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Abstract

Climate-related hazards are a leading health and safety concern for working populations. Technological advancements
have made real-time collection of core body temperature, a measure of heat strain, more feasible in non-clinical settings.
Researchers and practitioners are now faced with how to best summarize a plethora of core body temperature data. Core
body temperature data were collected over the course of the workday for 128 agricultural workers in Guatemala from
December 2021 to April 2023. Concurrently, measures of heat-related health effects (reduced kidney function, muscle
breakdown, and dehydration) were collected. Using linear mixed-effect regression models we assessed the performance
of 14 summary measures of core body temperature on the heat-related health effects of interest. Model performance was
compared using AIC and BIC. There was no consistent summary statistic that provided the best fit based on AIC or BIC
for all four heat-related health effects. The difference between the observed CBT and the average of the first 60 min of
the cleaned workday data (delta) provided the best performance for percent change in creatine kinase (muscle breakdown),
serum creatinine (reduced kidney function), and serum osmolality (dehydration). The area under the curve (AUC) per-
formed best for dichotomous indicator of acute kidney injury. Choice of how to operationalize longitudinal measurements
of core body temperature generated using ingestible core body temperature pills should be driven by the research question
and health effect of interest.
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telemetric ingestible capsules collect and transmit internal
temperature data that is downloadable (Pearson et al. 2022).
Faced with a surfeit of longitudinal CBT data, researchers
must decide how to best utilize the information in epidemio-
logic investigations of health effects.

Researchers and public health practitioners have taken
several approaches to summarizing longitudinal measures
into a single summary statistic, often at a threshold of 38.0
°C (NIOSH 2016). However, there remains uncertainty con-
cerning which estimate of CBT (e.g., peak, average, cumu-
lative temperature) best predicts downstream health effects.
To address this need, we conducted empiric research in
the field setting and compared how well various summary
measures of CBT perform in regression models that assess
clinical indicators that have been associated with heat strain,
specifically dehydration, muscle injury, and kidney function
(Fortes et al. 2013; Moyce et al. 2017).

Methods

For this analysis we utilized data previously collected as
part of a larger study examining the association of particu-
late air pollution and heat on kidney function of male sug-
arcane cutters in Southwest Guatemala (the Chronic Kidney
Disease, Heat and Air Pollution Study, CHAP I)(grant RO1
ES 031585). In brief, during six time points spanning from
early harvest in December 2021 to late harvest in April
2023, we performed venipuncture to obtain serum samples
from workers both pre- and post-work shift, while concur-
rently measuring workers’ CBT (Bodycap e-Celsius Perfor-
mance®, Caen, France). Each participating worker could
have up to 3 days of data collected. Ethical approval for this
study was provided by the Colorado Multiple Institutional
Review Board (#20-0509) and the Comité de Etica Inde-
pendiente ZUGUEME in Guatemala.

Utilizing a wireless, external receiver (e-Viewer, Body-
Cap, Caen, France), CBT temperature data were collected
continuously from the pill in 2-minute intervals during the
approximate 9—10-hour workday. Data were then cleaned to
exclude the first 60 min of measurements to account for the
time between pill ingestion and transit to the lower gastro-
intestinal tract and for the readings to stabilize (Moyce et
al. 2017; Pearson et al. 2022). Additionally, following the
methods of Petropoulos et al. 2023 we removed individual
CBT readings where the average slope between a reading
and its neighboring readings was greater than two standard
deviations away from the mean of all slopes for the worker
that day and the value of the individual CBT reading was
more than two standard deviations away from the mean of
all CBT values for the worker on that day (Petropoulos et al.
2023). CBT readings were also removed when the absolute
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slope between a given reading and neighboring readings
was greater than the equivalent of a 2 °C change over 15
min. Further, individuals who were missing >30% of CBT
readings for a given day were excluded from the analysis.

Health outcomes

The health outcomes of interest for this analysis were mark-
ers of decline in kidney function, hydration status, and mus-
cle breakdown. Serum creatinine (Cr) was measured using
the i-STAT handheld (Abbott, Princeton, NJ, USA). Decline
in kidney function was examined as (1) the continuous mea-
sure of percent change in Cr from pre- to post-shift and (2)
the dichotomous indicator of acute kidney injury, defined as
a greater than 0.3 mg/dL change in Cr from pre- to post-shift
(Goyal et al. 2024). Hydration status was assessed as a con-
tinuous variable defined by percent rise in serum osmolal-
ity (Osmo) from pre- to post-shift. Muscle breakdown was
defined as the percent change in serum creatine kinase (CK)
from pre- to post-shift.

Summary measures of CBT

We compared 14 summary measures of CBT during the
workday. While this is not an exhaustive list of potential
ways to summarize CBT this list is reflective of some of
the common measurements found in the literature (McK-
enna et al. 2023; Moyce et al. 2020; Petropoulos et al. 2023;
Pryor et al. 2020). These included: (1) the average of all
data points collected in 2-minute intervals (2 min average);
(2) the maximum of all data points collected in 2-minute
intervals (2 min maximum); (3) the average of data points
collected in 4-minute intervals (two 2-minute intervals com-
bined; 4 min average); (4) the maximum of all data points
collected in 4-minute intervals (4 min maximum); (5) the
difference between the 2 min maximum and the average of
the first 60 min of the cleaned work day data (delta); (6) the
area under the curve covering the entire workday calculated
using a trapezoid approximation (overall AUC); (7) the area
under the curve for measurements above the 75 th percentile
of a worker’s measurements (AUC over 75 th percentile);
(8) the area under the curve for measurements above the 85
th percentile of a worker’s measurements (AUC over 85 th
percentile); (9) the area under the curve for measurements
above the 95 th percentile of a worker’s measurements
(AUC over 95 th percentile); (10) whether a worker’s CBT
exceeded 37 °C at any point during the workday (above 37);
(11) whether a worker’s CBT exceeded 37.5 °C at any point
during the workday (above 37.5); (12) whether a worker’s
CBT exceeded 38 °C at any point during the workday
(above 38); (13) whether a worker’s CBT exceeded 38.5
°C at any point during the workday (above 38.5); and (14)
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whether a worker’s CBT exceeded 39 °C at any point during
the workday (above 39).

Statistical analysis

To assess the performance of each of the 14 summary sta-
tistics, we ran univariate mixed-effects simple linear regres-
sion models for continuous health outcomes and univariate
mixed-effects logistic regression models for dichotomous
outcomes. Each mixed-effect model included a random
intercept for each worker. For the 56 models, we compared
the resulting Akaike information criterion (AIC) and Bayes-
ian information criterion (BIC) (Dziak et al. 2020). Models
with the lowest AIC and BIC were considered the best per-
forming models. All analyses were conducted in R version
4.3.1 (Vienna, Austria) (R Core Team 2017).

Results

There were 195 observations from 128 workers available
for this analysis. The average mean environmental tempera-
ture during the study period was 30 °C (SD: 4). The average
mean percent change in Cr was 12% (SD: 15%), in CK was
42% (SD: 31%), and in Osmo was —2% (SD: 3%). There
were 20 (9%) observed pre- to post-shift AKI.

Table 1 Fit statistic comparison of the mixed-effects regression mod-
els for the 14 summary statistics with the four health outcomes of inter-
est. Presented as AIC/BIC

Health Outcomes of Interest

Summary Percent Acute Percent Percent
Statistic Change Kidney Changein Change

in Serum  Injury Creatine in Serum

Creatinine Kinase Osmolality
2 min Average 1500/1512  125/135 946/958 1716/1728
2 min Maximum  1500/1513  125/134 946/959 1716/1729
4 min Average 1499/1512  125/135 946/958 1716/1728
4 min Maximum  1500/1513  125/134  946/959 1717/1729
Delta 1494/1507 124/133 941/953 1708/1721
Overall AUC 1505/1517 127/136  947/960 1718/1731
AUC Over 75th  1502/1515 126/136  947/960 1718/1731
Quantile
AUC Over 85th  1503/1516 126/135 947/960 1717/1730
Quantile
AUC Over 95th  1503/1516 120/130 947/959 1719/1731
Quantile
Above 37 1505/1518 * 943/956 1718/1731
Above 37.5 1498/1511  127/136  945/958 1719/1731
Above 38 1499/1512  121/131 946/959 1718/1731
Above 38.5 1502/1515 126/135 942/955 1715/1728
Above 39 1503/1515 126/136 947/959 1718/1731

*Indicates the model did not converge

Bolded numbers represent the lowest AIC/BIC values in each col-
umn

Table 1 provides the AIC and BIC for each of the sum-
mary statistics for each of the health outcomes. There was
no consistent summary statistic that provided the best fit
based on AIC or BIC. The AUC over 95 th percentile pro-
vided the best performance for a dichotomous indicator of
AKI. For percent change in Cr, percent change in CK, and
percent change in Osmo the delta statistic provided the best
fit.

Looking specifically at the measurements of body tem-
perature threshold (Fig. 1), indicators for CBT exceeding
37.5 °C provided the best fit for percent change in Cr, 38 °C
provided the best fit for AKI, and 38.5 °C provided the best
fit for percent change in CK and percent change in Osmo.

Discussion

No single summary measure of daily changes in CBT
provided the best fit when examining four different heat-
associated health effects in a cohort of agricultural work-
ers performing high exertion work under hot environmental
conditions. Choice of how to operationalize longitudinal
measurements of CBT generated using ingestible CBT pills
should be driven by the research question and health effect
of interest.

Our analysis suggests that change from start of work
CBT to maximum CBT over the course of the work-shift
(Delta) may be the most appropriate statistic for epide-
miological studies examining the role of elevated CBT on
health outcomes. The Delta statistic performed the best for
percent change in Cr, percent change in CK, and percent
change in Osmo while the AUC statistic performed the best
for AKI. Both Delta and AUC are an overall measure of heat
strain throughout the day. When used in statistical models,
the interpretation of Delta and AUC can address the overall
burden of heat on the selected outcome. Additional methods
that leverage the full information, such as spline regression,
warrant further consideration.

Threshold statistics are commonly used in heat mitiga-
tion policies and harm reduction programs (NIOSH 2016).
Unlike Delta and AUC, thresholds are more easily moni-
tored in real time, allowing for immediate risk reduction
interventions. In this analysis, we see that the performance
of various thresholds was inconsistent among health out-
comes, which suggests the need to a priori determine which
metric provides the best fit for the targeted health outcome.
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Fig. 1 AIC performance of CBT thresholds on the four health outcomes of interest from mixed-effects regression models

Limitations

The major limitation of our study is that we only examined
four health outcomes. While these four health outcomes are
commonly associated with heat stress (Fortes et al. 2013;
Moyece et al. 2017), they are not an exhaustive list. Secondly,
there are additional ways to summarize CBT that we did
not explore. Thirdly, our study was conducted only among
men who sustained heavy work over the course of multiple
hours. Additional research is needed to examine the role of
sex, other demographic factors, and workload on elevations
of CBT and associated health outcomes. Although AIC and
BIC are widely used for model selection in public health
research (Dziak et al. 2020), they were the only fit statistics
we examined.

Conclusions

This study suggests that the optimal summary measure of
core body temperature should be determined based on the
health outcome of interest. When examining the association
between core body temperature and health outcomes there
is a need to account for other predictive factors, such as
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smoking status, job tasks, and demographics (Butler-Daw-
son et al. 2018), that could influence the health outcome of
interest.
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