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Abstract

A multi-segmental mathematical model has been developed for predicting shivering and thermoregulatory

responses during long-term cold exposure. The present model incorporates new knowledge on shivering ther-

mogenesis, including the control and maximal limits of its intensity, inhibition due to a low core temperature,

and prediction of endurance time. The model also takes into account individual characteristics of age, height,

weight, % body fat, and maximum aerobic capacity. The model was validated against three di erent cold con-

ditions i.e. water immersion up to 38 h and air exposure. The predictions were found to be in good agreement

with the observations.

? 2004 Published by Elsevier Ltd.

Keywords: Mathematical model; Thermoregulation; Shivering; Cold stress; Hypothermia

1. Introduction

Thermal modeling is useful for understanding and predicting human responses to extreme condi-

tions, whether by degree or duration (e.g., long exposure to cold air or water). Such models are

especially valuable for predicting responses under conditions that cannot be tested ethically using

human volunteers. Their application is very broad-based, from analyzing possible scenarios for rescue

organizations to assisting post mortem criminal investigations.

! Corresponding author. Tel.: +1-508-233-4805; fax: +1-508-233-5298.

E-mail address: xiaojiang.xu@na.amedd.army.mil (X. Xu).

0010-4825/$ - see front matter ? 2004 Published by Elsevier Ltd.

doi:10.1016/j.compbiomed.2004.01.004
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Predictive models for long-term exposure to cold are quite limited, because of the lack of infor-

mation on human responses to these conditions for extended periods of time. Most of these original

thermoregulatory models’ predictions are extrapolated to conditions of deep hypothermia, but they

do not fully consider shivering exhaustion [1–4]. This factor is an important determinant of the

balance between heat production and heat loss over a long duration. Tikuisis [5] has developed a

shivering exhaustion model and incorporated it into a single-cylinder model of basic thermoregula-

tion for predicting survival time of prolonged cold exposure. However, this model does not consider

regional aspects in the body (e.g. composition, blood  ow, etc.) nor their contribution to temperature

regulation.

The six-cylinder model of human temperature regulation developed by Xu and Werner [6] is a

suitable alternative for examining whole body response to extreme conditions. This model has been

validated for heat and cold stress, various exercise loads, and for various clothing ensembles, but

only for limited durations. When applied for long-term cold exposure, the model predicts that a

thermal steady state can be maintained inde nitely as long as shivering is not fatigued. Clearly,

shivering exhaustion must be taken into account for a more realistic prediction. The purpose of this

study is to further develop the six-cylinder model of Xu and Werner by incorporating the control

of shivering intensity using results from several previous studies [2,5,7,8] so that the revised model

can be used to predict whole body human thermoregulatory response to long-term cold exposure.

2. Methods

The six-cylinder model of Xu and Werner [6] is subdivided into segments representing the head,

trunk, arms, legs, hands, and feet. Each segment is further concentrically divided into compartments

representing the core, muscle, fat, and skin. The integrated thermal signal to the thermoregula-

tory controller is composed of the weighted thermal input from thermal receptors at various sites

distributed throughout the body. The di erence between this signal and its threshold activates the

thermoregulatory actions: vasomotor changes, metabolic heat production and sweat production. Re-

vision of the model to incorporate shivering is detailed below, but  rst we describe the control of

shivering intensity to aid in the conceptualization of the model.

2.1. Shivering intensity

Various aspects of the shivering response are de ned and shown schematically in Fig. 1. Shivering

increases metabolism above basal values (line A) according to the integrated thermal cold signal

from core and skin receptors. Shivering metabolism (Mshiv) increases as core (Tc) and skin (Ts)

temperatures decrease (line B), as predicted according to Tikuisis and Giesbrecht [7] until a maximal

value (line C) is attained. Maximal Mshiv has been predicted to occur at skin temperatures between

17 and 20!C [8,9], and is dependent on the maximal aerobic capacity but inversely proportional to

age and the body mass index [8]. Therefore, the primary shivering response includes the theoretical

maximum response to a maximal stimulus when Ts # 20!C and Tc # 32!C (line B–C), and a

submaximal response when Ts ¡ 20!C with a constant Tc (line B–D) or when Tc is gradually

decreasing (line B–E). However, Mshiv may be lower than expected, secondary to either shivering

inhibition (line F, when Tc ¡ 32!C) [5] and/or shivering fatigue (line G, when metabolic substrates

are limited) [2,5].
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Fig. 1. Conceptual model for control of shivering intensity. (A) basal metabolism, (B) predicted shivering intensity, (C)

theoretical maximum shivering intensity, (D) observed shivering plateau when Ts ¡ 20"C and Tc constant, (E) observed

shivering intensity as Tc decreases or Ts nears 20"C, (F) thermoregulatory inhibition when Tc ¡ 32"C, (G) shivering

fatigue when shivering time exceeds the endurance time, and (Q10) tissue temperature/metabolism relationship in absence

of shivering.

2.2. Metabolic heat production

The primary shivering response (B of Fig. 1, Mshiv;1) was predicted using the following expression

derived from steady state metabolic heat production data from three separate studies [7]:

Mshiv;1! =
155:5 ! (37 $ Tc) + 47:0 ! (33 $ Ts) $ 1:56 ! (33 $ Ts)

2

'
%BF

(1)

where Mshiv;1! is in W=m2, Tc and Ts are the core and mean skin temperatures (!C), respectively,

and BF is body fat. Eq. (1) is particularly suited for predictions involving long-term cold exposure,

as the data included in its derivation Tc as low as 33:25!C during immersion in 8!C cold water for

up to 70 min. The maximal shivering intensity (line C), that Mshiv cannot exceed, is estimated by

the following recently developed equation [8]:

Mshiv;max = 30:5 + 0:348 ! VO2max $ 0:909 ! BMI $ 0:233 ! Age (2)

where Mshiv;max is in ml O2=min kg, VO2max is the maximal O2 consumption (ml O2=min kg), BMI

is the body mass index (weight/height2 in kg=m2), and Age is age in years. Eqs. (1) and (2) de ne

the primary shivering response (Mshiv;1!).

The secondary shivering response (line F of Fig. 1, Mshiv;2!) has been empirically de ned by a

hyperbolic secant function that smoothly and sigmoidally reduces shivering by a factor of 100 as Tc

decreases from 32!C to 30!C as follows [5]:

Mshiv;2o = Mshiv;1o sech%2 ! (32 $ Tc)
1:4& (3)

When Tc decreases below 30!C, shivering is essentially arrested and any further metabolic heat

production varies according to Q10 e ects [5].
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Estimation of shivering exhaustion is presently based on a “glycogen-depletion” model [2] that

assumes that time to exhaustion decreases exponentially as the relative intensity of shivering ap-

proaches a maximum value:

tend =
Lr

e"4:0Lr (4)

where tend is endurance time (the time until fatigue onset) in hours, is a calibration factor having a

value of 18 that corresponds to observed shivering fatigue during shivering [2], and Lr is the relative

shivering intensity

Lr =
Mshiv;1o

Mshiv;max

(5)

Eq. (4) was found to be satisfactory in a recent study [10] where the onset of shivering fatigue was

analyzed with experimental water immersion data.

Tikuisis [5] developed a method to calculate tend when shivering intensity varies. The end of

endurance is predicted when
#

t=tend equals unity where  t is the time step and tend is the

endurance time corresponding to the shivering intensity calculated for that time step. After shivering

fatigue onset, secondary shivering due to fatigue (line G of Fig. 1) is assumed to continue, but at

an intensity that is reduced by the following empirical factor:

Mshiv;2o = Mshiv;1o sech

! !
t

tend
$ 1

"

(6)

where is a  tting constant with a value of 0.38.

2.3. Blood  ow to muscle

Peripheral vasoconstriction redistributes blood  ow away from the extremities and skin during

cold exposure. This heat conservation measure diminishes the heat transfer from the core to the skin

surface. For example, basal blood  ow in the extremities of the calf and forearm is reduced from 3

(ml=100ml tissue min) to near zero (nutritive only) during cooling [11]. This reduction has also been

attributed to a reduced muscle blood  ow [12–14]. Shivering, however, demands increased muscle

blood  ow, expressed as

Q $ Q0 =  a + Mshiv (7)

where Q (m3blood=h m3tissue) is the required muscle blood  ow, Q0 is basal muscle blood  ow,

(m3=h m3!C) is a distribution factor for vasomotor activity in muscle, a (!C) is the a erent thermal

signal for the controlling system, and (m3=h W) is a constant ranging from 0.2 to 3:5 m3=h m3!C

for the six model cylinders. Eq. (7) was implemented into the controlling system of the original

six-cylinder model and has been described elsewhere [6].

2.4. Numerical method

The numerical technique is a simple implicit method with central di erences. The spatial grid is

101 nodes in each half-cylinder. The time step begins at 3:6 s and is adjusted to each computed core
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temperature. The simulation program is written in FORTRAN and runs on PCs. For details, please

refer to papers [6,18].

2.5. Goodness-of- t

A root mean square deviation (RMSD) was calculated between the time courses of observed and

predicted values. The RMSD is de ned as [15,16]

RMSD =

'
&
&
%1

n

n$

i=1

d2
i (8)

where di is the di erence between the observed and predicted result, and n is the number of com-

parisons. Where data are scattered over time, the  t is considered valid if the RMSD falls within

the average standard deviations found for the observed data [15] or if the model prediction falls

within one standard deviation of the subject mean [16]. Where single event comparisons are made

(e.g., endpoint data), a paired t-test was applied with acceptance at the 0.05 level. Unless otherwise

indicated, all mean results are reported with "SD.

3. Results

The above constraints on shivering metabolism were integrated into the six-cylinder model [6]

and validated against documented data. Data selected for the validation involved water immersion,

air exposure, and a well-documented accident case report of water survival.

3.1. Water immersion

The experimental data used herein involved a group of 10  t, non-smoking subjects (3 females

and 7 males) with a mean ("SD) age of 25.4 ("6:8) years, body mass of 73.5 ("13:8) kg, height

of 1.76 ("0:1) m, and body fat of 24.8 ("6:2)% [10]. The subjects, wearing only bathing suits,

were immersed to the upper chest level in cold water at a temperature of about 8–10!C in a seated

position with arms out of water for 2–6:5 h. The stirred water was initially set at a temperature of

20!C, then lowered to approximately, 8!C over 15 min by adding ice.

The model was used to predict the thermal responses of the individual subjects to the water

immersion. The inputs for each individual were height, weight, body fat percentage, age, maximal

oxygen consumption, and water temperature. The mean measured core temperature (rectal) and mean

skin temperature were compared with the predicted values at the end of the immersion. The results

included the immersion time (termination was due to extreme discomfort) and metabolic rate, as

summarized in Table 1.

Table 1 indicates that the mean of predicted results for the core and mean skin temperatures, and

metabolic rate are within the range of the respective measured "SD values. Paired t-tests indicated

that there was no signi cant di erences between the measured and predicated core temperatures

(p = 0:35) at the end of the immersion. The RMSD of the core temperature over the experimental

period using 10 min interval data is 0:78!C, well within the maximum SD of 1:17!C for the observed
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Table 1

Immersion time, mean measured and predicted core and mean skin temperatures, and metabolic rate at the end of the 8–

10"C water immersion trials [10]

Subject Time (min) Tc ("C) Ts ("C) M (W)

Meas Pred Meas Pred Meas Pred

1 380 35.0 35.0 14.2 14.3 444.0 411.8

2 250 34.7 35.1 16.8 14.7 327.0 314.4

3 240 34.9 34.6 12.1 14.4 340.0 261.4

4 200 34.3 35.5 18.5 16.0 323.0 335.9

5 190 35.5 35.2 17.1 15.8 322.0 298.0

6 180 34.7 34.8 15.9 15.0 302.0 246.0

7 170 34.2 35.1 14.8 15.5 447.0 397.0

8 160 33.1 34.6 19.3 15.6 404.0 378.2

9 130 35.7 35.2 17.5 16.2 345.0 351.7

10 120 36.3 35.5 16.7 15.1 342.0 253.7

Mean 202 34.8 35.1 16.3 15.3 359.6 324.8

SD 75 0.9 0.3 2.0 0.7 52.5 60.2

data. There was no signi cant di erence between the average measured and predicted mean skin

temperatures at the end of the immersion (p = 0:09). The RMSD of the mean skin temperature

over the experimental period was 1:25!C, also well within the maximum SD of 2:28!C for the

observed data. The average predicted metabolic heat production was 34:8 W below the measured

value at the end of the immersion (p = 0:01). However, this di erence would not be signi cant if

the female subjects (i.e., subjects 3, 6, and 10) were excluded from the analysis. In that case, the

average measured and predicted metabolic rates for the 7 remaining male subjects are 373:1 " 57:0

and 355:3 " 42:4 W, respectively (p = 0:08), and the RMSD of 75:0 W for the metabolic rate is

within the maximum SD of 141:0 W for the observed values.

Figs. 2 and 3 show the measured "SD and predicted core temperatures and metabolic rates,

respectively, during the course of the immersion. The predicted values fall within the SD of the

measured values over most of the immersion, but there were biases in the predictions that were

revealed by a residual analysis. The correlation between (Tc pred $ Tc meas) and Tc meas using all

the data (n = 212) is 18:2 $ 0:50 Tc meas (r = 0:79). That is, the model tends to over and under

predict Tc for Tc meas less and greater than 36:1!C, respectively. Similarly, the correlation between

(Mpred $Mmeas) and Mmeas is 121:5$0:49 !Mmeas (r =0:68). In this case, the model tends to over and

under predict M for Mmeas less and greater than 250:8 W, respectively. The tendency of an overall

underprediction of the metabolic rate is attributed to the poor  t of the female response, as already

noted and discussed later.

3.2. Air exposure

The experimental data used herein involved a group of 9 healthy males of 1.77 ("0:06) m in

height, 74.3 ("11:4) kg body mass, and 14 ("3)% body fat [17]. The subjects, wearing only shorts,

were seated and exposed to 5!C air at a wind speed of about 1:0 m=s. Predictions were made for
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Fig. 2. Comparison of the measured (%) mean "SD and predicted (#) core temperatures for the 8–10"C immersion study
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Fig. 3. Comparison of the measured (%) mean "SD and predicted (#) metabolic rates for the 8–10"C immersion study

[10].

the average subject since individual characteristics were not reported. Further, the current model

assumed a default value for Mshiv;max of 4:5 x resting metabolic rate for Mshiv;max, as VO2max was not

measured.

Table 2 summarizes the comparison between the observed and predicted results. The core tem-

perature approaches the lower end of the range of the measured core temperatures, the metabolic

rate approaches the upper end of the range of the measured metabolic rates while the skin tempera-

ture is underpredicted. Considering that the seated subjects would not have experienced a streamline

wind exposure, as less than half of their bodies faced the wind, predictions were made assuming a

lesser wind of 0:5 m=s on the entire body surface. In this case, the predicted core temperature, skin

temperature and metabolic rate fall within the SD of the measured values.
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Table 2

Measured ("SD) and predicted core and mean skin temperatures, and metabolic rate for a group of 9 subjects after 3 h

of 5"C air exposure [17]

Tc ("C) Ts ("C=h) M (W=m2)

Measured 36.47 ("0:81) $3:88("0:48) 145.0 ("45:0)

Predicted at 1 m=s wind 35.70 $4.67 190.0

Predicted at 0:5 m=s wind 35.88 $4.19 180.5

Table 3

Casualty characteristics and observed and predicted survival time (ST in h)

No Age (yrs) Height (m) Mass (kg) BF (%) Obs ST Pred ST

1 62 1.78 91 26.0 38 26.5a

2 63 1.83 83 18.4 14 14.25

3 35 1.80 86 21.6 12 18.25

4 56 1.68 73 17.0 11 10.0

5 45 1.64 68 15.0 9 7.25

aCasualty wore a wet suit whereas prediction assumed a nude condition [4].

3.3. Accidental water immersion

The accidental data used herein involved a group of 5 individuals who were immersed in 16:7!C

water after their dive vessel capsized [4]. The 5 casualties clung to a wooden door, one (No. 1) clad

in a full wet suit and the others only in pajamas. A rescue vessel arrived on the accident scene 38 h

later and found only one survivor (No. 1); the others having slipped away at intervals chronicled by

No. 1. Table 3 provides the basic characteristics of the casualties, and their recorded and predicted

survival times (assuming nude immersions). The body fat percentage was calculated from the height

and weight of the subject [18]. The predicted survival time was based on when the core temperature

fell below 30!C. A paired t-test of the recorded vs. predicted survival times indicates no di erence

(p = 0:64) between the two times for the four casualties that were the most severely exposed (i.e.,

No. 1 was excluded from the paired t-test since this individual had worn a wet suit that the model

presently cannot account for).

4. Discussion

The present new conceptual model for shivering intensity (Fig. 1) combines a shivering predictive

model [7], a “glycogen-depletion” model [2], a shivering exhaustion model [5], and a model of

maximal shivering intensity [8]. There is, however, some uncertainty regarding the validity of the

“glycogen-depletion” model. The study by Tikuisis [10] concluded that the “glycogen-depletion”

model was satisfactory as a mathematical construct for the prediction of shivering fatigue, but that
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the underlying physiological basis is questionable, as most recently acknowledged by Wissler [19].

Indeed, another recent study demonstrated that during prolonged low intensity shivering, the heat

production is unequally shared among lipids (50%), muscle glycogen (30%), plasma glycogen (10%),

and proteins (10%) [20].

Yet, the current model prediction for the four casualties of the dive vessel accident were quite

reasonable, and con rmed the provisional applicability of the “glycogen-depletion” model as a use-

ful mathematical construct. While the present model prediction of survival time is not more ac-

curate than that reported by Van Dorn [4] using a much simpler approach, nor that of Tikuisis’

model [21], it provides greater capability to simulate the complexity of the human thermal response

to cold and potentially will enable greater insight into thermoregulatory processes, as emphasized

below.

The human body regulates shivering heat production and vasomotor activities to maintain its heat

balance. The goal is to keep the core warm and stable. There is no clear de nition of what constitutes

the core, but it should compose the viscera in the torso, the brain, and the blood constituents [22].

While the shivering heat production in the extremities (i.e., legs and arms) is bene cial to the

maintenance of the core temperature during cold water immersion, this bene t may be o set for the

following reasons: (1) the heat conduction from the extremities to the core is minimal due to the

low-heat conductivity of tissues; (2) the temperature of the venous blood returning from extremities

to the core would be low, as the tissue temperature can be rapidly reduced due to its physical

shape and size [23]; and (3) as shivering demands more blood  ow to the muscle, the perfused

muscle thereby facilitates heat conduction from deep tissues to surface, and is eventually lost to the

ambient cold. Bristow et al. [23] measured the tissue temperatures at depths of 15, 30 and 45 mm

from the skin surface in the upper and lower leg during # a 1 h immersion in 8!C water. All the

tissue temperatures varied from about 0:7!C (the deepest upper leg location) to 14!C (the shallowest

lower leg location) below the core temperature of about 34!C at the end of the immersion. This

indicates that net heat was transferred from the core to the leg, acting as a heat sink despite the

heat generated by the leg muscles during shivering. This concurs with the study by Bell et al.

[24], who demonstrated that most of the increased metabolism (about 75%) was generated in the

torso. Therefore, redistribution of blood from the extremities, and from the cutaneous and peripheral

vasculature to more central locations (i.e. core) is a critical consideration of the present model that

others ignore.

The predicted metabolic heat productions of the three females in the water immersion study (i.e.,

subjects 3, 6 and 10) were well below their measured values. While there is usually no gender

di erences in thermal responses to environments except for the e ect of menstrual cycle phase

[25,26], the reason for the above anomaly may likely be related to the female subjects having quite

high body fat percentages ranging from 28.6% to 33.6%. Although it is necessary to consider the

body fat in the prediction of metabolic rate [27], Eq. (1) seems to overemphasize the impact of the

adiposity on the shivering heat production for people with markedly high body fat percentage. A

recent study [10] attributed the underestimation of Eq. (1) for females to inappropriate weighting

coe cients and/or too great an attenuation of the shivering response due to body fatness. Moreover,

the metabolic rates per lean body weight (LBW) of these female subjects were between 7.18 and

8:39 W=kg LBW whereas that for male subjects were between 5.06 and 7:54 W=kg LBW, suggesting

there is di erence of the metabolic rate per LBW between males and females. McArdle et al. [28]

also demonstrated that such di erences exist during 1 h-immersion tests in 20!C, 24!C, and 28!C
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water. However, whether this gender di erence contributes to e ective metabolic rate requirement

per LBW needs to be studied further.

There are two possible reasons why the predicted core temperature of the air exposure subjects

tended to be lower than the measured one. First, as the subjects were seated on a nylon-webbed

lawn chair, their exposure to the wind was not uniform across the entire body, as assumed by the

model. This would result in a lower net rate of heat removal from the body than predicted by the

model, leading to a smaller decrease in core temperature. Second, the measured core temperature at

the end of 3 h of exposure might have actually been lower than reported since one of the subject’s

test was terminated at 151 min due to his core temperature dropping below the preset lower limit of

35:0!C [17]. Regarding the mean skin temperature, it is possible that the 12-point weighting system

used for measurement overestimated the actually rate of temperature decrease for the entire body

surface. Indeed, Haslam and Parsons [15] found that model predictions were less accurate under

windy vs. calm conditions at an environmental temperature below 5!C.

Overall, the comparison of the model predictions against the observations from the experimental

data and the accidental case report indicate close and reasonable agreement. However, further work is

required to remove biases in these predictions, as revealed by the residual analysis. While individual

characteristics of age, height, weight, body fat, and VO2max are presently implemented, additional

e orts must be directed to identify several other factors, for instance the state of acclimatization and

the fat content of the torso, that might further improve the predictability and applicability of the

model.

5. Summary

In this study, a multi-segmental mathematical model has been developed for predicting shivering

and thermoregulatory responses during long term cold exposure. The foundation for this model is a

previous six-cylinder dynamic model of human temperature regulation [6] which was validated for

heat and cold stress, various exercise loads, and for various clothing ensembles, but only for limited

durations. The present model incorporates new knowledge on shivering thermogenesis, including the

control and maximal limits of its intensity, inhibition due to a low core temperature, and prediction of

endurance time. The model also takes into account individual characteristics of age, height, weight,

% body fat, and maximum aerobic capacity. The model was validated against three di erent cold test

conditions, one involving 10 subjects immersed in 8–10!C water for 2 to 6:5 h, a second group of

9 subjects exposed to 5!C air for 3 h, and a case report consisting of 5 casualties from a shipboard

accident following immersion in 16:7!C water for up to 38 h. The predictions of the core and mean

skin temperatures, shivering response, and/or survival times were found to be in good agreement

with the observations.
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