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Section 1: Finite element analysis description
Throughout this work, we use finite element analysis using COMSOL Multiphysics. We first
validate the finite element analysis for a generalized scenario involving transient heat release from
a cell placed in an infinite medium.

Figure S1. Validating the finite element model for a generalized transient heat. The transient temperature
change (Δ𝑇𝑇) at the center of the cell is plotted. The temperature changes for two different combinations of
cell (𝑘𝑘1 ) and medium (𝑘𝑘2 ) thermal conductivity are shown. The inset schematically depicts the domain of
analysis, which is a cell of radius 𝑎𝑎, dissipating heat in an infinite medium.

Consider a transient heat 𝑄𝑄 ′′′ 𝑒𝑒 −𝜆𝜆𝜆𝜆 (W/m3) diffusing from a cell (represented by 1) of radius
𝑎𝑎, in an infinite medium (represented by 2), shown schematically in Figure S1. The heat diffusion
equation in spherical coordinates at a radius 𝑟𝑟 < 𝑎𝑎 is given by:
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where, 𝑇𝑇 is the temperature, 𝜌𝜌1 is the cell’s density, 𝐶𝐶1 is the cell’s specific heat capacity, 𝑡𝑡 is the time and
𝑟𝑟 is the distance from the center of the cell. At a radius 𝑟𝑟 > 𝑎𝑎, the heat diffusion equation is:

where, 𝜌𝜌2 is the medium’s density, 𝐶𝐶2 is the specific heat capacity of the surrounding medium.
The temperature boundary condition at a radius 𝑟𝑟 = 𝑎𝑎, is given by,
𝑘𝑘1 �

We use the Laplace transformation technique described in a similar previous work [1] to solve
equations (1)-(3) to obtain the temperature distribution inside the cell (𝑟𝑟 < 𝑎𝑎) as:
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Where, 𝑎𝑎 is the radius of the cell, 𝑏𝑏 = 𝑘𝑘2 �𝛼𝛼1 , 𝛼𝛼 is the thermal diffusivity, 𝑐𝑐 = 1 − 𝑘𝑘2 /𝑘𝑘1 .
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We compare the results of the analytical model with that of a 3D finite element model in
Figure 1. The specific heat capacity for the cell and medium were taken to be 2900 J.kg-1K-1 and
4100 J.kg-1K-1, respectively [2], [3]. The density of the cell and medium is 1000 kg.m-3 and 1010
kg.m-3, respectively. We considered a cell of radius 30 μm dissipating 300 𝑒𝑒 −𝑡𝑡/10 μW of heat. For
different combinations of 𝑘𝑘1 and 𝑘𝑘2 , we shown in Figure 1 that the finite element model matches
the analytically predicted temperature change at the center of the cell. This validated finite element
model is representative of all the simulations reported in this work. We also performed mesh
convergence tests to identify the required mesh density such that all the results shown in the
manuscript are independent of the mesh.

Section 2: Effective thermal conductivity approximation analysis

Figure S2. A high resistance 𝑅𝑅𝑠𝑠′′ reduces the effective thermal conductivity 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 . The 𝑅𝑅𝑠𝑠′′ shown here
corresponds to a length-scale 𝐿𝐿=50 nm and 𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 =0.58 Wm-1K-1. The shaded region corresponds to a
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 : 0.07 – 0.13 Wm-1K-1, which was recently reported [4] to be the range of effective thermal
conductivity at intracellular regions.

Section 3: Bio-heat transport model
The bio-heat transport model is useful to study heat transport in tissues that are far from
large blood vessels. In such tissues, the blood flow is assumed to result in uniform volumetric heat
production, 𝑄𝑄𝑏𝑏′′′ = 𝜌𝜌𝑏𝑏 𝜔𝜔𝑏𝑏 𝐶𝐶𝑏𝑏 (𝑇𝑇𝑏𝑏 − 𝑇𝑇 ), where 𝜌𝜌𝑏𝑏 is the density, 𝐶𝐶𝑏𝑏 is the specific heat of the blood,
𝑇𝑇𝑏𝑏 = 37.1°C is the arterial blood temperature, 𝑇𝑇 is the local tissue temperature, and 𝜔𝜔𝑏𝑏 is the blood
perfusion rate at the tissue [5], [6]. Physiologically, the blood perfusion sustains the nutrient supply
′′′
to the tissue to maintain a metabolic heat, 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
at the tissue, and also functions to stabilize the
temperature (thermoregulation) in the tissue. We model the BAT deposit near the skin of the
supraclavicular region. The physical and thermal properties of the tissues are summarized in Table
S1. We used the following blood properties: density (1043 kg.m-3), and specific heat (3825 J.kg1 -1
K ) [7].
Table S1: List of thermal and physical properties of the tissues. Refer [6], [8] for more details.
Tissue

Density
(kg.m-3)

Specific
heat
(J.kg-1K-1)

Thermal
conductivity
(Wm-1K-1)

Skin
WAT
BAT
Muscle

1109
911
911
1090

3391
2127
2503
3421

0.37
0.18
0.26
0.49

Metabolic
heat,
𝑸𝑸′′′
𝒎𝒎𝒎𝒎𝒎𝒎
(W.m-3)
1827
462
2579
1052

Blood
perfusion
rate, 𝝎𝝎𝒃𝒃
(s-1)
1.97×10-3
4.98×10-4
1.17×10-3
7.15×10-4

Dimensions
1.5 mm (t)
10 mm (t)
2 cm (a), 1 cm (b)
200 mm (t)

Figure S3a shows the computational model representative of the supraclavicular region
BAT deposits. BAT volumes vary depending on the age, location, and weight of the individual.
Here, we use a 2 cm3 BAT as an example to identify the typical temperature changes expected in
tissues of length-scale ~20 mm [6], [9], [10]. Under cold stimulation (𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =15°C), the BAT
metabolism can be expected to increase by up to 25-fold in humans [11], [12]. In Figure S3b, we
show the temperature contour for a 25-fold increase in BAT metabolism. Figure 8b in the
manuscript shows the temperature change for 5, 10, 15, 20, 25-fold increase in BAT metabolism.
The blood perfusion rate (𝜔𝜔𝑏𝑏 ) is also correspondingly increased, since it is the source of nutrients
to sustain the metabolism. Further, we assume that the blood perfusion is reduced by 60% due to
cold exposure [13]. A convective heat transfer boundary condition (ℎ=5 Wm-2K-1) is used at the
skin. The remaining boundaries are treated as adiabatic. Additional details on this bio-heat
transport model can be found in other studies [5], [6].

Figure S3. a) A schematic of the computational domain used for the bio-heat transport model of the
supraclavicular region. The dimensions and physical properties are given in Table 1. b) A cross-sectional
temperature contour of the tissues under cold stimulation with a 25-fold increase in BAT metabolism.
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