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\ ABSTRACT

Several empirical models for predk÷i % the metabolic respon,• to a lowered

body temperature have been evaluaced against available data of young healthy males

immersed in cold water under resting conditions. Nude immersions tock place in 20

and 240 C water for I h and clothed immersions took place in 10 and 150 C for 3

h. The data were pooled according to low and high percent body fat (%BF).

Decreases in the mean weighted skin temperature (Tsk) ranged from 5.3 to 11.90 C

and decreases in the core temperature (Tc) ranged from 0.56 to 1.540 C, while

increases in the metabolic rate over the immersion period ranged from 34 to 256

W. Through regression analysis, an inverse relationship between %BF and the

metabolic response for a given lowered Isk and lowered Tc was established. When

this relationship was explicitly applied to the models, significant improvements in

their predictive capability were found. Variables such as body weight, body surface

area and the rate of change of Iak were not found to contribute to the predictive

capability of the models. o,- rt 4 .S(~jA L4L

Index Terms: prediction model, cold water, immersion, shivering, body fat
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INTRODUC(TION'

Se.veral studivs (X..o) have dexwonstzated ths.t Vividual of low s,.briutaneous

body fat (BI') cools more quickly than one of high BY., when imm.ersed in colai

Swater. This increased rate of cooling is associated wisch ,. inc/eamed metabolic

response in the form of shivering. Shivering is the body's method of generating

heat to reduce or halt the rate of cooling. It is natural, therefore, to assume that

an increase in metabolic rate correlates to a decrease in deep body temperature.

Indeed, this has been the basis of several models that predict the metabolic

response for exposure to cold.

Thermoregulatory signals that determine the metabolic response are taought to

0 be generated by thermoreceptore located in the skin and the hypothalamus. In

practice, a mean weighted skin temperature (Tsk) is used to define the signal from

the skin. To approximate the signal from the hypothrlamus, the temperature of a

particular core site such as the esophagus or rectum W used. In the present study,

the temperature of these core sites will be represented by Tc.

The models that predict metabolic response from measurements of T1 and Tc

range from a simple linear dependence upon these two variables (6,7) to a more

complex dependence based upon the differences between measured and fixed or set-

point temperatures (8-11). Most models, however, do not diffiaretiate the response

for individuals of varying BF. That in, the predicted metabolic response is often a

function of only Tak and Tc, yet, for a given lowered Tand lowered Tc, thee-

is evidence that an individual of low BF has a higher response than an individual

of high BF. This stems from the early cold water immersion studies of Gee and

Goldman (12) and Bynum and Goldman (13) which were later analyzed by Strong

et s&. (7) and from the data of McArdle et al. (14) and Toner et &L. (15) used ill

the present study. Strong et &~l. (7) recognised the different metabolic responses

2



betweea ir,.dividual.- of varying morphology and prop-s'.d separate model equations

fct small-lean, average and heavy-fat individuals.

The present study does not address how the various thermoregulatIory signails

are generated or integrated to produce the observed metabolic responses.; nor does Qit

address whether, and if so how, these properties vary between individuals of

different nmorphology. Instead, this study examines how well the above referenced

models predict the metabolic response for a given lowered Tsk and lowered Ti.

Using the more recent data of McArdle et al. (14) and Toner et al. (15), the

predictive capability of these mrldels are compared through regression analys-is. It is

then demonstrated that the predictive capability of these models can be i~mprovdd

by explicitly accounting for BF through an inverse relationship between the

metabolic response and BF. Finally, a residual analycis of the beat model

* predictions is presented to examine whether the assumption of normality has nMt

heen violated and whether the dependencies on Tsk and T. have been accounted

"for adequately.

METHODS

Data. Data were obtained from both nude (n=8) and clothed (n=10) youu.g

healthy males immersed in cold water under resting conditions. Nude (subjects

wore a nylon swim suit) immersiona took place in 20 and 240 C water for I h (14)

6•@ and clothed immersions took place in 10 and 150C water for 3 h (15). Clothing

consisted of a neoprene dry suit (3 mw thickness) and one of two polypropyle~e

undergaxment with an average tetal insulative valie (bas-d on calibration with in

6.1 immersed manikin) of 0.95 (0.15) and 1.28 clo (0.20 m 2 0 C/W), respectively.

Rectal and skin tempermtur" were measured with a rectal probe and waterproofod

thermal sensors. Metabolic rates (MR) were determined by r'andard techniques of

open-circuit spirometry.

64
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All data were separated. according to low (<14%) and high BF (indi',idual

%BF ranged fro,, .. 3 to 231%) and grouped according to exposure. T' ... Imber

of subjects per group varied btween 4 and 5. LBF and EBF are used to

designate the low and high BF groups, respectively. Although each clothed subject

was exposed to the two immersion temperatures of 10 and 150 C, not all completed

the targeted duration of 3 h and, in some cases, data were incomplete k.-.). In

thes- circumstances, the number of subjects in the group was reduced from 5 to 4.

Group averages were adjusted accordingly when these data were applied to the

models. For the LBF, these average values ranged as: %BF from 9.3 to 10.6, body

weight (WT) from 69.8 to 72A4 kg, body surface area (AD) from 1.86 to 1.93 m2 ,

decreases in. T from 5.3 to 11.90 C, decreases in Tc from 0.98 to 1.540 C, andsk

mean increases in the metabolic rate above the pre-immersion resting value (AMR)

from 52 to 256 W. For the HBF, average values ranged as: %BF from 16.8 to

19.7, WT from 74.3 to 80.0 kg, AD from 1.85 to 1.97 mi, decreases in T from

S6.4 to 11.40C, decreases in T from 0.56 to 1.090 C, and AMR from 34 to 88 W.

Ratem of change with time of T., and Tc were appioximated by linear

interpolation.

Mode!_. The models examined are listed in Table I and although this list is not

exhaustive, it does represent a wide croa-section of available models. The first

three models predict MR and use the rectal temperature to represent Tc while the

remaining predict AMR and use the head core temperature to represent Tc. The

original paxameter values (P1. P2, etc.) were converted, if necesaary, to conform to

metabolic rates in W azd are lilst -d .'n Tabled 2 and S.

The STRONG model (7) wat original"y &pplied to groups 61 low and bigb BF

"with separate parameteer values (see Table 3). It represen-ýs the simplest model

posible with T and Tc, and is clagely ridated to the TIMBAL model (6). The
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original form of the TIMBAL model was re-arranged to eliminate unnecessary

paramef;ers (with respect to .rc.'ression analysis). It is the only model listed to use

the subject's AD and the rate oif change of mean skin temperature (is). The

HAYWARD model (9) is the only one listed to use the subject's WT. The

inclusion of AD and WT into these models will be examined for their affect on the

predictive capability of t&.e models.

The WISSLER model (11) expanded upon the HAYWARD model by including

the subject's rate of change of core temperature (1c). The form shovn in Table 1

is a simplified ver3io.u of the original model and is applicable when AMR changes

slowly, as was the care with the present data. The original model also included a

term with tk; however, this term decays exponentially with a half-time of 30 s

when tsk > 1.50 C/min, which the data we used did not include, so this term was

intentionally left out.

The NADEL model (8) is similar to the HAYWARD model except for an

additional term involving only Tsk* This term was added (8) to describe the

observed metabolic response without the necessity of changing the hypothalamic set-

point temperature or P3 in the mLdel. The STOLWIJK model (10) emphasized the

contribution of this additional term by introducing an exponent of 2. Both models

conasidr the paxmeterm P2 and P3 as physiolocal set-points, to be identified with

* temperatures of 'standard" man under a condition of thermal neutrality.

kThe PRESENT model is based on the STOLWIJK model with the

• •modification that the set-point values (Tet and Tcet) were a.signed the average

of the measured pre-immersion values and remained fixed. For example, T ofsk"Set

a particular group was the average of all pre-irnmersion values of T for that

group. This procedure allowed the use of 'personalized set-points which did not

Snecesarily match the values of "standard" man. For data used in this study,Sman

4N
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Tsk,set rarnged from 32.79 to 33.560 C and Tc'set ranged from 37.14 to 37.390 C;

these ranges fell outside the values 3 '7 and 36.960 C, respectively, used for

Wstandrzrd" man (10).

Since the data we used provided rectal temperature as the only measured core

temperature, this temperature was applied in place of the head core temperature of

the WISSLER, NADEL, STOLWIJK avd PRESENT models. In these

circumstances, the functional form of these models tnd not necessarily their origina,,

parameter values were tested. In anticipation that an inverse relationship between

BF and the prediction of the metabolic response for a given lowered Tik and

lowered Tc exists, all models were modified 'a priori" by dividing by (%BF)x where

x is an estimated parameter. These modified versions are designated by the affix

BF-modified.

Analysis. A regression analysis was performed on all models using the BMDP

statistical package (16). Significant (a = 0.05) improvement in the prediction of L

particular model when parameter values changed or when a parameter was added to

the model was tested using Fisher's F-test as outlined by Mekjavic and Morrison

(17Y. Significance between predictions of the models listed in Table 1 could not be

tested since the models were fundamentally different from one another. However, in

thiese cases, predictions were compared by the models' sum of squared residuals

(SSR) given by

-- - e2 (8)

where N is the number of cases (grouped observations), wn is the case weight

(equal to 1 for groups of 4 subjects and 1.25 for groups of 5 subjects) and en is

the residual or 4iffereace between the observed and predicted value. In essece, the
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SSR is a measure of how well the model prediction fits the data. Models with the

lowest SSR values were deemed better predictors tý those of hig~her SSR values,

although no significance to these comparisons could be given.

The residuals of the model that predicted best overall were analyzed

graphically as outlined by Draper and Smith (1U). For convenience, tlhe 'unit

normal deviate" form (en/) of the residuals was plotted where a is the square root

of the residual mean square given by

T S-SSR/df (9)

and df is the number of degrees of freedom (equal to N - p where p is the number

of parameters estimated).

To establish whether a BF dependency in the prediction of MR and AMR

exists, each model in their unmodified form was applied to the LBF and HBF

groups separately, similar to the way the STRONG model was originally applied.

Because the variability of BF within these subgroups in small, any dependency of

the metabolic response upon BF, if it exists, is effectively removed. Therefore, the

resultant SSR should then approximate the lowest possible value withoit introducing

any new parameters. To compare these SSR values with those obtained by treating

the combined data (LBF+HBF) when using the same unmodified model, the sum of

N both groups, i.e., SSR(LBF)+SSR(HBF), was used so that all the residuals were

accounted for. If little difference between these two values was found, then it

would be concluded that BF is not a critical variable in the prediction of metabolic

response for a given lowered Tak and lowered Tc. However, if a large difference

was found, then BF would be considere-d a critical variable and its role could then

be quantified through modifications of the models such as described by the BF-

modified versions. An &ppropriate version is one in which usi*g the combined data

results in a value of SSR(LBF+HBF) close to the sum of SSR(LBF)+SSR(HBF)

using the separatzd data as described above.
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RESULTS

Comparison Between Original and Regressed Estimates for Comt',ed Data. Table 2

lists the model's (a) original (where applicable) and (b) rtressed parameter

estimates and their corresponding SSR when applied to the combined data of the

LBF and HBF groups. The predictions improved significantly for al models (where

original parameter estimates were given) using the regressed parameter estimates.

The following comments pertain io the regreesed versions. The subdcripted alphabet

in parenthesis affixed to SSR refers to the corresponding set of parameter estimates

listed in Tables 2 and S. Among the regressed versions, the WISSLEB. and

PRESENT models predicted best and the HAYWARD model predicted worse (see

SSR(b) values plotted in Fig.1).

To check the role of AD in the prediction of MR in the TIMBAL model, this

variable was removed and the subseqren regression led to a SSR value of 127,773.

This value is smaller than the value 133,416 obtained by leaving AD in the model.

Thus, using the present data, the inclusion of AD worsened the predictive capability

of the TIMBAL model. A similar result was found when the variable WT was

removed from the HAYWARD model. In this case, the resultant SSR was 123,140,

considerably umaller than the value 158,M53 obtained by leaving WT in the model.

As a further check, the variables AD and WT were introduced independently

* as factors to the PRESENT model equation to examine whether the inclusion of

the.e variables could improve this model's predictive capability. The subsequent

regression by including AD led to a SSR value of 84,694 and that obtained by

including WT was 95,112. Both values exceeded the SSR value of 83,150 obtained

when neither of these variables was used, thus no improvement was achieved by

their inclusion into the model.
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A very high correlation (r > 0.99) was found between P1 and P4 of the

TIMBAL model, suggesting that t, was an unneccessary variable to ir "ide for

the present data. This is further substantiated by noting that the SSR value

obtained by removing AD from the model was not significantly different from the

vlve of 128,1.f obtained using the STRONG model which is identical in form

exct pc ior the in:..usio-i L' the t5k term.

A lineaz xza.n..- .vs found between the parameters of the NADEL model.

This was not unexpected %ince the model equation (see Eq.5) could have been

rewritten without the second term such that P3(new)=P3+P4/P1. This simplified

form was not used by Nadel et aL. (8) for reasons stated earlier but was proposed

by Montgomery (19), and when applied to the regression analysis, it was found to

yield the same SSR. A marginal improvement over the NADEL model was

obtilned using the STGLW!IK model. Because of the exponent of 2 raised on the

second trm of this mo..del, no linear dependency of the parameters was found.
"Comparison Between Using Combined Data and Spaated Data. Table 3 lists the

S model's (a) original (applicable oiily in the cas. of the STRONG model) and (d)

regressed paramete- estimates and their corresponding SSR when applied to the data

of the LBF and HBF groupa separately. The prediction of th-. STRONG model

was improved uignificantly us.in& the regressd parameter estimate over the original

'0 parameter values. The SSR values of the HBF group were cGns itently lower than

tho~e for the LBF group for all modesa indicating a greater variability in the

metabolic respauo fbo the LBF groupo.

To compare these results with those obtrined by treatimg tht combined data,

the su-m of SSR (d)(LZ-) + SSR(d)(HII) are plotted alongside SSR(b)(LBF+HBF)

in Fig.1. In all casim, the former sum is subtntially aralltr. This result confurms

that the predicled metibolic response to a lowered Tak and lowered T, has a BF

d.pendency.



Functional Role of BF. Dividing each model by (%BF)x (i.e., BF-modified version)

signif- 'y improv.zd the prediction over the unmodified version- using the

combined data in all cases. Furthermore, the SSR(LBF+HBF) values obtained this

way were close to the sum of SSR(d)(LBF) + SSR(d)(HBF) indicating that an

inverse relationship of BF to metabclic response was appropriate to consider. The

regressed estimates of x varied among the models, but for practicaý purposes,

rounded values are presented. These are 0.5 for the models that pred. MR and

1.0 for the models that predict AMR. The regressed parameter esti=u:.te3 of the

BF-modified models using these exponents and the corresponding SS! ,:'LJF+HBF)

are listed in Table 2. These SSR values are also shown in F*-. Rounding-off

the exponent x was possible because of an asymptotic standard deviation of about

10% in the estimate of x and because of a high cQrrelation between x and some of

the other model parameters.

Residual Analysis of the PRESENT BF-Modified Model. A residual analysis of the

PRESENT BF-modified model was conducted since this model provided the lowest

SSR. Figure 2 shows the normalized residuals plotted against ihe a) predited

values of AMR, b) time, c) tl and d) Tc. Since 95% of the normalized residuals

feli within the limits (-1.98, 1.96), this distribution was assumed normal (18). !a

' addition, no apparent trend is evident in the plot of residuals a&giwt the predicted

value3 of LMR; therefare, the mesiduals were also con.idered randomly acattercl

When the normalized rwsidus&i of ihe nude and clothed group. piotted against

time in Fig. 2(b) are considered se-V..tely (reail that the unde iDMCP.1in1 lastd 1

'h and the clothing immersions lasted 3 h), the residuals are randomly scattered;

thst is, no time depcadency i- tppaprent. The p!ot of reiduals againat Tk shown

in Fig. 2(c) rave-ied a slight tendency from overprediction at low TA to

underprediction at high Tk. This tendency can, if desired, be reduced without
Vk
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compromising the randomness of the other plots by using a smaller exponent in

place of 2 for thJ < ad term in the BF-modified version of Eq.7. The final plot,

Fig.2(d), of residuals against Tc indicated random scatter. These results suggest

that anomalies are few and small; hence further modification of the. model offers

little benefit and was not pursued.

DISCUSSION

The results suggest that an individual's metabolic response to a lowered Tsk

and lowered Tc is attenuated by his %BF. The physiological mechanism underlying

this attenuation is boyond the scope of the present study. However, this

attenuation is consistent with the fact that increased BF promotes thermal

*• insulation (1-3) and, therefore, at a given lowered Tsk and lowered Tc, less heat

*> production is required to maintain deep body temperature.

The wide disparity between the original parameter values and the regressed

parameter estimates for the unmodified version of all models may be explained, in

part, by differences in the experimental conditions from which data were obtained to

derive these values. Strong et al. (7) used data of whole body immersion in water

temperatures between 20 and 380 C. Timbal et al. (6) and Hayward et al. (9) used

data of i'Lmmemsions to neck-level in water temperatures of 15 and 260 C, and 100 C,

respectively, and Nadel et al. (8) used data from exposure to cold air. Differences

in data may also explain why the regressed parameter estimates proposed by

Mekjavic and Morrison (17) for the HAYWARD ,",d-4 differed widely from those

we found. The data used by Mekjavic and Morrison (17) involved immersions of

lean individuals in 100C water. These authors found the resid1nals, when plotted

against Tsk, displayed a shape that was characteristic of the average discharge

frequency of coli receptors in the skin. This bell-shape with a maximum at about

250C is not apparent in Fig.2(c) where Tsk ranges from 21 to 310 C. To confirm

i~sk
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that this result was model-independent, a resid-jal analysis on the predictions u3ing

the original HAYWARD moe. ýt with the regressed parameter estimates (set (b)

in Table 2) did not reveal any bell-shape ditribttion when plotted against Tsk.

The addition of the lask term in the TIMBAL model did not :improve this

model's predictive capability when compared to the results of the STRONG model

which is similar but excludes the Isk term. We are uncertain about the value of

1c used in the WISSLER model despite it's good predictive performance because of

the unusual regressed parameter estimates. It is interesting that the TIMBAL and

HAYWARD models predicted better without the inclusion of the AD and WT

variables, respectively, suggesting that these variables are superfluous in the

prediction of MR using the present data. This finding was further supported when

AD and WT were introduced independently in the PRESENT model and its

predictive capability worsened in both cases.

The functional form of the HAYWARD model is the same as the NADEL

mo c nasidering that the second term of the NADEL model can be left out

without affecting its predictive capability, yet there is a large difference between

thew SSR values. This difference is attributed partly to the inclusion of WT in

the HAYWAA.D model recalling that the SSR decreased from 158,953 to 123,146

when WT was removed frm the model. The remaining difference is large!y

attributed to the prediction of MR on the one hand and AMR zn the other. This

is because the varilbility in the initial value of MR is present when predicting MR,

as in the case of the HAYWARD model, but this variability is removed when

predicting AMR (recall that AMR is the increase in metabolic rate above the

measured pre-immersion v-due). Greater accuracy can therefore be expected from

models that avoid this initial variability. This is furthei supported by the relatively

poor predictions of the other two models, STRONG and TIMBAL that aiso predict

MR.
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Thi3 difference in how the metabolic response Is predicted also helps to explain

why the square root inverse relationship ' works best for models predicting MR

s nd why the unit inverse relationship of BF works for models predicting AMR.

For the same increase in metabolic rate, the relative change in AMR It larger than

for MR. It follows, therefore, that relative differences in AMR between the LBF

and HBF groups are also larger than relative differeties in MR between these

subgroups. These differences can be adequately balanced by dividing the original

models that predict AMR by %BF and those that predict MR by 4%BF.

CONCLUSIONS

Regressed parameter estimates for all unmodified models improved the

prediction of metabolic responses zignificantly over the original parameuer valises.

This suggests that when these empirical models are used, the values of the

parameters should correspond to exposure conditions from which they were deaived.

In addition, since the esophageal temperature represents nore closely the head core

temperature than does the rectal temperature, the predictive capabilities of the

WISSLER, NADEL, STOLWIJK and PRESENT models may improve with the use

of the esophageal temperature, if available.

Applying each model to the LBF and HBF groups separately demonstirated

that BF is a aitical variable to consider when predicting the metabolic response for

0 a given lowered T and lowered T Applying an inverse relationship of %Br toA C"

the metabolic response (i.e., the BF-modified versions) aignificantly improved all the

models' predictive capability. The PRESENT model predicted best overall, both in

the unmodified form when applied to the LBF and HBF groups separmtely and in

the BF-modified form when both groups were combined. The beat alternative if

specific thresholds or "personal' set-points were unavailable was the STOLWIJK

model using the regressed parameter estimatAs given in Tables 2 and 3.
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* FIGURE CAPTIONS

1. Sum of squared residuals for the combined data using the regressed parameter

estimates (SSR(b)(LBF+HBF)), for the separated data using the regressed parameter

estimates (SSR(d)(HBF)), and for the combined data using the BF-modified

regressed parameter estimates (SSR(c)(LBF+HBF)).

2. Normalized (unit normal deviate form) residuals of the PRESENT BF-modified

model plotted against (a) predicted increase in metabolic rate, (b) time, (c) mean

weighted skin temperattre and (d) core temperature. The cloeed circles represent

the nude condition and the open circles represent the clctbed condition.
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