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ABSTRACT

k| .
Several empirical models for predicting the metabolic responiz to a lowered

\

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

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

and 24°C water for 1 h and clothed immersions took place in 10 and 15°C for 3

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

Decreases in the mean weighted skin temperature (Tak) ranged from 5.3 to 11.9°C

and decreases in the core temperature (Tc) ranged from 0.56 to 1.54°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 Tsk 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 Tsk were not found to contribute to the predictive
capability of the models. Vm,,,wa' £ nede "-rj) Alaferiie G"""Qﬂ/?/b’
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INTRODUCSION

Several studies (i-5) have derponstrated thet “ividual of low swbrutaneous
body {st (BI') cools more quickly than one of high BF when immersed in coli
water. This increased rate of cooling is associated wich an irnc'/,.'ee,;ed 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.

Thermoregulatery signals that determine the metabolic response are thoughi to
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 hypothclamus, the temperature of a
particular core site such as the esophagus or rectum is 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 Tak and T,
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 difforentiate the response
for individuals of varying BF. That is, the predicted metabolic response is often a
function of only Tsk and T, vy, for & given lowered Tak end lowered T, there
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 al. (7) and from the data of McArdle et al. (14) and Toner et al. (15) used in

the present study. Strong et al. (7) recognized the different metabolic responses
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between individuale of varying morpholcgy and propos:d separate model equations
for small-lean, average and heavy-fat iudividualz.

The present study does not address how the verious thermoregulatory signalls
are generated or integrated to produce the observed metabolic responses:':; nor does it
address whether, and if so how, these properties vary between individuals of
different morphology. Instead, this study examines how well the above referenced
models predict the metabolic response for a given lowered Tsk and lowered Té.
Using the more recent data of McArdle et al. (14) and Toner et al. (15), the
predictive capability of these medels are compared through regression aunalysis. It is
then demonstrated that the predictive capability of these models can be improvdd
by explicitly accounting for BF through an inverse relationship between the
metabolic response and BF. Finally, a residual analycis of the best model
predictions is presented to examine whether the assumption of normality has nét
heen violated and whether the dependencies on Tsk and Tc have been accounted
for adequately.

METHODS

Data. Data were obtained from both nude (n=8) and clothed (n=10) yougg
heslthy males immersed in cold water under resting conditions. Nude (subjects
wore a nylon swim suit) immersions took place in 20 and 24°C water for } h (14)
and clothed immersions teok place in 10 and 15°C water for 3 h (15). Clothing
consisted of a neoprene dry suit (3 mm thickness) aud one of two polypropylege
undergarments with an average tctal insulative value (based om calibration with dn
immersed manikin) of 0.95 (0.15) and 1.28 clo {0.20 m? °C/W), respectively.
Rectal and skin temperatures were measured with a rectz]l probe and waterproofed
thermal sensors. Metabolic rates (MR) were determined by siandard techmigues of

open-circuit spirometry.




All Jdats were separated according to low (<14%) and high BF (individual

%BF ranged fro.: -+3 to 23.1%) and grouped according to exposure. T ~ amber
of subjects per group varied butween 4 and 5. LBF and EBF are used to
designate the low and high BF proups, respectively. Although each ciothed subject
was exposed to the two immersion tzmperatures of 10 and 15°C, not all completed
the targeted duration of 3 h and, in some cases, data were incomplete (..). In
these 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) fiom 69.8 to 72.4 kg, body surface area (AD) from 1.86 to 1.93 m?,
decreases in Tsk frora 5.3 to 11.9°C, decreases in T c from 0.98 to 1.54°C, and
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
10.7, WT from 74.3 to 80.0 kg, Ap from 1.85 to 1.97 m?, decreases in T Sk from
8.4 to 11.4°C, decresses in Tc from 0.56 to 1.09°C, and AMR from 34 to 86 W.
Rates of change with time of Tsk and Tc were appioximated by linear
interpolation.
Models. The models examined are listed in Table i and although this list is not
exhaustive, it does represent a wide cross-section of available models. The firat
three models predict MR and use the rectal temperature to represent Tc while the
remeaining predict AMR and use the head core temperature to represent Tc. The
coriginal perameter values (Pi, P2, etc.) were converted, if necessary, to conform to
metabolic rates in W aad are list'd in Tables 2 and 3.

The STRONG mode! {7) was originally epplied to groups of low and high BF
with separate parameter vaiues (sew Table 3). It represenis the simplest model

possible with T, and T_, and is closely relatad to the TIMBAL model (8). The




original form of the TIMBAL model was re-arranged to eliminate uanecessary
parameters (with respect to .ri ression analysis). It is the only model listed to use
the subject’s AD and the rate of change of mean skin temperature (’i"k). 'l‘hé
HAYWARD model (9) is the only one listed to use the subject’s WT. The
inclusion of Ap and WT into these models will be examined for their affect on the
predictive capability of the models.

The WISSLER model (11) expanded upon the HAY'WARD model by including
the subject’s rate of change of core temperature '('I‘C) The form shown in Table 1
is a simplified veraion of the original model and is applicable when AMR changes
slowly, as was the cace with the present data. The original model also included a
term with 'I‘Bk; however, this term decays exponentially with a half-time of 30 s
when Tsk > -1.59C/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 T'k. This term was added (8) to describe the
observed metabolic response without the necessity of changing the hypothalamic set-
poins temperature or P3 in the mcdel. The STOLWLIK model (10) emphasized the
contribution of this additional term by introducing an exponent of 2. Both models
consider the painmeters P2 and P3 as physiological set-points, to be identified with
temperatures of "standard® man under a condition of thermal neutrality.

The PRESENT model is based on the STOLWIJK model with the

modification that the set-point values (T ok set snd T __.) were assigned the average

¢, set
of the measured pre-iminersion values and remained fixed. For example, T ok set
& particular group was the average' of all pre-immersion values of Tsk for that
group. This procedure allowed the use of "personalized® set-points which did not

necessarily match the values of "standard® man. For data used in this study,

of




T rar.ged from 32.79 to 33.56°C and T ranged from 37.14 to 37.39°C;

sk,set c,set

" these ranges fell outside the values 3 ‘7 and 36.96° C, respectively, used for
"standsrd” man (10).

Since the data we used provided rectal temperature as the only ;:neasured core
temperature, this temperature was applied in place of the head core temperature of
the WISSLER, NADEL, STOLWIJK ard 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 ’I"!k and
lowered 'I‘c exists, all models were modified ®a priori” by dividing by (¥BF)* where
x is. an estimated parameter. These modified versions are designated by the a.fﬁx.
BF-modified.

Analysis. A regression analysis was performed on all models using the BMDP
statistical package (16). Significant (@ = 0.05) improvement in the prediction of &
particular model when pararneter values changed or when a parameter was added to
the model was tested using Fisher’s F-test as outlined by Mekjavic and Morrison
(17). 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
these cases, predictions were compared by the models’ sum of squared residuals

(SSR) given by

SSR = _ an e: (8)

n=1
where N is the number of cases {grouped observations), v is the case weight
(equal to 1 for groups of 4 subjects and 1.25 for groups of 5 subjects) and e is
the residual or differeace between the observed and predicted value. In essence, the




SSR is a measure of how well the model prediction fits the data. Models with the
lowest SSR values were deemed better predictora t . those of higher SSR values,
although no significance to these comparisons could be given.

The residuals of the model that predicted best overall w;re analyzed
graphically as outlined by Draper and Smith (18#). For convenience, tke "unit
normal deviate® form (e /s) of the residuals was plotted where s is the square root
of the residual mean square given by

s = JSSR/df ()
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
exista, 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 is 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 withoat 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
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 T ok and lowered Tc‘ However, if & large difference
was found, then BF would be considered & critical variable and its role could then
ve quantified through modifications of the models such as described by the BF-
modified versions. An appropriate version is ome in which using the combined data
results in & value of SSR(LBF+HBF) close to the sum of SSR(LBF)+SSR(HBF)

using the separated dats ss described sbove.
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RESULTS

Comparison Between Original and Regressed Estimates for Coml sed Data. Table 2

lists the model’s (a) original (where applicable) and (b) resressed parameter
estimates and their corresponding SSR when applied to the combine:fl data of the
LBF and HBF groups. The predictions improved significantly for a’l models (where
original parameter estimates were given) using the regressed parameter estimates.
The following comments pertain to the regressed versions. The subscripted alphabet
in parenthesis affixed to SSR refers to the corresponding set of parameter estimates
listed in Tables 2 and 3. Among the regressed versions, the WISSLER 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 subseqnent 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 123,146,
considerably smaller than the value 158,953 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
these variables could improve this model’s predictive capabilily. The subsequent
regression by including AD led to & SSR value of 84,6904 and that obtained by
including WT wss 05,112. Both values excceded the SSR value of 83,150 obtained
when neither of these variables was used, thus no iunprovement was achieved by

their inclusion into the model.




A very high correlation (r > 0.09) was found between P1 and P4 of the
-TIMBAL model, suggesting that ’i‘ek 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 dix'fei"ent from the
velve of 128 5:5 obtained using the STRONG model which is identical in form
excupe ior the insiusion :° the Tsk term.

A linear dspenii-., wveas found between the parameters of the NADEL model.
This was not unexpected since the model equstion {see Eq.3) could have been
rewritten without the second term such that P3(pew)=P3+P4/P1l. This simplified
form was not used by Nadel et al. (8) for reascns 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
obtained using the STOLWLUK model. Because o& the exponent of Z raised on the
second term of this model, no linear dependency of the parameters was found.

Comparison Between Using Combined Data and Saparated Data. Table 3 lists the

model’s (a) original (applicable ouly in the cass of the STRONG model) and (d)
regressed parameter estimates and their corresponding SSR when si)plied to the data
of the LBF and HBF groups separately. The prediction of the STRONG model
was improved significantly using the regressed parameier estimates over the original
parameter vaiues. The SSR values of the HBF group were consistently lower than
those for the LBF group far all models indicating a greater variability in the
metabolic response for the LBF groupe.

To compare these results with those obtzined by treaticg the combined dais,
the sums of SSR( d)(I.IZI»’) + SSR( d)(HB?) are plotted alongside SSR(b)(LBF+HBF)
in Fig.l. In all cases, the former sum is subtantially smaller. This result confirms
thet the predic’ed inetabolic response to a lowered Tck asd lowered T_ has a BF

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

signiff 'y improved the prediction over the unmodified versions using th_e
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) indicézing that an
inverse relstionship of BF to metabclic response was appropriate to consider. The
regressed estimates of x varied among the models, but for practicz’ 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 estimr.tes of the
BF-modified models using these exponeats and the corresponding S8! . };L,BF-}-HBF)
are listed in Table 2. These SSR valne§ are also shown in Fi=.i. Rounding-off
the exponent x was possible because of 2n asymptotic standard deviation of about
10% in the estimate of x and because of a high correlstion 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) predicted
values of AMR, b) time, ¢) T, and d) T_. Since 95% of the normalized residuals
fell within the limits (-1.98, 1.06), this distribution was assumed normal (18). ia
addition, no apparent trend is evident in the plot of residuals agaimat the predicted
values of AMR; therefore, ike residuals were also considered randomly scattered.
When the normalized residuais of the nude ané clothed groupe piotted agsinst
time in Fig. 2(b) are considered separately (recall thst the nude immersions lasted 1
b and the clothing immersions lasted 3 h), the residuals ere randomly scattered;
that is, no time dependerncy is spparent. The plot of residuals against Tak shown
in Fig. 2(c) revesied s slight tendency from overprediction at low Tsk to

underprediction at high Tﬁ. This tendency can, if desired, be reduced without
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comprcmising the randomness of the other plots by using a smaller exponent in
place of 2 for the : “ ad term in the BF-modified version of Eq.7. The final plot,
Fig.2(d), of residuals against T c indicated random scatter. These rgsults 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 beyond the scope of the present study. However, this
attenuation iz consistent with the fact that increased BF promotes thermal
insuiation (1-3) and, therefore, at a given lowered Tsk and lowered T ¢ 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
pari, 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 36°C. Timbal et al. (6) and Hayward et al. (0) used
data of immersicns to neck-level in water temperatures ot 15 and 26°C, and 10°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 radsl differed widely from those
we found. The data used by Mekjavic and Morrison (17) involved immersions of
lean individuals in 10°C water. These authors found the residuals, when plotted
against Tsk’ displayed a shape that was characteristic of the average discharge
frequency of cold receptors in the skin. This bell-shape with a maximum at about

25°C is not apparent in Fig.2(c) where Tak ranges from 21 to 31°C. To coafirm
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that this result was model-independent, a residuzl analysis on the predictions using
the original HAYWARD moé Mt with the regressed perameter estimates (set (b)
in Table 2) did not revsal any bell-shape distribution when plotted against T’k.

The addition of the %, term in the TIMBAL model did mot ‘improve this
model's predictive capability when coinpared 4o the results of the STRONG model
which is similar but excludes the 'I"k term. We are uncertain about the value of
’I‘c 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 AI} and WT
variables, respectively, suggesting that these variables are superfluous in the
preciiction 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 - ¢ nsidering that the second term of the NADEL model zan be left out
without affecting its predictive capability, yet there is a large difference between
theit SSR values, This differencé is atiributed partly to the inclusion of WT iu
the HAYWAQD model recalling that the SSR decreased from 158,953 to 123,146
when WT was removed from the model. The remaining differance is largely
sttribuied to the prediction of MR on the one hand and AMR .n the other. This
is because the varizbility 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 metsbolic rate above the
measured pre-immersion value). Greater accuracy can therefore be expected from
models that avoid this initial variability. This is further supported by the relatively
poor predictiona of the other two models, STRONG and TIMBAL that aiso predict
MR.
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This difference in how the metabolic response is predicted also helps to explain
why the square root inverse relationship ? works best for models predicting MR
end why the unit inverse relationship of BF works for models predicting AMR.
For the same increase in metabolic rate, the relative change in AMR lla larger than
for MR. It follows, therefore, that relative differences in AMR between the LBF
and HBF groups are also larger than relative differeaces 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 W
CONCLUSIONS

Regressed parameter estimates for all unmodified models improved the
prediction of inetabolic responses sigmificantly over the original parame.er val.es.
Thiz suggests that when these empirical models &re used, the values of the
parameters siiould correspond tc exposure conditione from which they were derived.
In addition, since the esophageal temperature represents inore closely the head core
temperature than does tke rectsl temperature, the predictive capabilities of the
WISSLER, NADEL, STOLWLK and PRESENT models may improve with the use
of the esophageal temperature, if available,

Applying each model to the LBF and HBF groups separately demonstrated
that BF is a critical variable to consider when predicting the metabolic response for
a given lowered Tsk and lowered Tc’ Applying an inverse relationship of %¥BF to
the metabolic response (i.e., the BF-modified versions) significantly improved all the
models’ predictive capabilily. The PRESENT model predicted best overall, both in
the uvamodified form when applied to the LBF and HBF groups separstely and in
the BF-modified form when both groups were combined. The best aliernative if
specific thresholds or "personal® set-points were unavsilable was the STOLWIJK

model using the regressed parameter estimates given in T'ables 2 and 3.
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FIGURE CAPTIONS

1. Sum of squared residuals for the combined data using the regrea%sed 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 metsbolic rate, (b) time, (c) mean
weig:hted skin temperatere and (d) core temperature. The closed circles represent

the nude condition and the open circles represent the clcthed coadition.
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