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Abstract

:

Heat-related illness is a growing concern for workers in temperate climates as rising temperatures and heatwaves put them at risk of exertional heat stroke. Monitoring biometrics that predict heat stroke, such as core temperature, is increasingly important. To monitor biometrics, wearable sensing technologies have been proposed as an alternative to the ingestible telemetric pill. However, limited studies have validated the accuracy of these sensors in different temperature conditions. Therefore, this study aims to assess the validity of wearable devices placed on different areas of the body for measuring core body temperature (CT) during repetitive physical activity in high temperature conditions. Ten male participants performed dumbbell curling exercises at 33 °C and roughly 50% relative humidity, and data from the pill (the criterion standard) were compared to data from two wearable sensors–Slate Safety and Zephyr. Results showed that Slate Safety [Bias (Precision) = 0.20 (0.35) °C) and Zephyr [Bias (Precision) = −0.03 (0.35) °C] recorded bias and precision within acceptable limits. The correlation analysis showed that wearable sensors are suitable for real-time monitoring of an individual’s level of heat stress in high temperatures. However, there was a proportional bias with these CT measuring devices, meaning that the reported temperature values are consistently deviated from the true values. The results of this study contribute to the ongoing discussion of the most appropriate methods for monitoring heat stress and provide valuable information for practitioners working in this field.
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1. Introduction


1.1. Heat Stress and Mitigation Techniques in Occupational Settings


Workers in hot environments or those who are exposed to extreme heat may be at risk for heat stress [1]. Extreme heat poses a significant threat to workers and can result in decreased job efficiency, heightened risk of accidents, and a host of heat-related illnesses including life-threatening heat stroke [2]. There were 43 reported heat-related fatalities in the United States in 2019 [3]. While this figure represents a decrease from the peak of 61 deaths recorded in 2011, it remains higher than the majority of years between 2012 and 2018 [3]. The construction industry is a significant employer in the United States and construction workers make up a staggering 36% of all heat-related deaths in the workplace over the past 25 years, according to the Construction Research and Training (CPWR) [4]. Heat stress occurs when the body’s core temperature rises to a level that exceeds its normal range (36.2–37.9 °C) [5], causing discomfort and potentially leading to more serious health conditions [1]. For example, Glaser et al. [6] explained that performing manual tasks in hot environments that cause heat stress and recurrent dehydration could lead to chronic kidney disease.



The risk of heat-related illnesses, such as heat exhaustion and heat stroke, increases as temperatures rise, making it important for employers to monitor their employees’ heat tolerance. Given current projections about global climate change and the increasing frequency of heat waves [6], the prevalence of heat-related illnesses in the workplace is expected to increase. Traditionally, heat stress risk is controlled by monitoring environmental factors such as humidity, air temperature, radiant heat sources, and air flow with a WetBulb Globe Temperature (WBGT) thermometer and heat stress meters [7]. Notley et al. [8] explained that environmental factors and clothing worn by workers have been used to determine the likelihood of heat-related illnesses and to decide the most effective approach to controlling risk through the hierarchy of heat stress controls (listed in order of effectiveness: elimination or substitution, engineering controls, administrative controls, and personal protective equipment (PPE) [7]) or hygiene practices. Each strategy aims to prevent workers from being exposed to heat strain threshold limit value (TLV) as specified by the American Conference of Governmental and Industrial Hygiene (ACGIH). However, while this approach can provide an estimated predication of a worker’s heat strain level, it cannot accurately determine the worker’s real-time heat strain level in response to heat stress [8]. This is because workers have unique interindividual factors such as body mass index, gender, age, genetics, and health status, and intraindividual factors such as hydration status, work shift duration, sweat rate, heart rate, and medication usage [8]. In other words, different individuals may have different responses to heat stress, and the same individual may respond differently to heat stress under different conditions. These varying factors can lead to an inaccurate estimation of the worker’s heat strain level, which could negatively impact their work productivity, safety [8], and ultimately result in financial loss for the employer.



The risks associated with inaccurate heat strain estimates can be mitigated by considering both environmental factors and worker-specific factors such as physiological, psychophysical, and performance responses [8]. This requires a comprehensive assessment that considers individual factors that affect heat tolerance and sensitivity. Such assessments can help employers identify workers who may be at a higher risk of heat-related illnesses and implement appropriate interventions to prevent such illnesses. The development of wearable sensors for monitoring one or more physiological indicators, such as core body temperature, is gaining popularity [9]. An individual’s core body temperature (CT) is the best indicator of their heat strain as it reflects their body’s internal temperature [10], which is tightly regulated by the hypothalamus [11].



An elevated core temperature exceeding 40 °C can lead to organ failure, heat stroke or death [12]. To ensure the safety and well-being of workers, the American Conference of Governmental Industrial Hygienists (ACGIH) recommends that core body temperature should not exceed 38 °C for non-acclimatized workers and 38.5 °C for acclimatized workers [13]. However, to obtain the most clinically relevant measurements of core body temperature, such as those taken from the rectal, esophageal, and pulmonary arteries, wired recording devices are required, which is not always feasible in the workplace. The invasive nature of core body temperature sensors will negatively affect work productivity. Due to this limitation, using an ingestible telemetric pill that records gastrointestinal temperature from the time of ingestion until it is expelled has been reported as another way of monitoring the core temperature [14,15,16]. Research has shown that the temperature measurements taken by these telemetric pills are comparable to measurements taken from the esophagus and rectum during physical activity in hot environments [17]. One example of this pill is the Ingestible Core Body Temperature Sensor (ICTS) developed by CorTemp®. When the ICTS has been ingested, the signal from the sensor is harmlessly transmitted to the CorTemp® Data Recorder, which is worn outside of the individual’s body [18]. These CorTemp® devices were developed as a more convenient alternative for both field and laboratory experiments, and they are generally considered to be a valid and accurate (±0.1 °C) measure of core temperature [14,15,18]. Nonetheless, the ICTS have limitations with respect to users’ comfort from swallowing an ingestible pill, continuous monitoring of users from a long range, and non-reusability which makes the pills uneconomical [19]. These challenges have prompted the development of non-invasive wearable devices for monitoring an individual’s physiological response to heat stress in real-time in various settings, over a long range, and at a low cost.




1.2. Wearable Sensing Devices for Core Temperature Measurement


Early detection of heat stress is crucial for preventing occupational illnesses and fatalities caused by environmental factors such as heat. Wearable sensors like Slate Safety (SS) and ZephyrTM show potential to address early detection needs by identifying individuals at risk and allowing appropriate interventions.



Slate Safety (SS): The SS system is a wireless wearable device that can be attached to a worker’s arm and is designed to monitor their heart rate, core temperature, and exertion level with the aim of identifying and preventing potential heat-related illnesses or injuries [20]. The SS device incorporates a heart rate sensor to monitor physiological data. Using Slate Safety algorithms, the device extrapolates additional biometrics including exertion, CT, calories burned per minute, steps per minute based on readings from the sensor [20]. It provides continuous updates at fifteen-second intervals for multiple workers with a battery life of over 24 h. Signals are transmitted via cellular connection and can be stored for later uploading. Safety alert limits can be set independently for each worker [20].



ZephyrTM Bioharness (Zephyr): The United States Food and Drug Administration-approved Zephyr is a brand of wearable wireless sensors that records physiological parameters including heart rate, respiratory rate, core temperature, activity levels, and posture for up to 26 h [21]. It utilizes the Kalman Filter algorithm which was developed using a large dataset of ambulatory heart rate to provide estimated CT [22]. It is composed of a BioModuleTM that weighs 85 g and an adjustable strap with skin conductive electrodes that fit on the chest at the lower sternum for both men and women. The BioModuleTM is also capable of measuring respiratory rate through Smart Fabric sensors [21].



There is limited research evaluating the efficacy of these wearable sensors. Prior studies [19,23,24] reported that the sensors are accurate but identified systematic differences between the wearable sensors and the ICTS, yet the source of these differences was not clearly explained. Our study aims to address this gap by examining the effectiveness of these wearable sensors and assessing their output within clinically acceptable limits of bias (≤±0.5 °C) and precision (≤±1 °C), as defined by previous studies [5,25,26,27]. The criterion that a device should not exceed a 0.5 °C difference is rooted in the fact that 0.5 °C is the minimum temperature difference that has been linked to the occurrence of complications caused by hypothermia [27]. Therefore, adhering to the limits of bias (≤±0.5 °C) and precision (≤±1 °C) ensures that the core temperature measuring devices can provide measurements that are sufficiently close to the true values, with a low level of systematic bias and reasonable precision [5,25,26,27]. Adopting these limits of bias and precision for core temperature measurements can help protect a significant portion of the workforce [25,27]. Accurate and reliable measurements are crucial for monitoring occupational heat stress and preventing heat-related illnesses among workers. By using a measuring device that meets these accepted limits, employers can better assess the risk of heat-related illnesses and implement appropriate preventive measures to protect workers’ health and well-being. In situations where individuals are exposed to extreme heat or engage in strenuous physical activities, a higher level of accuracy may be required to ensure early detection of heat-related conditions and timely intervention. Nonetheless, as technology advances and new research emerges, it is crucial to continuously evaluate and improve core temperature measuring devices. To achieve the goal of this study, the following hypotheses were tested:




	
H1a: SS wearable sensor CT data are within the clinically acceptable limits.



	
H1b: There is a linear association between SS and ICTS, ρ ≠ 0.



	
H1c: Individual differences have a significant effect on the SS CT measurement.



	
H2a: ZephyrTM wearable sensor CT data are within the clinically acceptable limits.



	
H2b: There is a linear correlation between ZephyrTM and ICTS, ρ ≠ 0.



	
H2c: Individual differences have a significant effect on the Zephyr CT measurement.








This study will contribute to the existing knowledge on CT monitoring, investigate how individual differences impact CT measurements, and provide insight for the development of effective heat stress preventive measures. Additionally, evaluating the effectiveness of wearable sensors for monitoring core body temperature aligns with the Occupational Safety and Health Administration (OSHA) goal of preventing and lowering the number of work-related injuries, illnesses, and deaths caused by hazardous heat exposure. By using wearable sensors, workers can be closely monitored for changes in their CT, allowing for early detection and intervention to prevent heat-related illnesses and fatalities [7]. These wearable sensors are especially critical in industries where workers are exposed to high heat stress, such as construction, manufacturing, and agriculture.





2. Materials and Methods


To achieve the aim of the present study, the researchers designed an experiment aimed at fatiguing individuals under hot temperature conditions. Figure 1 shows the research framework for this study.



The University of Alabama’s Institutional Review Board (IRB) approved this study, and twenty-five (25) healthy male subjects between the ages of 18 and 30 volunteered. Those subjects who did not meet the study criteria were eliminated through telephone screening, including those who had medical problems, smoked, experienced severe lower back, shoulder, and leg pain, experienced heat stress, or did not agree to use an ingestible CorTemp® Sensor 3 h before the assessment. Ten (10) participants qualified and completed the study. The participants were familiarized with the research protocol, and they read the experiment pre-test instructions after which their consent to participate in the study was obtained in writing. On the day of the experiment, the participants were invited to the lab at least 3 h before their assessment and handed the Ingestible CorTemp® Sensor to be taken like a regular pill. In line with previous studies, a dumbbell exercise was utilized to physically fatigue participants [28].



2.1. Experimental Design


This study involved conducting a dumbbell exercise in hot conditions to induce fatigue in the upper body muscles, specifically targeting the hands and shoulders. This repetitive physical task mimicked manual handling tasks commonly performed in labor-intensive industries like construction, which heavily impact the biceps brachii and anterior deltoid muscles [29,30]. The study took place in a temperature-controlled laboratory with a high temperature (33 °C) and relative humidity (50%) designed to replicate hot working environments. Prior to the experiment, participants were required to complete a 24 h history form, which researchers reviewed to ensure compliance with pre-test guidelines. These guidelines included maintaining hydration, refraining from consuming food, caffeine, supplements, tobacco, and alcohol for at least 3 h before the assessment, avoiding strenuous physical activity or exercise on the assessment day, and obtaining sufficient sleep (8 h) the night before the experiment.



In addition, participants completed a wellness form to ensure they were in good health and free from any bodily discomfort. Following this, their height and weight were measured using a seca digital column, and their body mass index (BMI) was calculated using an Omron HBF-514C device. To assess participants’ physical strength, their maximal voluntary contraction (MVC) was measured. This measurement involved participants exerting their maximum force by pulling a load cell for seven seconds. MVC serves as a benchmark for evaluating participants’ physical capabilities and is considered the standard measure of muscle fatigue [31]. A research assistant provided guidance on how to perform MVC using an exercise bench equipped with a load cell (refer to Figure 2a), and MVC values were recorded for each participant. To familiarize participants with the fatiguing protocol, they practiced the dumbbell curling exercise with a 5 lb weight until they adapted to the demands of the exercise, as depicted in Figure 2b. A summary of the participants’ physiological data is presented in Table 1.



Prior to the commencement of the experiment, participants were given a resting period. During this phase, the participants were fitted with three devices: the Zephyr Bioharness placed on their chest, the Slate Safety wearable sensor attached to their upper arm, and the CorTemp® data recorder affixed to their lower back. Baseline core temperature data were collected during the 10 min resting phase of the experiment. After the resting period, participants were instructed to perform arm curls with weights equivalent to 25% of their maximum voluntary contraction (MVC) under hot temperature conditions. Using a dumbbell and a metronome set at 15 repetitions per minute, participants were guided to curl their arm through its full range of motion [28]. They were instructed to continue performing dumbbell curls until they reached their maximum capability and were no longer able to sustain the exercise. The experiment concluded when participants indicated their inability to continue and safely released the dumbbell.




2.2. Data Analysis


The research team exported the data for each participant from the respective core temperature measuring devices to test the hypotheses of this study. The devices had different sampling frequency. Core temperature data were extracted from the CorTemp® data recorder (0.1 Hz sampling frequency), SS sensor (0.1 Hz sampling frequency), and Zephyr sensor (1 Hz sampling frequency). Thus, all the data were resampled to 30 s datapoints for ease of data comparison. The 30 s datapoints were then imported to IBM SPSS statistical tool [32] to verify that the data met the assumption for a univariate statistical analysis method. The core temperature measurement from each of the wearable sensors were independent of each other and they had no systematic relationship. The participants’ core temperature data were measured on a continuous scale. The temperature data were subjected to a Shapiro–Wilk normality test that returned a p-value < 0.05, which showed that the data violated the assumption of normality. A scatterplot was utilized to visualize the data, allowing for a clear identification of any data points that deviated significantly from the overall pattern or distribution. To further ensure the integrity of the dataset, the interquartile range (IQR) method was employed. This method assisted in identifying data points that exhibit unusual distances from the median of the dataset, indicating their potential as significant outliers. In this study, three such data points were identified and subsequently eliminated from the analysis. The occurrence of these significant outliers can be attributed to factors such as participants’ sweat, which may have affected the contact between the sensor and the participants’ skin. Additionally, participants rubbing their upper arm on the Zephyr sensor, which was positioned around their chest, as they curled the dumbbell could have also influenced the sensor-skin contact. By carefully identifying and eliminating these outliers, we aimed to minimize any potential distortions or biases that could arise from irregular data points. If these outliers were not eliminated, they could introduce considerable errors and bias which would undermine the accurate evaluation of the device’s performance. Consequently, this can result in inaccurate assessments, misleading interpretations, reduced device reliability, and pose potential risks to the health and safety of individuals. The Spearman rank-order correlation coefficient (Spearman’s correlation, ρ) was conducted to test the strength of the relationship between the ICTS and the SS as well as the ICTS and the Zephyr wearable sensor. A one-sample Wilcoxon signed-rank test was conducted to test the agreement between the data from the ICTS and the other wearable sensors. To describe the level of agreement among the devices, a Bland–Altman analysis was conducted for all the recording from each participant at 30 s epochs. Linear regression was used to assess the significance of the bias between the ICTS and the other wearable sensors. The root mean squared error (RMSE) and the mean absolute error (MAE) both evaluate the similarity of the data generated by the wearable sensors and the ICTS. It is noteworthy that low RSME and MAE values indicate greater reliability and accuracy of the data. Furthermore, the analysis encompassed an assessment of the average temperature trends over time, considering the variability and dispersion of temperature measurements among the participants. The average temperature values were calculated by taking the mean of temperature readings within 30 s epochs for each participant. Subsequently, these mean values, obtained from the 30 s epochs, were further averaged over 2 min intervals for each participant. These averaged values over 2 min were then subjected to statistical analysis, and the resulting average temperature values were plotted against time. To evaluate the variability in temperature tracking among the 10 participants at specific time points, the figures included bars along the average temperature trendline. These bars represent the standard deviation, providing a visual representation of the spread of temperature values around the average.



The present study also examined the influence of various individual characteristics on CT measurements. Specifically, factors such as participants’ BMI, past experience exercising in hot conditions, and the intensity of their workouts were gathered and considered in the analysis. BMI categories were established according to the CDC classification as underweight (BMI < 18.5), healthy weight (18.5 < BMI < 24.9), overweight (25 < BMI < 29.9), and obese (BMI > 29.9) [33]. To assess the impact of these individual factors on the mean and maximum CT recorded by the Zephyr and SS devices, a Mann–Whitney U test and Kruskal–Wallis Test were employed. A significance level of α = 0.05 was used to determine the statistical significance of the results. The results are presented in the following section.





3. Results


Table 2 shows the participants’ task duration as well as the mean and max core temperature as recorded from the ICTS and other wearable sensors. The physical task duration varied from 8 to 47 min and the average mean temperatures recorded by the ICTS, SS, and Zephyr were 37.36 °C, 37.60 °C, and 37.30 °C, respectively. Additionally, the average max temperatures recorded by the ICTS, SS, and Zephyr were 37.39 °C, 37.74 °C, and 37.50 °C, respectively.



Table 3 is an excerpt from Table 2. It shows the number of participants that were within the clinically acceptable limits and those that were above the limits for the mean and maximum temperature recorded by the SS and Zephyr. Table 4 shows the results from the Bland Altman plots. The results of the comparison between these devices are presented in the following subsections.



3.1. Slate Safety Wearable Sensor


There was a strong positive correlation between the ICTS and the SS, which was statistically significant (ρ (421) = 0.543, p < 0.001). Thus, hypothesis H1B was met. The one-sample Wilcoxon signed-rank test showed that there was a statistically significant difference between the data from the ICTS and the SS device (Z = −11.197, p < 0.001). This indicates that there is a systematic difference between the devices. Figure 3a showed the outcome of the Bland–Altman plot, which showed a proportional bias and explained where the differences occurred. The red line represents the bias while the green lines represent the upper limit and the lower limit, respectively. The bias was 0.20 °C, and the RMSE and MAE were evaluated to measure the difference in the CT data from SS and the ICTS. The RMSE value of 0.398 suggests that there is an average difference of 0.398 °C between the two devices. Similarly, the MAE value of 0.334 indicates that both sensors differ by 0.334 °C. Equally, linear regression indicated that there is a proportional bias under the distribution of data around the mean difference line (t = −4.684, p < 0.001).



Figure 3b illustrates the average temperature trends over time for both the SS and ICTS data, considering the variability and dispersion of temperature measurements among participants for the first 20 min. The large variability observed in the participants’ SS CT measurement, shown in Figure 3b, prompted the investigation of the impact of individual differences on the CT measurement. The results of the Mann–Whitney U test (Mean_SS CT: U = 7.0, p = 0.424; Max_SS CT: U = 4.0, p = 0.138) revealed that participants who never avoided performing exercise in hot condition recorded higher CT (Mean_SS CT Median = 37.58 °C; Max_SS CT Median = 38.14 °C) than other participants who sometimes avoid performing exercise in hot condition (Mean_SS CT Median = 37.43 °C; Max_SS CT Median = 37.78 °C). However, these differences were found to be statistically insignificant. Next, the Kruskal–Wallis test results indicated that there was no statistically significant effect of exercise intensity on the CT measurements (Mean_SS CT: χ2(2) = 0.78, p < 0.676; Max_SS CT: χ2(2) = 3.07, p < 0.215). However, it is worth noting that participants who engaged in moderate-intensity exercise had the highest CT measurements (Mean_SS CT Median = 37.58 °C; Max_SS CT Median = 38.14 °C), followed by those who performed low-intensity exercise (Mean_SS CT Median = 37.55 °C; Max_SS CT Median = 37.93 °C), and lastly, participants who engaged in vigorous-intensity exercise (Mean_SS CT Median = 37.43 °C; Max_SS CT Median = 37.74 °C). The Kruskal–Wallis test was conducted to examine the relationship between participants’ BMI and CT measurements. The results indicated that BMI did not have a statistically significant effect on CT measurement (Mean_SS CT: χ2(2) = 1.23, p < 0.541; Max_SS CT: χ2(2) = 0.45, p < 0.798). However, it is noteworthy that overweight participants had the highest CT measurements (Mean_SS CT Median = 37.68 °C; Max_SS CT Median = 38.07 °C), followed by healthy weight participants (Mean_SS CT Median = 37.55 °C; Max_SS CT Median = 37.88 °C). Conversely, underweight participants recorded the lowest CT measurements (Mean_SS CT Median = 37.48 °C; Max_SS CT Median = 37.86 °C). This showed that there is sufficient evidence to reject hypothesis H1c.



Table 4 shows that when average temperature is considered, 80% of the participants using the SS device were within the clinically acceptable limits for tracking core body temperature during physical tasks in hot conditions. However, when the maximum temperature was considered, only half of the participants were within the acceptable limits. On close examination of Figure 3a, it was observed that there was an agreement between the two devices when the temperature was between 37.20 °C and 37.75 °C. Outside of this temperature range, the data points were not consistent. It can be argued that below 37.20 °C, the SS was recording higher core temperature than the ICTS while above 37.75 °C, the SS was recording CT lower than the ICTS. The limits of agreement (LoA) estimated an interval of −0.47 to 0.88 °C.




3.2. Zephyr Wearable Sensor


A statistically significant, strong, positive relationship was observed between the Zephyr and the ICTS, (ρ (421) = 0.524, p < 0.001). Therefore, hypothesis H2B was true. Wilcoxon signed-rank test showed that there was an agreement between the CT data recorded from the ICTS and the Zephyr, (Z = −0.661, p = 0.509). The Bland–Altman plot for comparing the CT data from both devices is shown in Figure 4a. The bias was −0.03 °C and the hypothesis testing was insignificant, indicating that although Zephyr read on average 0.03 °C less than the pill, there was agreement between the two devices. Therefore, Zephyr can be considered a good option for measuring CT. A comparison of the average temperature over time for both the Zephyr and the ICTS data is shown in Figure 4b, taking into consideration the variability and dispersion of temperature measurements among participants during the first 20 min of the study. The significant variability observed in the participants’ Zephyr CT measurements, as depicted in Figure 4b, led to an investigation into the impact of individual differences on CT measurement. The results of the Mann–Whitney U test revealed a statistically significant effect of participants’ past experience of working in hot conditions on Zephyr mean CT measurements (U = 0.0, p = 0.017). However, there was no significant difference in Zephyr max CT measurements (U = 2.0, p = 0.067). Participants who never avoided exercising in hot conditions had higher CT values (Mean_Zephyr CT Median = 37.39 °C; Max_Zephyr CT Median = 37.80 °C) compared to those who occasionally avoided such exercise (Mean_Zephyr CT Median = 37.26 °C; Max_Zephyr CT Median = 37.40 °C). Additionally, the Kruskal–Wallis test results demonstrated a statistically significant effect of exercise intensity on Mean_Zephyr CT measurements (χ2(2) = 5.98, p = 0.050). However, no significant effect was observed for Max_Zephyr CT measurements (Max_Zephyr CT: χ2(2) = 4.85, p = 0.089). Participants engaging in moderate-intensity exercise exhibited the highest CT measurements (Mean_Zephyr CT Median = 37.39 °C; Max_Zephyr CT Median = 37.80 °C), followed by those performing low-intensity exercise (Mean_Zephyr CT Median = 37.45 °C; Max_Zephyr CT Median = 37.28 °C), and lastly, participants engaging in vigorous-intensity exercise (Mean_Zephyr CT Median = 37.22 °C; Max_Zephyr CT Median = 37.22 °C). Furthermore, the Kruskal–Wallis test was conducted to assess the effect of participants’ BMI on CT measurements, revealing no statistically significant effect (Mean_Zephyr CT: χ2(2) = 1.59, p = 0.453; Max_Zephyr CT: χ2(2) = 1.00, p = 0.606). For mean Zephyr CT measurements, healthy weight and underweight participants recorded similar CT values (Median = 37.34 °C), while overweight participants exhibited the lowest CT values (Median = 37.26 °C). In terms of Max_Zephyr CT measurements, underweight participants recorded the highest CT values (Median = 37.65 °C), followed by healthy weight participants (Median = 37.50 °C), while overweight participants had the lowest CT values (Median = 37.40 °C). Based on the findings of this study, there is substantial evidence to fail to reject hypothesis H2c.



Similarly, the RMSE value of 0.328 showed that there is an average difference of 0.328 °C between the two devices. The MAE value of 0.258 indicates that the two methods of measuring CT differ by 0.258 units. However, linear regression indicated that there is a proportional bias under the distribution of data around the mean difference line (t = −18.560, p < 0.001). This prompted a closer examination of Figure 4a, and it was observed that there was an agreement between the two devices when the temperature was between 37.25 °C and 37.60 °C. When the temperature was below 37.25 °C, Zephyr measured a higher temperature than the pill, but when the temperature was above 37.60 °C, Zephyr measured a lower temperature than CTS.



Table 4 shows that when transitioning from mean to maximum CT over the course of a physical task conducted by a participant, the datapoints within acceptable limits increased from 70% to 90%. Furthermore, LoA estimated an interval of −0.67 to 0.62 °C.





4. Discussion


4.1. Clinically Acceptable Limits


This study was undertaken to investigate the effectiveness of CT wearable sensors relative to the ICTS. The Bland–Altman plot indicated that SS read on average 0.20 °C higher than the ICTS, which is consistent with the data trend observed in Figure 3b which showed that the SS CT measurement was higher than the ICTS measurement. The hypothesis testing (Wilcoxon test) determined that the mean difference (bias) was significantly different from zero. The Bland–Altman plot also showed a proportional bias indicating that the difference between SS and ICTS measurements was not consistent across the range of values. Therefore, adjusting the SS CT measurements by subtracting 0.20 °C (mean bias) might not necessarily make SS agree more closely with the ICTS because of the proportional bias. The proportional bias indicates that the bias in measurements varies systematically with the magnitude of the CT measurements. When proportional bias is observed, it becomes inappropriate to simply apply the mean bias (or fixed bias) to correct the measurements because it may lead to inaccurate adjustments, as the bias itself varies across different CT measurement levels. Therefore, alternative approaches should be considered to address the proportional bias. For instance, regression models or correction algorithms that consider the relationship between the measurements and the bias can be developed to make more accurate adjustments and improve the reliability of the CT measurements.



In Table 4, when transitioning from mean to maximum CT, it was observed that the number of datapoints reduced from 80% to 50%, indicating that the SS device may have more variability in accurately tracking core body temperature during more intense physical activities. Additionally, the LoA showed that SS may measure 0.47 °C below and 0.88 °C above ICTS. Therefore, it may be necessary to calibrate or validate SS against ICTS or other reference devices before using them in applications that require very precise temperature monitoring. These results align with the outcome reported by Callihan et al. [19] that indicate that a SS wearable sensor is on average 0.03 °C higher than ICTS with standard deviation of 0.3 °C. However, the different bias, RSME, and MAE values reported in this study and the study conducted Callihan et al. could be due to different versions of SS devices being explored. The present study used the BAND V1 while Callihan et al. investigated BAND V2. The bias, RSME, and MAE value were also lower in the outcome reported by Callihan et al. relative to the outcome of this study, indicating that SS has improved on their BAND V2 wearable sensor. Based on the available evidence, it appears that SS has shown to be reliable and accurate in measuring individuals’ CT.



When exploring the efficacy of the Zephyr CT wearable sensor, the Bland–Altman plot showed that Zephyr read on average 0.03 °C less than ICTS, which is also evident in Figure 4b. However, the Bland–Altman Plot and linear regression showed that there is proportional bias; therefore, the mean bias (−0.03 °C) can not simply be applied to correct the CT measurements because the bias itself varies across different CT measurement levels. Therefore, regression models or correction algorithms that consider the relationship between the measurements and the bias can be developed to improve the reliability of the CT measurements. Furthermore, the LoA indicated that Zephyr may measure 0.67 °C below and 0.62 °C above the ICTS. Therefore, in situations where very accurate CT is required, it is important to consider the potential for measurement error and take additional measures such as multiple readings. Figure 4b depicted that during the initial 18 min, the Zephyr CT measurement was lower than the ICTS measurement. However, after 18 min, both devices recorded similar measurements. Table 4 showed that Zephyr has a higher accuracy in measuring CT when the maximum temperature over the course of a physical task is considered compared to when the average temperature is considered. This result is consistent with the outcome of the studies conducted by Hagen et al. [34] and Seo et al. [23] that Zephyr CT consistently underestimated ICTS. However, Hagen et al. recorded −0.192 °C as the bias value. The difference in the bias value could be because Hagen et al.’s study was conducted in an outdoor environment and the participants were football athletes. Athletes and average humans may generate different CT during physical exertions [35,36] and testing the efficacy of core temperature devices in different environmental conditions could affect their measurement [37]. Similarly, Seo et al. [23] evaluated the accuracy of the Zephyr sensor in four distinct conditions and reported bias ranging from −0.2 to 0.3 °C, indicating that Zephyr underestimated and overestimated CT across the four conditions explored in the study. While the bias reported in this study fell within the range reported by Seo et al. [23], it is important to note that Seo et al. validated the accuracy of Zephyr CT against rectal probe temperature data while this study used a telemetry pill. Based on available evidence, Zephyr is a practical tool for tracking an individuals’ CT in real time and can serve as a substitute for ICTS under certain circumstances that allows for ≤±0.5 °C bias in temperature measurement.



The proportional bias found in the SS and Zephyr CT monitoring devices implied that the reported temperature values consistently deviate from the true values. This introduces the possibility of inaccurate readings, which can misinform supervisors about the actual thermal condition of the workers. The practical implications of the proportional bias are two-fold. Firstly, if the device consistently overestimates the CT, it may lead to unnecessary interventions or work interruptions, resulting in disruptions to productivity and potentially affecting worker morale. Conversely, if the devices consistently underestimate the CT, they may fail to detect hazardous thermal conditions and delay necessary interventions, thereby putting workers at risk of heat-related illnesses. Therefore, to ensure the practical effectiveness of the monitoring devices, addressing and rectifying the issue of proportional bias is of utmost importance. This may involve examining the sensor technology, calibration methods, or other environmental and physiological factors that could contribute to the observed bias. Understanding the sources of bias can guide future improvements in wearable sensor technology and measurement techniques.




4.2. Relationship between Wearable Sensors and ICTS


The correlation coefficient of 0.543 suggests that there is a moderate positive relationship between SS and ICTS. This is similar to the correlation coefficient 0.595 reported by Callihan et al. [19]. This means that as the temperature recorded by ICTS increases, the temperature recorded by the SS tends to increase as well. The significant p-value of less than 0.001 indicates that the correlation is not due to chance, and the large sample size of 421 further strengthens the statistical power of the analysis. Overall, the results suggest that ICTS and SS may be comparable and interchangeable for certain applications, but caution should still be exercised when interpreting the results. For example, if ICTS and SS are being used in a medical setting where precise temperature measurements are critical, the correlation coefficient may not be high enough to justify using the ICTS and SS interchangeably.



For Zephyr, a moderately positive association was observed between Zephyr and ICTS, and hypothesis testing indicated that there is agreement between both devices indicating that Zephyr may be a reliable alternative to ICTS. This is because as the temperature recorded by the ICTS increases, so does the temperature recorded by Zephyr. However, the correlation coefficient of 0.524 suggests that there is still a significant amount of variation between the measurements of the two devices. This means that there may be other factors that are influencing the measurements, such as differences in calibration or placement of the devices. The significant p-value of less than 0.001 indicates that the correlation is not due to chance, and the sample size of 421 further strengthens the statistical power of the analysis. This result aligns with the findings of past studies that evaluated the relationship between Zephyr and a gold standard and reported moderate positive association (correlation coefficient = 0.643 [34]) and moderate–strong association (correlation coefficient range from 0.679 to 0.858 [23]). The correlation coefficient recorded in this study (ρ = 0.524) was lower than that recorded in other studies probably because of the differences in the kind of participants, activities, environments [23,34], or gold standards [23] that were used. Furthermore, Hintz et al. [38] explored Zephyr efficacy in severe heat stress. The study found that out of 499 individuals identified as potential cases of exertional heat stroke, only 10 were confirmed to have the condition. These findings indicate that Zephyr has a significant number of false positive and false negative results when used in this particular situation [38]. Overall, these findings suggest that while the Zephyr and ICTS may be comparable, they cannot be used interchangeably without caution.



Further research may be needed to explore the reasons for the differences between the devices and the ICTS and to determine the extent to which they can be substituted in practice. Factors such as calibration, placement of the devices, and other environmental variables may also affect the measurements and should be taken into consideration. Additional research may be needed to further explore the reliability and validity of the devices being compared, especially regarding variable workload as it can be found in a typical occupational setting [23].




4.3. Individual Differences


Despite controlling the hot environment, standardized outfit, and exercise protocol, individuals displayed diverse responses to the different sensors used and the CT measurement. This prompted the analysis of participants’ individual differences, such as their past experience exercising in hot conditions, workout intensity, and BMI. The result revealed that there was no statistically significant impact on the CT measurement when using the SS device. However, despite the lack of statistical significance, noteworthy observations were made. Firstly, participants who never avoided exercising in hot conditions exhibited the highest CT compared to those who sometimes avoided exercising in hot conditions. This finding suggests that individuals with a history of exercising in hot environments may have developed heat acclimatization, allowing their bodies to adapt and regulate temperature more effectively [39]. Secondly, when examining the influence of exercise intensity on CT, participants engaging in moderate-intensity exercise displayed the highest CT, followed by those performing low-intensity exercise, and finally, participants engaging in vigorous-intensity exercise exhibited the lowest CT. This pattern could be attributed to the increased muscular activity and energy expenditure associated with moderate-intensity exercise, leading to greater heat production [39,40]. Furthermore, participants performing moderate-intensity exercise likely sustained the dumbbell curling task for a longer duration, resulting in prolonged exposure to the generated heat from both muscular activity and the surrounding environment. Previous studies have demonstrated that during moderate–high intensity exercise, the body generates heat at a faster rate due to elevated metabolic activity, leading to a notable rise in CT [40,41,42]. Lastly, participants who were overweight exhibited the highest CT measurements, while underweight participants had the lowest CT. This observation aligns with previous research indicating that individuals with higher body mass tend to have a higher metabolic rate, resulting in increased heat production [43,44,45]. Additionally, adipose tissue, which is more prevalent in overweight individuals, acts as insulation and impedes the dissipation of heat from the body to the environment [43]. There is a need to investigate other factors such as hydration status, fitness level, acclimatization, resting metabolism rate, among others that have the potential to statistically significantly influence SS CT measurement and cause large individual variability.



Similar factors were considered when investigating participants’ individual differences that could affect CT measurement using the Zephyr device. It was found that past experience exercising in hot conditions and the intensity of workouts had a significant impact on Zephyr CT measurements, while BMI did not show a significant effect. Specifically, participants who never avoided exercising in hot conditions recorded significantly higher CT than those who sometimes avoided exercising in such conditions. This suggests that individuals with a history of exercising in hot environments exhibit distinct CT responses, possibly due to enhanced heat acclimatization and improved thermoregulation capabilities. Additionally, participants engaging in moderate-intensity exercise exhibited the highest CT, followed by those involved in low-intensity exercise, while participants performing vigorous-intensity exercise recorded the lowest CT. This finding suggests that the level of exercise intensity impacts Zephyr CT measurement dynamics, with greater muscular activity and energy expenditure contributing to elevated CT levels (CITE2). Regarding BMI, although we did not find a significant effect on Zephyr CT measurements, it is worth noting that overweight participants recorded the lowest CT measurements compared to underweight and healthy weight participants. This trend is contrary to past studies that reported that those who are overweight record the highest CT [43,44,45], therefore, it warrants further investigation. Past experience exercising in hot conditions and the intensity of workouts are among the factors that caused large individual variability in the Zephyr CT measurements. This showed that individual variations can influence the accuracy and reliability of CT measurements using the Zephyr device, which underscores the need for personalized approaches in temperature monitoring.



These insights contribute to our understanding of how various factors interact and impact CT measurement with different devices. Additionally, it is important to recognize that in this study, the SS and Zephyr technologies were evaluated within a normothermic range of temperature readings (36.2−37.9 °C) [5]. As a result, the findings of this study may not provide a comprehensive understanding of how these technologies would perform under conditions of extreme thermal stress. Consequently, there is a need for additional research to investigate the capabilities of these technologies in accurately detecting critical thermal states associated with severe heat-related illnesses. Further exploration in this area will contribute to enhancing the reliability and applicability of these technologies in high-stress thermal environments.




4.4. Limitation


While this study has provided valuable insight, there are some limitations that should be considered. One of the limitations is the small sample size, which consisted of only 10 participants and did not include any female participants. This suggests caution in generalizing the findings to larger populations. Future studies should consider larger sample sizes and more diverse samples, including both male and female participants to ensure greater representation. Additionally, the study was conducted in a controlled environment, which may not be representative of all outdoor environmental conditions. Thus, the generalizability of the findings to uncontrolled environments should be considered with caution and future studies should consider longer periods of time and different temperature conditions to improve external validity. Finally, the study only considered young male participants, which may not be representative of diverse populations. Therefore, future studies should include participants of different ages, gender, and socio-demographics to gain a more comprehensive understanding of the effectiveness of the wearable sensors.



The duration of the repetitive task performed by the participants in this study was relatively short compared to the typical 8 h workday experienced by industry workers. Additionally, the workout outfits worn by the participants were chosen to maintain consistency and minimize confounding factors that could affect heat dissipation and measurement accuracy. However, these outfits may not accurately represent the personal protective equipment (PPE) worn by industry workers during their job tasks. Therefore, future studies should explore longer durations of repetitive tasks to better simulate the working conditions of industry workers. Furthermore, incorporating the use of appropriate PPE in future studies will provide a more realistic assessment of wearable core temperature measuring devices’ performance under real-world working conditions.



Future studies should aim to include a more comprehensive assessment of individual differences with larger and more diverse participants. This could involve investigating factors such as hydration status, fitness level, acclimatization to heat, resting metabolism rate, and other relevant variables that may contribute to variations in SS and Zephyr CT measurements. By incorporating a wider range of factors, a more comprehensive understanding of the relationship between these variables and CT measurements can be achieved.





5. Conclusions


This study aimed to address the growing concern of heat-related illness in workers due to increasing temperatures and potential heat waves. Non-intrusive wearable devices were developed to monitor workers’ core body temperature (CT) and provide early warning signs of heat-related illness. The effectiveness of Slate Safety and Zephyr devices were evaluated in a lab experiment with ten participants performing a dumbbell curling task in hot temperature conditions (temperature = 33 °C; humidity = 50%). Results showed that Slate Safety device had a bias of 0.20 °C and a precision of 0.35 °C, while the Zephyr device had a bias of −0.03 °C and a precision of 0.33 °C. As their precision and bias fell within clinically acceptable limits, both the Slate Safety and Zephyr devices may be acceptable alternatives for monitoring workers’ core body temperature in hot conditions. However, there was a proportional bias with these CT measuring devices, meaning that the reported temperature values are consistently deviated from the true values. In situations where precise temperature measurements are necessary, applying a simple mean bias correction may not be appropriate. Therefore, regression models or correction algorithms that consider the relationship between the measurements and the bias can be developed to improve the reliability of the CT measurements. This study adds to the existing research on using technology to prevent heat-related illnesses and enhance worker safety in hot environments. It also provides possible substitutes to the ingestible Core Body Temperature Sensor, which is often uncomfortable for users. Additionally, it raises awareness and promotes the adoption of wearable devices in workplace safety programs. This, in turn, could decrease heat-related illnesses and injuries among workers in high-temperature environments.
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Figure 1. Research framework. 
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Figure 2. Participant conducting (a) MVC and (b) dumbbell curling task. 
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Figure 3. (a) A Bland–Altman plot and (b) CT data output for the comparison of SS and ICTS (n = 10 participants). 
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Figure 4. (a) A Bland–Altman plot and (b) CT data for the comparison of Zephyr and ICTS (n = 10 participants). 






Figure 4. (a) A Bland–Altman plot and (b) CT data for the comparison of Zephyr and ICTS (n = 10 participants).



[image: Applsci 13 06803 g004]







[image: Table] 





Table 1. Summary of participants’ physiological information.
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	Participant
	Mean
	Median
	Standard Deviation
	Minimum
	Maximum





	Age (years)
	21.7
	20
	3.9
	18.0
	29.0



	Height (inches)
	70.5
	70
	3.2
	65.1
	76.4



	Weight (pounds)
	160.4
	166.4
	25.5
	112.8
	201.6



	BMI
	22.7
	23.2
	3.3
	17.2
	29.0



	MVC (pounds)
	43.2
	42.5
	12.5
	26.5
	72.2
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Table 2. Duration, mean, and max CT as collected from the CT devices.
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	ID
	Intensity
	BMI
	Avoid Heat
	Duration (mins)
	Mean_ICTS
	Max_ICTS
	Mean_SS
	Max_SS
	Mean_Zephyr
	Max_Zephyr





	1
	Vigorous
	Healthy
	sometimes
	37
	37.13
	37.39
	37.43
	37.74
	37.34
	37.50



	2
	moderate
	Healthy
	No
	47
	37.19
	37.53
	37.55
	38.03
	37.35
	37.80



	3
	moderate
	Healthy
	no
	14
	37.28
	37.33
	37.74
	38.22
	37.39
	37.50



	4
	Low
	overweight
	sometimes
	16
	38.06
	39.63
	38.16
	38.59
	37.31
	37.70



	5
	moderate
	underweight
	no
	28
	38.02
	38.07
	37.58
	38.14
	37.43
	37.90



	6
	Vigorous
	overweight
	sometimes
	9
	36.60
	36.78
	37.41
	37.68
	37.12
	37.20



	7
	Low
	Healthy
	sometimes
	23
	37.57
	37.70
	37.42
	37.78
	37.29
	37.50



	8
	Vigorous
	Healthy
	sometimes
	8
	37.51
	37.58
	37.68
	37.88
	37.22
	37.22



	9
	Low
	underweight
	sometimes
	43
	37.14
	37.26
	37.37
	37.58
	37.24
	37.40



	10
	Low
	overweight
	sometimes
	10
	37.12
	37.19
	37.68
	38.07
	37.26
	37.40



	
	
	
	
	Average
	37.36
	37.39
	37.60
	37.74
	37.30
	37.50
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Table 3. Frequency of mean temperature difference.
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Temperature Difference

	
Mean

	
Maximum




	
Slate Safety

	
Zephyr

	
Slate Safety

	
Zephyr






	
≤±0.5 °C

	
8

	
7

	
5

	
9




	
>±0.5 °C to ±1.0 °C

	
2

	
3

	
5

	
1
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Table 4. Bias, precision, lower and upper limits value as computed from the Bland–Altman plot.
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CT Devices

	
Bias

	
Precision (SD)

	
95% Limits of Agreement




	
Lower

	
Upper






	
Slate Safety

	
0.201

	
0.345

	
−0.474

	
0.877




	
Zephyr

	
−0.025

	
0.328

	
−0.668

	
0.618








SD: standard deviation, CT: core temperature.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
CorTemp®
device

i — b Slate :

Shtety |

(b)





nav.xhtml


  applsci-13-06803


  
    		
      applsci-13-06803
    


  




  





media/file2.png
Literature review Study Objective Experiment pe3|gn Recrwtme.nt
: ) | Human-subject and screening
Identify practical Evaluate the ;
| accuracy of current experiments to collect || 10 healthy male
sensors for heat s :
L personal heat-stress core temperature data participants in a
stress monitoring Monitors with three different controlled
devices. environment
J
\ 4
Familiarize Obtain Equip Participants
participants participants’ participants perform physical
with the  — physical —  withthe — taskin hot
experiment characteristics wearable condi@ion until
protocol Sensors fatigued
_J
|
= ™ 3
- G @
InTgestibIe tCore Slate Safety Zephyr™
emperature
Sensor
\ E )

\ /
» Wilcoxon signed rank test
» Spearman's Correlation

» Bland-Altman Plot

» Linear Regression

» Root Mean Square Error

» Mean Absolute Error

v

Interpretation of Results and Conclusion






media/file5.jpg
H

L
'

fm: Detiopra) (0

L
&

3650

Mean + 1.96 SD

oo ws om0 %%
Mesn Core Temperstre (°C)
(@)

Time )

(b)





media/file3.jpg
Dumbbell

CorTemp®
device

Slate
Safety.

(b)





media/file1.jpg
Study Objective| | Experiment Design| | Recrutment

e wvien iy Ortect Human-subject and screening

enty pracical || Cro e eent || epermens toootect || Lo neatrymale

sensorsfor heat (| SECUASY oL UReNt =) (o1 emperature data | | pasicpans na
stess monitoing 8] ook i e afren: contoled
devees. o

Famiaize
partcipants
it he.
experiment
protocol

Equp Paricpants
Obtain
paricipanis’ partcipants | |pertom physical
physical viththe. taskin hot
|charactertics wearable condiion unti

sensars fatigued

* Wilcoxon signed rank test
» Spearman's Correlation

» Bland-Altman Plot

» Linear Regression

» Root Mean Square Error

» Mean Absolute Error

Interpretation of Results and Conclusion






media/file7.jpg
Zephyr-CorTempPill ()

3680 3700 3720 3740 3760 3780 3800 | S R ar e e
Mesn Core Temperstre (C)

e (i)

(a) ®





media/file0.png





media/file8.png
1.00 382 - — JCTS
%) Mean + 1.96 SD T Zephyr
< *s ~ 38.0 -
_ 0.0 Ny, g
b’: w ™ \ R © Q L 37.8 -
=
g 0.00 “ \ ~ Mean & [ Lo
; S T SRR N
O « W ¥ 374+ g
& —0.50 w e, 5 | T | | |
g < —— O 3704 : | 1
3 e o° Mecan - 1.96 SD L] = ] &
—1.00 o® 37.0 4
3680 37.00 3720 37.40 37.60 37.80 38.00 P TR N PR S A s s,
Mean Core Temperature (°C) Time (Minutes)

(a) (b)





media/file6.png
. 1.00 - o Mean + 1.96 SD 382 - — [CTS
\%-)/ oo ‘.p" ..,0"... / = Slate Safety
— 0-50 ° e ,_\38.0- il |
E .. ‘..'. -.../ ° %-)/
g_' 0 00 .0’ ”- L Mean qs) 37 8 =1 Il B 1 4
~ 23761 _ 1 L -
S —0.50 ] P /\
e / Mean—196SD  €x4y A | |~ | ]
O S ——T
& —1.00 Cs375] |
1
-
2 —1.50 37.0
36.50 37.00 3750 38.00 38.50 0 2 4 6 8 10 12 14 16 18 20 22
Mean Core Temperature (°C) Time (Minutes)

(a) (b)





