-effects models were used
to quantify the mean day 0 temperature and daily change
in affected, unaffected and limb temperature differ-
ence, with correlated participantlevel random effects
for baseline and daily change. Conditional on these
random effects, repeated measurements taken within
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each participant on each specific day were considered
independent.

Device comparison

To assess reliability, intraclass correlation coefficients (a
reliability index that measures the degree of correlation
and agreement between measurements) were calculated
using a one-way random-effects model to assess the abso-
lute agreement of repeated measurements. Repeatability,
defined as the consistency of measurements when taken
repeatedly at short intervals by the same device under the
same conditions, was assessed by calculating the repeat-
ability coefficient using the ‘REPEATABILITY’ module in
Stata,”' estimating 95% CIs from 1000 bootstrap samples.
The repeatability coefficient can be interpreted as the
range (between the negative and positive values of the
coefficient) within which the difference between any two
repeated measurements on the same subject is expected
to lie for 95% of subjects.”> ** Due to the late introduc-
tion of NCIT-2 into the study, we performed a sensitivity
analysis comparing the repeatability coefficients over the
same time period for the TIC and NCIT-1 when NCIT-2
was in use.

Lin’s concordance correlation coefficient was calculated
to determine the agreement on temperature obtained
by the devices.”* The value increases as a function of the
nearness of the data’s reduced major axis to the line of
perfect concordance (the accuracy of the data) and of
the tightness of the data about its reduced major axis (the
precision of the data).

The difference in the mean of each patient’s skin
temperature measurement from each pair of devices was
plotted against the mean of these two mean measure-
ments to create a Bland-Altman plot,” and the 95% limits
of agreement (LOA) were estimated.

Analyses were conducted using mean values of
repeated measurements for a participant at a specific
time point, apart from calculations relating to modelling
skin temperature change over time, reliability and repeat-
ability, where the original repeated measurements were
used. Outlying repeated measurements were removed
based on the frequency distributions of the SD of repeated
temperature measurements (online supplemental figures
1 and 2).

Sample size

The sample size for the cohort study (N=220, allowing
for 10% lost to follow-up) was determined by its primary
objective to identify predictors of cellulitis recurrence.”
This was, therefore, the limit on this method’s compar-
ison study. Stata V.18.0 software (StataCorp) was used for
all statistical analyses.

RESULTS

202 patients were included; the median age was 66 years
(IQR 51, 79), 84 (42%) were female and 191 (95%) were
of white ethnicity.
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Figure 1 Mean (95% Cls) temperature of affected and
unaffected limbs over days 0-3. Day 0 was taken as the date
of hospital antibiotic initiation. Numbers show the number
of participants with data (out of a total of 202 with any data
for TIC and NCIT-1 and 103 for NCIT-2). NCIT, non-contact
infrared thermometer; TIC, thermal imaging camera.

For the TIC and NCIT-1, across days 1-3, missing data
ranged from 16% to 29%, whereas day 0 data were missing
for 69%, reflecting enrolment after initiation of hospital
antibiotics (day 0) in the majority (online supplemental
table 1). As NCIT-2 measurements were performed on
fewer patients, missing data were 59%-65% and 80%,
respectively.

Skin temperature over time

Absolute limb temperature

Across days 0-3 and for all devices, the mean affected
limb temperature was warmer than the mean unaffected
limb temperature (figure 1). Including all repeated
measurements in linear mixed models, the estimated
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I

Table 1 Mean daily change in temperature in affected and unaffected limbs, and mean temperature difference between
affected and unaffected limbs
Correlation
Mean Mean between
estimated change baseline
temperature per day and daily
Measurement Device dayO0 95% ClI (°C) 95% CI P value change 95% CI N
Affected limb TIC 33.06 32.68 t0 33.44 -0.34 -0.48t0 -0.19 <0.001 -0.70 -0.78t0o -0.58 1029
temperature NCIT-1  35.22 34.83t0 35.61 -0.20 -0.37 t0 -0.03 0.02 -0.79 -0.84to -0.71 1567
NCIT-2 36.89 36.56 to 37.20 -0.20 -0.38t0 -0.02 0.03 -0.65 -0.76 to -0.50 811
Unaffected limb TIC 29.95 29.48t030.42 -0.11 -0.29t00.07 0.24 -0.79 -0.85t0 -0.71 1029
temperature  NCIT1 31.85 31.37t032.32 0.05 -015t00.24 063  -0.81 -0.86t0-0.75 1563
NCIT-2 34.48 34.00to 34.97 0.02 -0.20t0 0.23 0.88 -0.74 -0.83to -0.62 807
Limb TIC 3.10 2.751t0 3.44 -0.22 -0.37to -0.07 0.004 -0.78 -0.84to -0.71 1029
L‘?frpe";eerr]f;‘re NCIT-1 3.35 291t03.80 -024 -0.44t0-0.04 0.02  -0.80 ~0.85t0-0.73 1558
NCIT-2 2.39 1.85t02.92 -0.20 -0.49t00.09 0.18 -0.79 -0.86t0 -0.70 805

From linear mixed models.

NCIT-1, non-contact infrared thermometer; TIC, thermal imaging camera.

day 0 affected limb temperatures were 33.06°C (95% CI
32.68°C to 33.44°C) for the TIC, 35.22°C (34.83°C to
35.61°C) for NCIT-1 and 36.89°C (36.56°C to 37.20°C)
for NCIT-=2 (table 1).

The temperature in the affected leg decreased day by
day for all devices, with the largest decrease for the TIC
(-0.34°C per day, 95% CI -0.48°C to -0.19°C, p<0.001)
(table 1). There was no evidence of a change in tempera-
ture of the unaffected leg per day for any device (p>0.2).
In the affected leg, baseline temperature and change per
day were strongly negatively correlated for all devices,
that is, limb temperatures declined the fastest in patients
who started with higher limb temperatures.

Limb temperature difference

Across days 0-3, the largest mean temperature differences
were recorded by NCIT-1 and the smallest by NCIT-2
(figure 2). Including all repeated measurements in linear
mixed models, the estimated day 0 limb temperature
differences were 3.10°C (95% CI 2.75°C to 3.44°C) for

Temperature difference, °C
—
—
—

0 1 2 3
Day
—4— TIC —e— NCIT-1 —=— NCIT-2
Figure 2 Mean (95%Cls) limb temperature difference over
days 0-3. NCIT, non-contact infrared thermometer; TIC,

thermal imaging camera.

the TIC, 3.35°C (2.91°C to 3.80°C) for NCIT-1 and 2.39°C
(1.85°C to 2.92°C) for NCIT-2 (table 1).

The limb temperature difference decreased day by
day only for the TIC and NCIT-1 (table 1), by -0.22°C
(95%CI -0.37°C to -0.07°C, p=0.004) and -0.24°C
(95% CI -0.44°C to —0.04°C, p=0.02), respectively. Again,
baseline temperature difference and change per day were
strongly negatively correlated, that is, limb temperature
differences declined the fastest in patients who started
with the greatest limb temperature differences.

Device comparison

Reliability and repeatability

All three devices had excellent reliability with one-way
random effects, absolute agreement, single rater intra-
class correlation coefficients for repeated affected and
unaffected limb temperature measurements of >0.98
(online supplemental table 2).

Repeatability varied significantly between devices and
was consistently better for affected limb measurements
(online supplemental table 2). Repeatability was best
for NCIT-2 (0.34°C 95% CI 0.30°C to 0.37°C), worse for
NCIT-1 (0.54°C (0.50°C to 0.58°C) and worst for the TIC
(0.68°C (0.61°C to 0.75°C) in the affected limb measure-
ments. A sensitivity analysis restricted to the study period
when all three devices were in use produced comparable
results (online supplemental table 2).

Agreement for affected limb temperature

The three devices recorded markedly different tempera-
tures. The TIC recorded, on average, temperatures that
were lower than NCIT-1 and NCIT=2, by -2.52°C (95%
LOA -5.47°C to 0.43°C) and -4.67°C (95% LOA -6.53°C
to —2.82°C), respectively (figure 3, online supplemental
figure 3). The largest mean differences and the lowest
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reduced major axis

— line of perfect concordance
Figure 3 Comparison of measurements of affected limb
temperature (A) TIC versus NCIT-1 (b) TIC versus NCIT-2
(c) NCIT-1 versus NCIT-2. A mean difference of -2.52°C (95%
LOA -5.47 to 0.43) for the TIC versus NCIT-1 means that, on
average, the TIC measures 2.52°C lower than NCIT-1 and
that 95% of the measurement differences between devices
will be between -5.47°C and 0.43°C. CCC, concordance
correlation coefficient; LOA, limits of agreement; NCIT, non-
contact infrared thermometer; TIC, thermal imaging camera.

Lin’s concordance coefficient were observed between the
TIC and NCIT=2.

When comparing the TIC and NCIT-2 (and NCIT-1
vs NCIT-2), the methods did not agree equally through
the range of temperature measurements; as the mean
temperature decreased, the difference between the
measurements increased, indicating proportional bias
(figure 3, online supplemental figure 3). No such trend
was observed comparing the TIC to NCIT-1, suggesting
that NCIT-2 might overestimate to a greater extent at
lower temperatures.

Mean difference -0.27°C (95% LOA -2.65 to 2.10)
104 Lin's CCC 0.78 (95% CI 0.75 to 0.81)

TIC

| Mean difference 0.64°C (95% LOA -1.54 to 2.82)
104 Lin's CCC 0.73 (95% CI 0.68 to 0.78)

TIC

| Mean difference 1.05°C (95% LOA -0.60 to 2.71)
10 Lin's CCC 0.78 (95% CI 0.75 to 0.82)

NCIT-1

NCIT-2

— reduced major axis
line of perfect concordance

Figure 4 Comparison of measurements of limb temperature
difference (a) TIC versus NCIT-1 (b) TIC versus NCIT-2

(c) NCIT-1 versus NCIT-2. CCC, concordance correlation
coefficient; LOA, limits of agreement; NCIT, non-contact
infrared thermometer; TIC, thermal imaging camera.

Agreement for limb temperature difference

There was greater agreement (higher Lin’s concor-
dance coefficients) for limb temperature difference than
affected limb temperatures (figure 4, online supple-
mental figure 4). The TIC recorded, on average, lower
limb temperature differences than NCIT-1 by -0.27 (95%
LOA -2.65 to 2.10) and higher limb temperature differ-
ences than NCIT-2 by 0.64 (95% LOA -1.54 to 2.82).
However, the mean difference was greater for the latter
comparison.

Lin’s concordance coefficient was higher for the TIC
versus NCIT-1 comparison, 0.78 (95% CI 0.75 to 0.81),
than TIC versus NCIT-2, 0.73 (95% CI 0.68 to 0.78). As
expected, the evidence of proportional bias seen for
affected limb temperature between the TIC and NCIT-2
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was reduced when measuring limb temperature differ-
ence, given the extent and direction of bias would be the
same for both limbs.

DISCUSSION

In patients with lower limb cellulitis prescribed antibiotics
from hospital settings, the affected limb remained hotter
than the unaffected limb from day 0 to day 3. Baseline
affected limb temperatures varied widely depending on
the measurement device. All devices recorded a signifi-
cant reduction in affected limb temperature per day, but
only the TIC and NCIT-1 recorded significant reductions
in limb temperature difference per day, although this
could be related to lower power to detect differences
using NCIT-2 due to fewer measurements. Nonetheless,
NCIT-2 consistently recorded the smallest differences in
limb temperatures, and there was evidence of propor-
tional bias in this device, most likely due to NCIT-2
overestimating temperatures. Therefore, we would not
recommend further investigating NCIT-2 to diagnose or
monitor skin temperature in cellulitis.

The TIC had the poorest repeatability, but the fewer
repeated measurements performed for this device (2 vs
3) could explain the difference. We report anecdotally
that the visualised temperature of the leg with the TIC
appeared to fluctuate slightly in a pulse-like manner
for some patients, which was assumed to be due to the
patient’s actual pulse and may also explain the poorer
repeatability.

A key strength of this study is its direct comparison of
two emerging technological approaches for objectively
measuring limb temperature in cellulitis, helping to iden-
tify which device warrants further investigation. Addition-
ally, daily measurements allowed us to characterise early
clinical response to treatment in patients with more severe
disease than those included in previous studies. A main
study limitation was the high missing data at baseline (day
0), due to admissions outside of the study’s working hours.
Nonetheless, our use of linear mixed models enabled the
estimation of temperature decreases over time, assuming
data are missing at random (which includes dependence
on previous/subsequent values). Some environmental
factors, such as prior patient positioning and room
temperature, could not be fully controlled. However, the
unaffected limb should have served as an internal control,
and this reflects the constraints that would be present on
a device operating in real-world clinical settings. Further-
more, our study included predominantly patients of white
ethnicity, so our findings must be confirmed for patients
with different skin tones.

Our use of a pragmatic case definition, ‘clinician-treated
cellulitis’, means that some cases may not have had true
cellulitis, as misdiagnosis rates have been reported to
exceed 30%.%° We attempted to mitigate this by excluding
patients if their clinical diagnosis changed within 3 days of
enrolment or if the investigator judged they did not have
a clear diagnosis of cellulitis. While this approach is less

rigorous than using a blinded consensus review panel or
multiple independent clinical assessments, the objective
of this analysis was to evaluate device performance rather
than diagnostic accuracy. Previous studies have estab-
lished diagnostic thresholds for limb temperature differ-
ence in cellulitis between 0.47°C and 0.80°C!! 13_15; but
we could not assess the actual proportion of our patients
meeting these thresholds at baseline due to missing data.

Our findings suggest that TIC and NCIT-1 produce
similar limb temperature difference values, suggesting
they could be used interchangeably. However, the most
recent diagnostic study suggested a threshold of 31.2°Cin
the absolute affected limb temperature (not temperature
difference) achieved the highest sensitivity and negative
predictive value to diagnose cellulitis.'® While mean base-
line affected limb temperatures in our study did exceed
this threshold, as measured absolute temperatures varied
so markedly between devices, we would not recommend
interchangeable use in this context.

Our study aligns with prior studies using NCITs to
monitor limb temperature over time.'"’ '* Montalto et al
reported a mean baseline limb temperature difference
of 3.5°C (95%CI 3.0°C to 3.9°C), consistent with our
TIC and NCIT-1 findings."’ Williams ¢t al found a slightly
lower median baseline difference of 2.3°C (IQR 1.2°C,
3.6°C)."” While not directly comparable to our data, this
slightly lower value may be explained by their inclusion of
patients with milder cellulitis or using a different NCIT.
In terms of temperature changes over time, Williams et al
estimated a mean reduction in affected limb temperature
of 1.4°C (95%CI 1.0 to 1.8, p<0.001) in trial patients by
day 5." Given we only measured through day 3, this is
broadly consistent with our estimate of —0.34°C decrease
per day measured by the TIC.

While our analysis focused on population-level
temperature trends, the broader aim of this research
is to assess the potential for temperature monitoring
devices to inform individual-level treatment decisions.
Our estimates of daily temperature decreases were
smaller than the potential range suggested by the repeat-
ability coefficients calculated for the devices, raising
important questions about their ability to capture day-
by-day changes that can guide clinical decision-making.
However, some patients will have experienced larger
temperature decreases than the overall mean estimates,
which may still be detectable despite device imprecision.
Notably, for the TIC, the mean daily change in absolute
affected limb temperature was larger (-0.34°C) than
for the other devices and larger than changes in limb
temperature difference, suggesting that this device or
absolute temperature measures may be better able to
detect meaningful changes over time on an individual
basis. In addition, if measurements are compared across
wider time intervals, such as between day 0 and day 3,
the overall change may be large enough to be clinically
meaningful, despite limitations in measurement preci-
sion. Using daily averages from repeated measurements
may also help mitigate this problem.
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Only one study has monitored cellulitis over time using
thermal imaging.'” A key question raised by Amendola
and colleagues is whether changes in maximal tempera-
ture or changes in the size of the affected area are more
importamt.17 They analysed thermal images using a fidu-
cial marker to estimate the relative size of the affected area.
They found daily reductions in severity (ie, normalised
temperature) and scale (ie, affected area with elevated
temperature), but the unit changes reported are difficult
to interpret and cannot be compared with our findings.
It is possible that more advanced image processing, used
to track changes in the size of the affected area, could
be a more reliable measure than monitoring changes in
maximum temperature.

From our findings and due to a lack of a gold stan-
dard, there is no clear superior method between the TIC
and NCIT-1. While NCITs are cheaper and require less
training, their measurement capabilities differ widely, so
they cannot be used interchangeably. The TIC recorded
the largest daily decreases in affected limb temperature,
with the highest confidence around these estimates,
suggesting it may be more responsive to detecting smaller
temperature changes than the NCITs. Also, advanced
thermal image analysis may offer more sophisticated
tracking of disease progression.'” TICs may also provide
other advantages; patients were keen to view their daily
thermal images to track the progress of their infection,
and many clinicians wanted to view the regular photo-
graphs we had taken from the previous days, as their
shift patterns meant most of them had never examined
the patient they were reviewing. Future research should
assess TICs in diverse populations and explore their role
in early diagnosis and treatment response prediction,
ensuring that techniques are accessible and interpretable
in clinical settings in real time.
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