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Figure 7.  Body temperature during daily torpor in mice exposed to food restriction. (a) Three-day core 
temperature recordings measured directly  (Tcore, red) and estimated based on skin temperature  (Tskin,max, 
black) of three mice during food restriction. Daily torpor was induced by chronic food restriction to ~ 70% of 
ad libitum food intake. Food was provided daily, three hours before lights-off (dashed line). Day and night are 
represented by the white- and light-grey background, respectively. Skin temperature was calculated by averaging 
the maximum  Tskin per minute over a 30-min interval. Slope and intercept describing the linear relationship 
between  Tskin,max and  Tcore was optimised for each mouse individually. ZT: Zeitgeber time. (b) The difference 
between  Tcore and  Tskin,max was strongly correlated with  Tcore in all three individual mice. Comparisons are made 
between the average  Tcore per 30 min and  Tskin,max over the same averaging interval. Solid lines represent the least-
squares linear fit while dashed lines enclose the 2-standard-deviations area surrounding this fit.
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60 s over a 30 min interval  (Tskin,max) provides the most accurate estimate of  Tcore. High between-animal variability 
in the linear relationship between  Tskin,max and  Tcore (i.e. slope and intercept) severely limits the accuracy of  Tskin 
recordings as a measure of absolute  Tcore. Instead, because of the low day-to-day within-animal variability in the 
relationship between  Tskin,max and  Tcore,  Tskin recordings provide an excellent tool to assess relative differences in 
 Tcore within individual animals.

Given the aforementioned strengths and limitations in estimating relative changes in  Tcore based on  Tskin, this 
method provides an excellent tool to continuously monitor relative  Tcore changes in undisturbed, individually-
housed, freely-moving mice. This was illustrated here by characterising the temporal fluctuations in body tem-
perature throughout day and night as well as during daily torpor. The automated and continuous nature of the 
measurement and data processing steps presented here compare favourably with previous approaches using 
thermography to assess  Tcore  changes10,12,13,16,17, albeit at the expense of accuracy of its absolute  Tcore  estimate13,17. 
Although the inability to accurately estimate absolute  Tcore values compares negatively to telemeter implanta-
tion, this cost will often be outweighed by welfare, time and financial benefits associated with not having to 
perform surgery, especially in cases where (physiologically-relevant) changes in body temperature are the prime 
 concern14,16,18. When used as a humane endpoint, body temperature is often compared to a reference value at 
a single  timepoint8,11,14. Although such a between-animal comparison does not suit the current method, the 
continuous nature of its  Tcore estimate enables welfare decisions to be based on multiple characteristics such as 
the daily body temperature profile, its timing, and an individually calibrated set point. The requirement that 
animals are individually housed in open-top cages with reduced access to nesting materials (to ensure visibility 
of the animal) also provides a limitation of the current approach, although depending on the experimental 
paradigm this might be a worthwhile trade-off. Overall, we view the method presented here as a useful addition 
to a repertoire of different approaches to monitor body  temperature5, that, depending on the specific research 
question, might provide benefits compared to other established techniques.

Methods
All animal procedures were approved by the ACER AWERB of the University of Oxford and performed under a 
UK Home office license in accordance with all relevant laws and regulations. Five wildtype C57Bl6/J mice were 
implanted intraperitoneally with an Anipill temperature telemeter. Following post-operative recovery mice were 
housed at an ambient temperature of 22 ± 1 °C in open-top cages, each positioned under a thermal camera.  Tskin 
was measured every second by storing the temperature of the warmest pixel.  Tcore was measured every 30 s by the 
implanted Anipill. The quality of the  Tskin-derived  Tcore estimate was optimised based on the goodness of fit and 
variance distribution associated with each combination of different summarising statistics (minimum, median, 
arithmetic mean, geometric mean and maximum), sampling intervals (1 s–10 min), and averaging intervals 
(30 s–12 h). The linear relationship (slope and intercept) between  Tskin,max and  Tcore was assessed in 5 ad libitum 
fed mice and subsequently under energetically challenging conditions in 3 of these mice. Systematic deviations 
represent the difference between the estimated  Tcore calculated based on individually-optimised versus group-
average based descriptions of the relevant relationship between  Tskin,max and  Tcore for each of the animals and 
presented assessments. Extended methodological details are available in the SI Methods and software templates 
to calculate  Tcore estimates based on the methods described here have been uploaded to Figshare (10.6084/
m9.figshare.12587909).

Data availability
All raw data, scripts and outcomes per individual animal have been uploaded to Figshare (10.6084/
m9.figshare.12587495). Software templates (MS Excel, SciLab, Mathlab, R and Python) to estimate core body 
temperature based on skin temperature measurements can be downloaded from Figshare (10.6084/m9.figsh
are.12587909).
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