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Article
Intra- and Inter-session Reliability and Repeatability of an

Infrared Thermography Device Designed for Materials to
Measure Skin Temperature of the Triceps Surae Muscle

Tissue of Athletes

Abstract

Background: Infrared thermography devices have been commonly applied to measure

superficial temperature in structural composites and walls. These tools were cheaper than

other thermographic devices used to measure superficial human muscle tissue temperature

which could be of interest to athletes' triceps surae! cording to prior studies.trfrared

Objective: The purpose was to determine the procedure’s intra- and inter-session reliability

and repeatability to determine skin temperature within the Manual Infrared Camera PCE-TC

30 thermography device in the triceps surae muscle tissue of athletes, which was initially

designed to measure the superficial temperature of materials.Fhe-purpese-was-to-determine
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Methods: A total of 34 triceps surae muscles were bilaterally assessed from 17 healthy

athletes using the Manual Infrared Camera PCE-TC 30 thermography device to determine
intra- and inter-session reliability and repeatability of the skin temperature of the soleus,
medial and lateral gastrocnemius muscles. Statistical analyses comprised intraclass correlation
coefficient (ICC), standard error of measurement (SEM), minimum detectable change
(MCD), systematic error of measurement, correlation (r), and Bland-Altman plots completed
with linear regression models (R?). A—tetal-of34—triceps—surae—tnuseles—were—biaterally

with-Hrearregresstonmodels{R)-were-analyzed:

Results: Intra- and inter-session measurements of the proposed infrared thermography

procedure showed excellent reliability (ICC(,=0.968-0.977), measurement _errors

(SEM=0.186-0.232°C; MDC=0.515-0.643 °C), correlations (r=0.885-0.953). and did not

present significant systematic error of measurements (P>.05).tntra-—and—inter-session

net—present—sighiticant—systematic—error—of —meastrements—(>05). Adequate agreement
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between each pair of measurement moments was presented by the Bland-Altman plots
according to the limits of agreement and non-significant linear regression models (R*=0.000—

0.019; P>.05).

Conclusions: The proposed procedure to determine skin temperature within the Manual

Infrared Camera PCE-TC 30 thermography device presented excellent intra- and inter-session

reliability and repeatability in athletes’ triceps surae muscle tissue. Future studies should

consider the SEM and MDC of this procedure to measure the skin temperature of soleus,

medial, and lateral gastrocnemius muscles to promote triceps surae muscle prevention and

recovery in athletes.Fhes

Keywords:Kewords: Athleteswer Extremity; Repeatabilityproducibility of Results;

Thermography:

Highlights:

e Prior high quality thermography devices were reliable in measuringte—meastre skin

temperature

e The proposed device was initially designed for materials superficial temperature
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e This device is reliable and repeatable for measuringte—meastire triceps surae skin

temperature

¢ This cheap tool could promote triceps surae prevention and recovery in athletes

1. Introduction

Infrared thermography was proposed as one of the most relevant non-ionizing radiation

tools to assess skin temperature related to muscle tissue conditions, such as compartmental

syvndrome. Nevertheless, there is a lack of scientific evidence for other musculoskeletal

conditions (Sanchis-Sanchez et al., 2014). Among different application fields, the use of

inflammation and perfusion-based conditions may be evaluated by thermographic imaging in
sports medicine (Ramirez-Garcia Luna et al., 2022). This device washas been used to

determine the superficial temperature of muscle tissue of lower limbs from athletes for injury

prevention (Corte et al., 2019), muscle activity assessment (Rodriguez-Sanz et al., 2019), and

evaluations before and after treatments (Rodriguez et al., 2018; Benito-de-Pedro et al., 2019).

In addition, assessments before and after running were performed in the triceps surae from

athletes as a main focus linked to musculoskeletal conditions (Rodriguez-Sanz et al., 2017;

Rodriguez-Sanz et al., 2018; Rodriguez et al., 2018; Benito-de-Pedro et al., 2019).Iafrared
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Different thermography methods to determine skin temperature in the calves’ muscular

region showed good correlations among them (R* = 0.885 — 0.924) and between both sides (R>

= 0.754 — 0.881; r = 0.868 — 0.939) within adequate agreement by Bland-Altman plots

(Ludwig et al., 2014). Thermography assessment was used to measure the cutaneous

temperature of triceps surae muscles in soccer players with equinus condition versus non-
equinus condition after running (Rodriguez-Sanz et al., 2018), as well as at rest (Rodriguez-
Sanz et al., 2017). In addition, this tool was applied to determine the treatment effects after
different physical therapy interventions, such as dry needling and ischemic compression, in
triathletes (Benito-de-Pedro et al., 2019). In addition, infrared thermography was utilized to

measure skin temperature changes after compressive versus standard stockings use in athletes

(Rodriguez et al., 2018). All these evaluations were carried out by the FLIR/SC3000/QWIP

Thermacan thermographic tool to measure the skin temperature of the triceps surae muscle
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The FLIR/SC3000/QWIP Thermacan infrared thermal device presented an 8-9 um

spectral range, a temperature sensitivity of 0.02 K, a display of 320 x 240 pixels with 20° lens

and a spatial resolution of 1.1 mrad, being frequently used to evaluate the superficial

temperature in the human tissue with adequate reliability and repeatability Fhe

tissue-with-an-adequatereliability-and repeatability-(Rodriguez-Sanz et al., 2017; Rodriguez-

Sanz et al., 2018; Rodriguez et al., 2018; Benito-de-Pedro et al., 2019), by both manual and

automatic thermographic software package measurement methods with an adequate

agreement and excellent intraclass correlation coefficient (ICC > 0.80) (Requena-Bueno et al.,

2020). Prior statistical procedures, such as ICC and Bland-Altman plots, including limits of
agreement (LoA)Prier-statistieal-procedures,sueh-as1cG-and-Bland-Altmanplotsinelading

Hmits-ef-agreement-(loA), were used to compare infrared thermographic values in the lower

limbs showing that both manual and automatic definition devices presented an excellent ICC
from 0.92 to 0.99 with an adequate agreement by visual distribution and similar LoA by the
ThermoHuman® devices (Fernandez-Cuevas et al., 2017; Requena-Bueno et al., 2020),
excellent inter-session reproducibility with an ICC of 0.88 using the digital infrared camera
IRTIS-2000® (Zaproudina et al., 2008), and almost perfect agreement in replication with an
ICC from 0.94 to 0.97 by the Thermofocus® thermal imaging device (Petrova et al., 2018)_.-

Nevertheless, these devices showed a higher cost|= Iln an infrared thermography device

designed to evaluate superficial temperature on materials. One of these thermographic devices

was the Manual Infrared Camera PCE-TC 30. This tool displayed a sensor resolution of

80x80, a measurement range from 0 to 250°C, a display of 320 x 240 pixels, a thermal
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sensitivity of 80 mK, and an 8 mm lens (De Villoria et al., 2011; Pérez-Urrestarazu et al.,

2014). Despite this, the thermal imaging system presented very low parameters concerning

geometrical resolution (80 x 80 pixels) and thermal sensitivity of 80 mK, while other thermal

imaging systems displayed high definition resolution (1280 x 960 pixels) and higher thermal

sensitivity of 20 mK Newve

(Fernandez-Cuevas et al., 2017; Requena-Bueno et al., 2020), the Manual Infrared Camera

PCE-TC 30 geometrical resolution and thermal sensitivity features could present adequate
reliability to measure triceps surae muscle tissue temperature variations (Rodriguez-Sanz et
al., 2017; Rodriguez-Sanz et al., 2018; Rodriguez et al., 2018; Benito-de-Pedro et al., 2019).

Indeed, the PCE-TC 30 thermal camera has already been emploved to assess the thermal

behavior of fencing uniforms in athletes (Lamberti et al., 2020), but the reliability and
repeatability of this tool directly on the skin of the human muscle need-te—-behas vet to be
determined.

This infrared thermography device was used to measure superficial temperature in

structural composites and walls according to quality inspections, such as reproducibility,

stability, reliability, and operating temperature (De Villoria et al., 2011; Pérez-Urrestarazu et

al., 2014). Although this tool is used to assess thermal temperature in the fencing uniforms of
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athletes (Lamberti et al., 2020), it has not been applied directly to measure superficial human

muscle tissue temperature, which could be of interest in the triceps surae of athletes

Rodriguez-Sanz et al., 2017; Rodriguez-Sanz et al., 2018; Rodriguez et al., 2018; Benito-de-

Pedro et al., 2019; Requena-Bueno et al., 2020).Fhis-cheaperinfrared-thermography—deviee

We hypothesized that this device — developed initially for non-Vivo structures — could

provide adequate reliability and repeatability to determine skin temperature in the triceps
surae_muscle human tissue of athletes, bein less expensive than the infrared
thermography device used in human studies. Thus, the purpose of the present study was to

determine the intra- and inter-session reliability and repeatability of the procedure to assess

skin temperature within the Manual Infrared Camera PCE-TC 30 thermography device in the

triceps surae muscle tissue of athletes, which was designed initially to measure the superficial

temperature of materials.W
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2. Materials and Methods

2.1. Study design

The present study was carried out from January 2020 to May 2021 according to The
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) criteria
(Appendix 1). The Helsinki Declarations, as well as specific human experimentation ethical
rules, were taken into account. The ethics committee for clinical interventions of the Hospital

Clinico San Carlos, Madrid (Spain) approved this study with internal code number 20/021-E

on January 20, 2020. Before the study began, all participants signed the informed consent

form. In addition, the present study was supported by Contract 83 between Complutense

University and PCE Ibérica S.L. (Reference number: 6-2020), providing a specific grant for

this research project.Fhe—present—stady—was—earried—eutfromJanuary 2020+t May 2021+

2.2. Sample size
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The sample size determination was calculated by bi-variate correlations statistical
procedures through G*Power 3.1.9.2 program (G*Power®, from Dusseldorf University, in
Germany), considering a 0.4 correlation coefficient to achieve a moderate correlation (L.obo et
al., 2016) between infrared thermography measurements, applying a 1-tailed hypothesis, a

0.05 a error and a 0.80 power. Lastly, the sample size was 34 triceps surae muscles to achieve

the required thermography measurements for a 0.801 actual power.

2.3. Participants

Thirty-four triceps surae muscles were bilaterally analyzed from 17 healthy athletes
considering a consecutive sampling recruitment procedure. Inclusion criteria comprised
specifically healthy athletes aged 18-65 years providing the consent information document

previously, carrying out sports activities and training for at least 2 h as well as one day per

week, with moderate (level-II) or vigorous (level-III) intensities for physical activity with

metabolic equivalent indexes greater than 600 METs/min/week, measured by the International
Questionnaire for Physical Activity (IPAQ) (Roman-Vifias et al., 2010).
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included muscle soreness, congenital dysfunctions, neuromuscular conditions, rheumatic
alterations, body mass index (BMI) greater than 31 kg/m®, previous neurological conditions,

prior surgeries, skin pathologies, and some alterations in the lower limbs region (i.e., chronic

ankle instability presence, prior sprains or previous fractures) according to the thermographic
influence of compartmental, stress, inflammation, and perfusion-based conditions (Sanchis-

Sanchez et al., 2014; Ramirez-Garcial.una et al., 2022) and, lastly, difficulties or inability to

2.4. Procedure

Intra- and inter-session reliability and repeatability of the skin temperature of the triceps

surae _muscles were bilaterally assessed by the Manual Infrared Camera PCE-TC 30 to

determine measurement agreement and concordance at the same day separated by 1 hour

(considered as intra-day measurements) and alternate days separated by 48 hours (considered

as inter-day measurements), respectively. Indeed, participants were asked to continue withi#
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318 |

their daily life and physical exercise routine (avoiding unusual efforts or activity changes)

between measurements and not taking drugs! the prior week nor vasomotor substances

(i.e., caffeine) on the same measurement day, as well as heavy metals were not allowed. A

eriod of 5 minutes of acclimatization of the subjects to the room was applied (Figure 1). All

measurements were assessed with patients standing up in a relaxed position in the same room

within a 24.1 + 1 C° temperature and a 45 + 10% humidity, without direct ventilation flow

toward examiners or participants (Rodriguez-Sanz et al., 2017). Intra—and—inter-session

Please, include Figure 1 here or hereabouts

Figure 1. Infographics for evaluating and analyzing the infrared thermography images of the triceps surae complex.
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2.5. Descriptive data

Descriptive data including sex (categorized as male or female), age (measured in years),
height (measured in cm), weight (measured in kg), and BMI (expressed as kg/em’ following
the Quetelet’s index) (Garrow, 1986), main sports category (divided into fitness considered as
bodybuilding exercise or soccer), side (categorized as right or left), and dominance (expressed

as ves or no), and smoker (expressed as ves or no) were detailed (Calvo-Lobo et al. 2019). As

a tool with adequate psychometric properties, metabolic equivalent index per minute per week

(METs/min/week) was evaluated by the IPAQ to determine physical activity and its

categorization as moderate  (600-1500 METs/min/week) and vigorous (= 1500

METs/min/week) physical activity (Gauthier, Lariviere & Young, 2009).Beseriptive—data

2.6. Infrared thermography

We used a Manual Infrared Camera PCE-TC 30 (PCE Instruments UK Ltd;

Southampton, United Kingdom), which displayed a sensor resolution of 80 X 80, a

measurement range from 0 to 250°C, a display of 230 x 240 pixels, a thermal sensitivity of 80
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mK and an 8-mm lens (De Villoria et al., 2011; Pérez-Urrestarazu et al., 2014). The infrared
thermography imaging process was performed with the participant standing up in a relaxed
position 1 m from the camera. Bilaterally, the triceps surae complex, including lateral (Figure

1A and 1B) and medial (Figure 1C and 1D) gastrocnemius, as well as soleus (Figure 1E and

1F) muscles, was measured by a region of interest (ROI) through five infrared thermography

images for each muscle. Removing the highest and lowest values, the mean of the three
measurements was used for data analysis.Firstly;,—the Mantwa-Infrared-GameraPEE-T636

Infrared images and data were analyzed by a blinded and experienced evaluator using the
Guide™ Report Express (PCE Instruments UK Ltd; Southampton, United Kingdom)

(Rodriguez-Sanz et al., 2017). This software provided the mean thermal value (°C) of the

selected ROI of 1 cm?* coinciding with the center of a landmark for each muscle (Figure 2).
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366 These landmarks were used to determine superficial skin temperature and placed superior to
367 the Achilles tendon for the soleus muscle and in the thickest part of the medial and lateral
368 gastrocnemius muscles according to prior similar studies (Benito-de-Pedro et al., 2019; Rojas-

369 Valverde et al., 2021).

370 |

371 | Please, include Figure 2 here or hereabouts
372 | Figure 2. Infrared thermography images of the triceps surae complex, including left (A) and right (B) lateral
373 | gastrocnemius, left (C) and right (D) medial gastrocnemius, and left (E) and right (F) soleus muscles, including the thermal
374 | values of the region of interest (ROI) of 1 cm®

375

376

377 |
378 |
379 | gastrecnemius; e and-righ
380 | wvaluesoftheregionofinterest(ROD-of L-em’

381 |

382 \ 2.7. Statistical Analyses

383 The 24.0 Statistical Package Program for Social Science (samed-SPSS; from IBM-Corp,

384 | in Armonk, NY) was used for data analyses. The a error was set at 0.05, and thus a P-value

385 | lower than 0.05 was considered statistical significance. The Kolmogorov-Smirnov statistical

386 | test and visual inspection of histograms were considered to detail normality distribution. Fhe

387
388

389

390

391 | nermatity: Data adjusted to normal distribution were detailed through means + standard
392 deviations (SD) in conjunction with the upper and lower limits of 95% confidence interval
393 (CI). Data adjusted to non-normal distribution were detailed through medians + interquartile

394 | ranges (IR). ). Infrared thermography measurements for intra- and inter-session evaluations
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were compared through paired-sample Student t-tests considering parametric tests and

Wilcoxon tests regarding non-parametric tests. ICC analyzed the reliability and repeatability

between each pair of measurements for bidirectional absolute agreement and Pearson (r) or

Spearman (p) correlation coefficients as parametric or non-parametric tests, respectively.

Furthermore, ICC ;) values were specifically interpreted as poor for < 0.40 ICC ,;), weak for

0.40-0.59 ICC ), good for 0.60-0.74 ICC (,;), and excellent for 0.75-1.00 ICC,;, (Calvo-

Lobo et al., 2019).Infrared-thermography measurements—forintra—as—welas—inter-session

Next, correlation coefficients were specifically interpreted as weak for 0.00-0.40 r or p,

moderate for 0.41-0.69 r or p, and strong for 0.70—1.00 r or p (Lobo et al., 2016). Standard

errors for measurements (SEM) values were detailed through SD x V. Next—correlation

changes (MDC) values were detailed through /2 x 1.96 x SEM for 95% CI. Both MDC and

SEM were detailed through Bland and Altman recommendations (Calvo-Lobo et al., 2019).

Limits for agreement (LoA) for each pair of measurements were detailed through differences
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418 | means *1.96 xSD for 95% CI in line with Bland and Altman (Bland & Altman, 2010; Calvo-

419 | Loboetal., 2019).

420 |

421 In addition, Bland-Altman plots were shown to detail visual agreements for each pair of

422 | measurements showing systematic measurement errors of the differences in means

423 | distributions for each pair of measurements located at the Y-axis with regards to the means

424 | for each pair of measurements located at the X-axis. These Bland-Altman plots were shown in

425 | conjunction with linear regression models. R* coefficients were calculated to detail the

426 | adjustment quality. The mean values for each pair of measurements were considered

427 | independent variables. Lastly, the differences for each pair of measurements were considered

428 | dependent variables (Bland & Altman, 2010).}raddition, Blana-Altman-plots-wereshowi-to

429
430
431
432

433

434

435

436

437 3. Results

438 3.1. Descriptive data

439 The final sample comprised 34 triceps surae muscles bilaterally from 17 healthy athletes,

440 | nine (52.9%) males and eight (47.1%) females, with mean + SD (95% CI) age of 41.76 +
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14.42 (36.73-46.79) years, the weight of 68.57 + 14.57 (63.40-73.64) kg, the height of 1.69 +

0.09 (1.66-1.73) m, and BMI of 23.45 + 3.47 (22.24-24.66) kg/em’. Regarding the main

sports _category, these athletes performed in fitness (n = 14; 82.40%) and soccer (n = 3;

17.6%). All athletes presented the dominant right side (n = 17; 100%):; most were non-

smokers (n = 12; 70.60%). Considering the TPAQ, the mean + SD (95% CI) of metabolic

equivalents index per minute per week was 3276.08 + 1876.49 (2621.34 — 3930.82

METs/min/week, including eight (47.10%) athletes who performed vigorous physical activity

and nine (52.90%) athletes who performed moderate physical activity. Table 1 shows the

normality statistics and significance according to the Kolmogorov-Smirnov test. Fhe—finat

Please, include Table 1 here or hereabouts

Table 1. Descriptive data and normality statistics and significance according to Kolmogorov-Smirnov test.

3.2. Intra-session reliability and repeatability
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According to Table 2, intra-session measurements of the infrared thermography device

designed for materials (Manual Infrared Camera PCE-TC 30) in the triceps surae muscle

tissue of athletes showed excellent reliability (ICC, = 0.969 — 0.977), measurement errors

(SEM = 0.186-0.212°C; MDC = 0.515-0.587°C) and did not present any statistically

significant systematic error of measurements (P_> 0.05).Aeceording-to-—Table2—intra-session

Please, include Table 2 here or hereabouts

Table 2. Intra-session reliability and repeatability of an infrared thermography device designed for materials (Manual

Infrared Camera PCE-TC 30) in athletes' triceps surae muscle tissue.

487

488

489

490

491

492

Regarding intra-session measurements, bivariate correlations were excellent for the

soleus (r = 0.953; P _< 0.001), medial gastrocnemius (p = 0.885; P < 0.001), and lateral

gastrocnemius (r_=_0.939; P_< 0.001).Regarding—intra-session—measurements,—bivariate
eorrelations—were-exeeHentfor-the-seleus(r—=0:953;-P<—-061);-medial-gastroenemits{(p—

In addition, Bland-Altman plots presented an adequate agreement for intra-session

measurements of the infrared thermography device designed for materials (Manual Infrared

Camera PCE-TC 30) in the soleus (Figure 3), medial gastrocnemius (Figure 4) and lateral
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493 | gastrocnemius (Figure 5) muscles of athletes, due to visual distributions of the difference

494 | means for each pair of measurements at Y axis concerning the mean for each pair of

495 | measurements at X-axis did not present any systematic measurement error and most

496 | thermographic measurements were between the upper and lower LoA.lr—additienBland-

497

498

499

500

501

502

503 | between—the—upper—and—tower—+LoA. In addition to Bland-Altman plots, linear regression

504 models did not show any statistical significance for soleus (R* = 0.000; B = 0.003; Fi3 =

505 | 0.003; P = 0.954), medial gastrocnemius (R* = 0.002; B = -0.017; Fi3 = 0.065; P =0.800).)
506 and lateral gastrocnemius (R* = 0.019; B = -0.050; F3 = 0.626; P =0.435) intra-session

507 measurements.

508 |

509 | Please, include Figure 3 here or hereabouts
510 | Figure 3. Bland-Altman plots agreement for intra-session measurements of the infrared thermography device designed
511 | for materials (Manual Infrared Camera PCE-TC 30) in the soleus muscle tissue of athletes, completed with the upper and
512 | lower limits of agreement (LoA).

513 |

514 |
515 |
516 |
517 |

518

519

520 | Please, include Figure 4 here or hereabouts
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521 | Figure 4. Bland-Altman plots agreement for intra-session measurements of the infrared thermography device designed
522 | for materials (Manual Infrared Camera PCE-TC 30) in the medial gastrocnemius muscle tissue of athletes, completed with

523 | the upper and lower limits of agreement (LoA).

524 |
525 |

526 |

527 |
528 |

529 | theupperandlowerlimits-ofagreement(-oA):

530 |
531 | Please, include Figure 5 here or hereabouts
532 | Figure 5. Bland-Altman plots agreement for intra-session measurements of the infrared thermography device designed

533 | for materials (Manual Infrared Camera PCE-TC 30) in athletes' lateral gastrocnemius muscle tissue, completed with the
534 | upper and lower limits of agreement (LoA).

535 |

536 |
537 |

538 |
539 |

540 | upperandlowerlimitsofagreement(oA):

541 |
542 | 3.3. Inter-session reliability and repeatability

543 According to Table 3, inter-session measurements of the infrared thermography device

544 | designed for materials (Manual Infrared Camera PCE-TC 30) in the triceps surae muscle

545 | tissue of athletes presented excellent reliability (ICC, = 0.956-0.974), measurement errors

546 | (SEM = 0.187-0.232 °C; MDC = 0.518-0.643 °C), and did not present any statistically

547 | significant systematic error of measurements (P> 0.05).

548
549

550
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Please, include Table 3 here or hereabouts

Table 3. Inter-session reliability and repeatability of an infrared thermography device designed for materials (Manual
Infrared Camera PCE-TC 30) in the triceps surae muscle tissue of athletes

Considering inter-session measurements, bivariate correlations were also excellent for the

soleus (r = 0.949: P < 0.001), medial gastrocnemius (r = 0.914; P < 0.001), and lateral

gastrocnemius (r = 0.938; P < 0.001).Censidering—inter-session—easurements;—bivariate
eorrelations—were-also-exeelent-for-the-soleus{(+=0:549;-P<-001);-medial-gastroenemits—(r
=094 P<-061andHateral-gastrocnemius{(+—=0:-938;P<-001)-

Lastly, Bland-Altman plots showed an adequate agreement for inter-session

measurements of the infrared thermography device designed for materials (Manual Infrared

Camera PCE-TC 30) in the soleus (Figure 6), medial gastrocnemius (Figure 7), and lateral

gastrocnemius (Figure 8) muscles of athletes, since visual distributions of the difference

means for each pair of measurements at the Y axis concerning the mean for each pair of

measurements at the X axis did not present any systematic measurement error, and most

thermographic measurements were between the upper and lower LoA. In conjunction with the

Bland-Altman plots, linear regression models did not show any statistical significance for

soleus (R? =0.014: 8 = 0.039; F, 3 = 0.463; P = 0.501), medial gastrocnemius (R? = 0.000; 8 =

-0.009; F;5 = 0.014; P_=0.907), and lateral gastrocnemius (R*> = 0.019; 8 = -0.050; Fy 3 =

0.621:; P =0.436) inter-session measurements.
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578

579

580

581
582
583 | selets{R°=0:044:=0:039:F, ;,=0463:P=05061)medial gastroenemius (R —=0-000: 8=
584 | -8:009:F, ;,—=0:014—P=0:90Dandateral-gastrecnemits (R —0:049:$—=—06:050:F, .=
585 | 0:62+-P=06436)inter-sesstonmeastrenents:

586 |
587 | Please, include Figure 6 here or hereabouts
588 | Figure 6. Bland-Altman plots agreement for inter-session measurements of the infrared thermography device designed

589 | for materials (Manual Infrared Camera PCE-TC 30) in the soleus muscle tissue of athletes, completed with the upper and
590 | lower limits of agreement (LoA).

597 |
598 | Please, include Figure 7 here or hereabouts
599 | Figure 7. Bland-Altman plots agreement for inter-session measurements of the infrared thermography device designed

600 | for materials (Manual Infrared Camera PCE-TC 30) in the medial gastrocnemius muscle tissue of athletes, completed with

601 | the upper and lower limits of agreement (LoA).

602 |

603 |

609 |
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\ Please, include Figure 8 here or hereabouts

\ Figure 8. Bland-Altman plots agreement for inter-session measurements of the infrared thermography device designed
| for materials (Manual Infrared Camera PCE-TC 30) in athletes' lateral gastrocnemius muscle tissue, completed with the
| upper and lower limits of agreement (LoA).

\ 4. Discussion

The proposed procedure within the Manual Infrared Camera PCE-TC 30 thermography

device presented excellent intra- and inter-session reliability and repeatability with an

adeguate agreement avoiding systernatic errors of measurement to measure skin temperature

of soleus, medial and lateral gastrocnemius muscles. Although this tool was initially designed

to assess the superficial temperature of materials (De Villoria et al., 2011; Pérez-Urrestarazu

et al., 2014), it could be a eheap—testless expensive device to promote triceps surae muscle

prevention and recovery in athletes (Rodriguez-Sanz et al., 2017; Rodriguez-Sanz et al., 2018;

Rodriguez et al., 2018; Benito-de-Pedro et al., 2019). In addition, the PCE-TC 30 thermal

camera may be employed to assess the thermal behavior of fencing uniforms in athletes
(Lamberti et al., 2020). Our study supports that this device may be directly used to determine

superficial human muscle tissue temperature in the triceps surae of athletes with adequate

reliability and repeatability (Rodriguez-Sanz et al., 2017; Rodriguez-Sanz et al., 2018;

Rodriguez et al., 2018; Benito-de-Pedro et al., 2019; Requena-Bueno et al., 2020).Fhe
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The PCE-TC 30 thermography device showed similar excellent reliability (ICC > 0.8)
compared to the infrared ThermoHuman® device (Fernandez-Cuevas et al., 2017; Requena-
Bueno et al., 2020), the digital infrared camera IRTIS-2000® (Zaproudina et al., 2008), and
Thermofocus® thermal imaging device (Petrova et al.,, 2018), which were specifically

designed for human tissue temperature measurements in lower limbs. Indeed, different

ThermoHuman® devices showed an excellent intra-session (ICC = 0.99; L.oA = 0.0 + 0.4-0.1

+ 0.4 °C) and inter-session (ICC = 0.92: I.oA = 0.1 + 0.4-0.1 + 0.5°C) reliability before and

after running, respectively, detailing small differences effect sizes (Cohen’s d < 0.4) for foot

skin temperature (Requena-Bueno et al., 2020).
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Specifically, the digital infrared camera IRTIS-2000® applied in the calf region
showed adequate intra-session (ICC = 0.84) and inter-session (ICC = 0.66) reliability

with similar temperature mean + SD values for anterior (31.2 £ 0.6 °C), posterior (30.8 +

0.6°C), and lateral (31.3 + 0.6°C) calf regions (Zaproudina et al., 2008). Finally, the
Thermofocus® thermal imaging device presented almost perfect intra-session agreement in
different foot regions (ICC = 0.94-0.97), showing non-significant replication interactions (P-
values = 0.23-0.84)pesterior{(36-8—+—0-6—C)—andateral(31:3—+—6-6—C)—ealfregions

nen-signifieantrephicationinteractions{P-valies—=0623—0-84) (Petrova et al., 2018). Despite

the use of such modern thermal imaging systems with better definition resolutions could
provide more reliable measurements and improve the quality of the thermograms obtained,
the reliability and measurement errors provided by the Manual Infrared Camera PCE-TC 30
thermography may be enough to detect temperature differences linked to clinical

musculoskeletal changes (Corte et al., 2019).

Athletes may be exposed to physical stress under training loads and competitions with
overload reactions which could cause blood flow changes affecting skin temperature (Merla et
al., 2010). Infrared thermography may not display anatomical abnormalities, although
functional changes may be shown and linked to skin temperature control (Merla et al., 2010;
Ring & Ammer, 2012). Infrared thermography use was proposed as a complementary tool to
apply preventive measures, such as cryotherapy, physiotherapy, training load reduction, and
massage or recovery boot use, to avoid muscle conditions in professional soccer players. The

asymmetry reference values range from 0.5°C to 1°C between both right and left lower limbs

was proposed to initiate this preventive protocol, which reduced up to 63% muscle injuries in
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a professional soccer season by thermographic monitoring (Corte et al., 2019). Thus, the

Manual Infrared Camera PCE-TC 30 thermography device could be used to determine these

cut-off values due to the MDC values varied from 0.515 to 0.587 °C and from 0.518 to

0.643°C for intra- and inter-session evaluations, respectively.

Our research group carried out a prior thermographic study addressing the thermal skin

evaluation of the triceps surae muscles. This study showed that skin temperature after running

was deeply linked to electromvography, which may indirectly reflect triceps surae muscle

activity. Although the Manual Infrared Camera PCE-TC 30 thermography device has not vet

been correlated with electromyography values, thermal values could be related to muscle

activity in the triceps surae muscles of athletes using this tool according to a similar study

using the FLIR/SC3000/QWIP Thermacan-infrared thermal deviceA—prior—thermographie
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Although some less expensive commercially-available thermal cameras could be suitable

for skin temperature assessment, employing the PCE-TC 30 camera to assess triceps surae
muscle temperature providesd reliable and repeatable measures with MDC cut-off values

useful to determine preventive protocols for muscle injuries (Corte et al., 2019).

4.1. Future studies

Further studies should be designed as randomized clinical trials to determine if these
asymmetries reference cut-off values could prevent triceps surae muscle injuries (Corte et al.,

2019). According to prior studies (Hiemstra et al., 2007; Chung et al., 2015), the uninvolved

normal side after injury may often be not normal, i.e., presenting temperature values different

from healthy subjects, and cut-off values should also be detailed in the future muscle recovery

studies. In addition, thermographic measurement of the triceps surae with this device should

be analyzed by intra- and inter-rater reliability determining SEM and MDC values and
correlated with the other high-end infrared devices as possible gold standards such as
ThermoHuman® (Fernandez-Cuevas et al., 2017; Requena-Bueno et al., 2020), IRTIS-
2000®(Zaproudina et al., 2008) and Thermofocus® (Petrova et al., 2018) tools. Furthermore,

correlations with electromyography measurements of the triceps surae muscle activity should

be carried out (Rodriguez-Sanz et al., 2019). Lastly, the intramuscular temperature should
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also _be correlated with this device to determine concurrent validity concerning a gold

standard (Burnham, McKinley & Vincent, 2006).

4.2. LimitationsE

Various limitations should be considered for the use of this thermographic device. First,

the MDC was superior to the lower limbs asymmetry reference range from 0.3°C to 0.4°C

proposed as a cut-off for following-up before a preventive protocol (Corte et al., 2019) and

therefore, this device should not be used for values lower than 0.5°C-0.6 °C.

Second, the concurrent validity of this device has not been performed for human tissue

temperature, and this validity should be assessed in the future (Burnham, McKinley &

Vincent, 2006).



Section Editor, 01/29/23, 
What about not being able to calibrate the device as a limitation?
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Third, our sample only comprised healthy athletes, and further studies should analyze
skin temperature with this tool over injured muscle tissue (Alburquerque Santana et al., 2022).
Fourth, our sample size calculation was accurately detailed to determine a moderate
bivariate correlation between measurements, but our sample size was low to achieve the
actual power to perform comparisons classifying groups depending on sport category, BMI,
and other valued characteristics. In addition, despite statistical analyses were carried out

according to our prior sample size calculation model to detail bivariate comparisons for intra-

and inter-session measurements, future nested type studies should be designed as nested

statistical models such as analyses of variance (ANOVA) to determine more accurate

temperature comparisons.

Finally, the fact that the PCE-TC 30 thermography device was not calibrated for skin
temperature assessment could affect the repeatability of the measurement to a lesser extent

than its accuracy. Nevertheless, a comparison between the temperature assessed by a

validated thermal camera and the PCE-TC 30 was not reported. Future studies should evaluate

its accuracy due to a possible wrong estimation of the absolute skin temperature. Procedures

for thermographic assessment in sports and exercise sciences have been reviewed by Moreira

et al. (Moreira et al., 2017) in a consensus statement of the experts in the field. However, our

reliability study aimed to standardize the proposed procedure and contributed to improving

the methods behind measures.Variotstimttations—shotld-be—econsideredfor—the—use—of-this




65

66

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

5. Conclusion

The proposed procedure within the Manual Infrared Camera PCE-TC 30 thermography
device designed initially to measure the superficial temperature of materials presented
excellent intra- and inter-session reliability and repeatability to measure skin temperature in
the triceps surae muscle tissue of athletes. Future studies should consider the measurement
errors of this procedure to measure the skin temperature of soleus, medial, and lateral
gastrocnemius muscles to promote triceps surae muscle prevention and recovery in athletes.
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