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Abstract  Early studies have demonstrated that rectal 
temperature (Tre) decreases and mean skin temperature 
(Tsk) increases in subjects changing their posture from 
standing to supine, and vice versa. Such changes have 
important implications insofar as thermal stress experi- 
ments are conducted and interpreted. However, the 
extent of these changes between steady-state conditions 
is not known. In addition, it is not known whether 
thermal balance is also affected by postural changes. To 
examine these questions, 11 healthy males were ex- 
posed to a thermoneutral air environment (28.2-28.5°C 
and 40% relative humidity) in various postures at rest. 
Body temperatures, heat losses, and metabolic rate 
were measured. Subjects wore shorts only and began in 
an upright posture (standing or sitting at an inclination 
of 7.5 °) on a customized tilt-table. They were tilted 
twice, once into a supine position and then back to the 
original upright position. Each tilt occurred after 
steady state was satisfied based on the subject's cir- 
cadian variation of Tre determined previously in 
a 4.25 h control supine trial. Times to supine steady 
state following the first tilt were [mean (SE)] 92.6 (6.4) 
and 116.6 (5.1) min for the standing and sitting trials, 
respectively. Times to upright steady state following the 
second tilt were 107.9 (11.4) and 124.1 (9.0) min. Mean 
steady-state Tre and Tsk were 36.87 (0.07) and 34.04 
(0.14), 37.47 (0.09) and 33.48 (0.14), and 37.26 (0.05) and 
33.49 (0.10) °C for supine, standing, and sitting, respec- 
tively. Thermal balance was attained in all steady-state 
conditions, and allowing for a decrease in the weighting 
factor of T~e for mean body temperature in the upright 
postures, it also appears that thermal balance was 
preserved between changes in posture. These results are 
consistent with no perceived changes by the subjects in 
their thermal comfort and skin wetness. 
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Introduction 

The effect of postural changes on body temperatures 
(Tb) is occasionally neglected in studies on ther- 
moregulation. Recently, we reported a small, but signif- 
icant decrease in the rectal temperature (Tre) of subjects 
prior to a cold exposure trial (Tikuisis et al. 1991a). The 
subjects had undergone preparation in a standing posi- 
tion and subsequently rested comfortably at ther- 
moneutrality in a supine position for 30 min to obtain 
pre-exposure data. Tre decreased significantly during 
this latter period and it appeared that its eventual 
steady-state value would be less than 37°C. In another 
unrelated experiment (Ducharme and Tikuisis 1991), 
the mean steady-state Tre of subjects lying down and 
subsequently sitting in a thermoneutral environment 
were 36.97 and 37.33°C, respectively. These results 
strongly suggest that T b changes upon postural shifts 
without any change in the ambient conditions. 

Indeed, studies on such changes have been conduc- 
ted many years ago. Kleitman and Doktorsky (1933) 
reported a consistent decrease in Tre in four males lying 
down after standing for about 1 h, and vice versa. They 
attributed these changes to differences in metabolic 
heat production upon the variation in muscle tonus. 
A later study by Cranston et al. (1954) confirmed these 
changes in Tre and documented several others, but 
challenged the supposition that metabolic changes 
were responsible. In their study, three subjects stood 
without support until steady state was attained, and 
then they assumed a supine posture. Following 
30-45 min in this position, they resumed the standing 
posture. The fall in Tre in the supine position ranged 
from 0.25 to 0.63°C, although steady state was not 
reached. Upon return to the standing position, a grad- 
ual increase in Tre was noted in all subjects. Their 
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exp lana t ion  of  these changes,  suppo r t ed  by others  (Am- 
berson  1943; Nielsen et al. 1939; Rowell  1986; Shiraki  et 
al. 1987), suggested tha t  the decrease in venous  b lood  
re turn  f rom the legs due to a reflectively induced  cuta-  
neous  vasocons t r i c t ion  (Zoller et al. 1972) reduces the 
net heat  loss f rom the legs and,  hence, the vo lume  of  
cooled  venous  blood.  U p o n  lying down,  the increase in 
cu taneous  b lood  supply  increases the re turn  of  cooled  
venous  b lood  f rom the legs result ing in an enhanced  
core cool ing  t h r o u g h  convect ive  heat  exchange  (Collins 
et al. 1982; M i t t l e m a n  and  Mekjav ic  1988). 

This causal  re la t ionship  be tween an or thos ta t ic -  
media ted  change  in b lood  flow dis t r ibu t ion  and  core 
t empera tu re  change  was the subject  of  a very recent  
invest igat ion by  T a n a b e  and  Shido (1994). These  inves- 
t igators  appl ied lower  b o d y  negat ive pressure ( L B N P )  
to subjects in a supine pos i t ion  to s imulate  the o r thos -  
tatic pressure experienced in a s t and ing  posi t ion.  After 
a s teady-s ta te  cond i t ion  was at tained,  the L B N P  was 
released to s imulate  a pos tu ra l  change  f rom s tand ing  to 
supine. While  a decrease in Tre was measu red  fol lowing 
the release of  L B N P ,  they did no t  wait  until  s teady 
state was at tained.  If  they had,  it is very likely tha t  
Tre wou ld  have re turned  to their pre-release values 
cons ider ing  tha t  the pre-release values (36.8-36.9°C) 
were within the range  of  values found  under  n o r m a l  
supine condi t ions .  Hence,  a l t hough  their w o r k  d e m o n -  
strates tha t  b l o o d  flow redis t r ibut ion  induced  by cha-  
nges in o r thos ta t i c  pressure is largely responsible  for 
Tb changes,  these values do no t  necessari ly define the 
m a g n i t u d e  tha t  can  be expected f rom an ac tual  change  
in posture .  

Given  the i m p o r t a n t  impl ica t ions  tha t  changes  in 
Tb u n a c c o u n t e d  for by pos tu ra l  changes  m a y  have on 
the p rocedu re  and  in te rpre ta t ion  of  the rmal  experi- 
ments ,  a s tudy  was designed to measure  the changes  
m o r e  precisely and  comple te ly  (to s teady state). In  
add i t ion  to t empera tu re  measu remen t s  at several b o d y  
sites, heat  loss and  metabo l i c  heat  p r o d u c t i o n  were also 
measured  to ascer ta in  tha t  the rmal  ba lance  was  at- 
ta ined at s teady state. Since skin and  deep core temper -  
a ture  changes  are oppos ed  u p o n  pos tu ra l  changes,  it is 
conceivable  tha t  the rmal  ba lance  is also preserved 
t h r o u g h  c o m p e n s a t o r y  changes  in these tempera tures .  
This hypothes i s  is suppo r t ed  by the obse rva t ion  tha t  
subjects in a t he rmoneu t r a l  air e n v i r o n m e n t  do no t  
sense a change  in their the rmal  status fol lowing cha-  
nges in pos tu re  (Tikuisis et at. 1991a) and  will be 
explored in this study. 

Methods 

SubJects 

Experiments were conducted with 11 non-smoking male volunteer 
subjects, 23-40 years old. In accordance with Institutional Human 
Ethics Committee Guidelines for experimentation, each subject was 

fully informed of the experimental procedure and risks involved 
before giving his written consent. In addition, subjects were medi- 
cally screened to insure a normal state of health. Weight and height 
ranged [mean (SE)~ from 70.2 to 103.0 kg [81.0 (2.9)~ and 173 to 
185 cm [179 (1)]. 

Procedures 

All subjects reported separately to the laboratory on three occasions 
at the same time each morning and 1 week apart. On the first 
occasion, a control (CN) trial was conducted where the subject 
maintained a resting supine position on a tilt-table (TT; described 
below) for 255 rain. These trials were conducted to characterize each 
subject's circadian rhythm and natural short-term fluctuations in 
Tre. The latter characteristic was used to establish criteria for declar- 
ing a steady-state condition, as outlined further below. 

The second and third triais began with the subject in an upright 
position [randomly ordered between standing (ST) and sitting (SI)] 
until steady state was attained, then tilting the subject to the supine 
position and maintaining it until steady state was again attained. 
This was foliowed by a final tilt back to the original position and 
waiting until a final steady state was attained. Before arriving on the 
morning of the experiment, the subject was instructed to abstain 
from alcohol for 48 h and exercise for 24 h, and was restricted to 
a light breakfast with no caffeine consumption. During the experi- 
ment, the subject was instructed to minimize all movements and did 
not consume any food or drink, nor require urination. To alleviate 
boredom, the subject viewed video films and received the audio 
portion through headphones. 

Upon arrival, the subject was instrumented with a rectal probe 
(self-inserted 15 cm and secured in place with a harness), surface- 
mounted heat flux transducers (HFT), and surface-mounted elec- 
trodes for heart rate monitoring. The rectal probe was a custom- 
fabricated single unit with three enclosed pre-calibrated thermistors 
(model 400, Yellow Springs Instruments, Yellow Springs, Ohio) 
separated 2 cm apart along the probe's length beginning at the tip. 
This allowed a broader measure of deep Tb. HFTs [model HA13-18- 
10-P(C), Thermonetics, San Diego, Calif.] were first re-calibrated 
and corrected for their thermal insulation (Ducharme et al. 1990). 
They were then placed on 12 locations of the body to obtain 
mean-weighted heat flux (HF) and skin temperatures (Tsk) according 
to the placement and weighting factors of Olesen (1984). Three 
paedlatric electrodes (Medi Trace, Graphic Controls Canada, 
Gananoque, Ontario, Canada) were used to measure heart rate. All 
values were measured continuously and recorded every minute 
during the experiment using a data acquisition system (HP-3052A, 
Hewlen-Packard, San Diego, Calif.). 

Metabolic rate (MR) was determined (using the method described 
in Tlkuisis et al. 1991b) from the O~ and CO2 analysis of the expired 
gas (Ametek Thermox Instruments, Pittsburgh, Pa.) and volume 
ventilation measurements (Alpha Technologies VMM 110, Laguna 
Hills, Calif.). Expired gas was colIected via a mouthpiece continu- 
ously for 15 rain at the following times: every 30 rain until steady 
state was reached and prior to and immediately following a tilt in 
posture. 

Tilting the subject occurred when the subject reached a steady- 
state T~e. At steady state, small fluctuations in Tro can be expected 
which are unique to each individual These fluctuations were charac- 
terized in the CN trials and applied as criteria for tilting in the 
subsequent tilt trials, as follows. First, the subject's measured 
Tro during the CN trial was divided into 17 segments of 15 rain each. 
if the change in Tre was monotonic within a tame segment mdlcatmg 
a heating or cooling trend, then those values were ignored for the 
establishment of the criteria. Where fluctuations occurred within 
each time segment (i.e., no monotonic trend), the maximum differ- 
ence (magnitude only) in T~e values were averaged over all accept- 
able time segments to obtain the mean (SD) of the fluctuations. Two 
personal criteria (PC) values were arbitrarily determined from these 
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comfort (TC) and the other on skin wetness (SW). TC was rated from 
0 to 10(0 = chilled, 1 = cool, 3 = slightly cool, 5 = comfortable, 
7 = slightly warm, 9 = warm, and 10 = flushed). The subject was 
instructed to choose intermediate values if necessary. SW was rated 
for five sites (underarm, forehead, chest, back, and hand) from 0 to 
2 (0 = dry, 1 = damp, 2 = wet) and the subject could interpolate 
with half values ff necessary 

air ho, 
ventJ 

and 
~ s o r $  

Fig. 1 Schematic of the tilt-table shown In its sitting configuration 

values for each subject: PC~ = mean ÷ SD, and PC2 = 
mean + 2' SD. During the second and third trials {involving tilts) 
when Tre fluctuated and the maximum difference within a 15-man 
period did not exceed PC,,  the subject was considered to have 
entered a steady state During the next 15 min, MR was measured 
and the subject's T r e  w a s  checked to ensure that  the PC~ criterion 
was still satisfied. In addition, over the combined 30-rain period, if 
the maximum difference in Tre did not exceed PC2, then the subject 
was declared to be in a steady state. Once these criteria were 
satisfied, the subject was tilted. It should be noted that these criteria 
do not imply a constant Tr~ at steady state or exclude long-term 
trends; as will be seen during the CN trials, T~e tended to rise In 
response to the circadian rhythm superimposed with minor fluctu- 
ations in T r e .  

A TT was designed exclusively for the experiment (see Fig. 1). The 
major requirement was that once the subject was positioned on the 
TT, he was to remain on it throughout  the trial with minimal 
exertion on his part. Thus, the TT was constructed with a folding 
section that formed a seat when pulled out; in this case, the subject, 
while lying down. was instructed to lift his legs and bend his knees 
into a sitting configuration while the seated section was folded out. 
Once locked into position, the TT was then rotated to a near vertical 
position and the subject assumed a sitting position A foot rest was 
adjusted to maintain a natural and comfortable position. When 
rotating back to supine, the procedure was reversed, and changes 
from supine to standing only required rotating the TT. In the 
upright positions (sitting and standing), the TT was offset 7.5 ° from 
vertical (see Fig. 1) to eliminate any effort on the subject to maintain 
balance, thus keeping his metabolic rate to a minimum. All tilts were 
performed within a few seconds. 

Other requirements of the TT were to maintain the subject suffi- 
ciently comfortable to mlmmize voluntary movements and to maxi- 
mize his contact with the ambient conditions over a period of several 
hours. Thus, a bed of foam (10 cm thick) was constructed and 
layered with spacing material (1.5 cm) through which room air was 
pumped and allowed to percolate imperceptibly across the contact 
area of the subject's skin. This was intended not only to maximize 
exposure to the ambient condition, but also to prevent heat and 
moisture build-up which could otherwise alter the desired ther- 
moneutrai condition. This construction also optimized comfort by 
avoiding contact points that could provoke unwanted movement. 

During all trials, the subject was asked to rate his thermal sensa- 
tion every 15 rain. Since the trials were conducted within a ther- 
moneutral  zone [28.2-28.5°C and 40% relative humidity; (Fanger 
1970)], a thermal sensation scale was designed to be especially 
sensitive to small changes. It involved two ratings, one on thermal 

Calculations and statistical analysis 

Mean body temperature (Tb) in the supine position was based on the 
coefficients given by Hardy and DuBois (1938) as follows 

Tb = 0.8 T~e + 0.2 rsk (1) 

where Tre was determined by a simple average of the three sites of 
the multi-thermistor rectal probe and Tsk is the mean-weighted skin 
temperature based on the weighting factors ascertained by Olesen 
(1984) of the 12 skin sites measured. HF  was determined using the 
same weighting factors. However. in a follow-up study where it was 
possible to replicate the experimental apparatus in a human calori- 
meter (Snellen, Memorial University, St. John's, Newfoundland, 
Canada), it was found that HF  overestimated the overall dry heat 
loss by 18.9%. This level of overesnmatlon is consistent wlth ~alues 
obtained from other mean-weighted approximations involving from 
4 to 12 measured sites (tabled in Olesen 1984). It is noteworthy that 
the Olesen (1984) weighting factors were calibrated against the 
measurements of 14 evenly weighted skin sites distributed over the 
body to represent equal surface areas. The values reported herein 
have been corrected according to the calorimetric test. Where re- 
gional values of ~P~k are reported (e.g., trunk, upper arm, upper leg, 
and lower leg), the relative contribution of the individual sites were 
normalized according to the Olesen (1984) weighting factors. The 
trunk value comprises the left upper chest and right scapula, the 
upper arm comprises the upper section of the right arm and the 
lower section of the left upper arm, the upper leg comprises the 
anterior right and posterior left thighs, and the lower leg comprises 
the right shin and left calf of the legs. 

The rate of change in body heat content (heat storage, S) was 
determined by indirect calorimetry using: 

S = M R  - HF - E s k  - -  E r - -  C r (2)  

where E s k  lS the latent (evaporative) heat loss from the skin, Er is the 
latent respiratory heat loss. and Cr is the dry respiratory heat loss. 
These variables and MR were calculated according to the procedure 
outhned in Tikuisis et al. (1991b) with one exception; the temper- 
ature of the expired air (used in the calculation of respiratory heat 
loss) was estimated herein using the regression equation of 
McCutchan and Taylor (1951). The calculation of evaporative and 
respiratory heat losses was validated in separate trials with weight 
changes and direct calorimetry (follow-up study cited above). These 
losses are small in comparison to HF, hence where applicable, the 
sum of Esk, E r, and C~ will simply be reported as E + R. 

Since the time of tilting was dependent on the subject reaching 
a steady-state Tre, these times naturally varied between subjects. To 
obtain meaningful averages of the responses, segments of the data 
(identified as DS) were extracted from the record and arranged as 
follows. For the CN trials, DS1 through DS6 refer to consecutive 
30 mm periods during the last 3 h of exposure (to examine any 
long-term trends in the supine position). For  the ST and SI trials, 
DS1 refers to the entire last 3 h of the CN trials [to provide an 
overall average control value (Supine-C) for comparison]. DS2 and 
DS4 refer to the 30-min steady-state periods immediately preceedlng 
the first (from upright to supine) and the second (from supine to 
upright) tilts, respectively. DS3 and DS5 refer to the 30-min periods 
beginning 2 rain after the tilts were initiated (the 2-min delay was 
implemented to avoid any artefacts due to the tilting procedure). 
DS6 refers to the final 30-rain steady-state period in the upright 
position. 
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A comparison of steady-state values was then made between 
similar conditions during the tilt trials. Specifically, these were the 
supine position (DS4 during the ST and SI trials), the standing 
position (DS2 and DS6 during the ST trial), and the smmg position 
(DS2 and DS6 during the SI trial). These steady-state data were 
analysed by a one-factor analysls of variance for repeated measures 
to determine differences in the values of T, HF, MR, TC, and SW 
(using SuperAnova Statistical Programme for General Linear Mod- 
elhng, Abacus Concepts, Berkeley, Calif.). When the F-raUo proved 
slgmficant, the mean contrast test was applied to locate sigmficance 
between the means using the Greenhouse-Geisser adjusted P-value. 
The level of statistical significance was set at P < 0.05 and where 
mean values are reported, the SE is given in parentheses. 

increase over time, from 11.48 (0.09) to 11.59 (0.11) 
W . m  -2. The overall mean value of E + R was 15.2 
(0.2) W m  2, and coupled with the values of MR and 
HF lead to an overall mean heat storage of - 0.30 (1.7) 
W . m  -2. 

Perception of TC and SW did not change through- 
out the CN trial. Mean values over the last 3 h were 
5.10 (0.12) for TC, and 0.038 (0.023), 0.001 (0.001), 0 (0), 
0.015 (0.015), and 0.189 (0.108) for SW of the underarm, 
forehead, chest, back, and hand, respectively. Subjects 
felt thermally comfortable and dry which is consistent 
with a state of thermal balance. 

Results 

During all trials, the ambient conditions remained 
stable. Ambient temperature ranged from 28.2 to 
28.5°C and did not change significantly during any 
exposure, and there were no differences among the 
various trials. Relative humidity was maintained be- 
tween 38% and 42%. The average temperature differ- 
ence between the rectal thermistors 1 (tip) and 3 was 
0.20 (0.02) °C. No differences in this range were found 
between postures. 

Control trial 

Figures 2 and 3 show the mean values of body temper- 
atures, MR, and HF for DS1 through DS6 during the 
last 3 h of the CN trial in the supine position (open 
circles). PC1 and PC2 values among subjects ranged 
from 0.02 to 0.05 and 0.03 to 0.08°C, respectively; mean 
(SE) values were 0.034 (0.003) and 0.047 (0.004) °C. The 
increase in Tre over time [from 36.75 (0.08) to 36.86 
(0.06) °C], although small, is significant. Concurrent 
with this increase is a small, but also significant, 
increase in Tsk [33.88 (0.09) to 34.03 (0.12) °C,l, result- 
ing in a significant rise in Tb [36.18 (0.08) to 36.29 (0.07) 
°e,l. 

Head temperature (Thead) appeared constant until 
the last hour of exposure when an increase of about 
0.18°C occurred (10 out of the 11 subjects showed an 
increase). The overall trend [34.40 (0.10) to 34.59 (0.08) 
°C,l is significant. Also significant are the increases in 
temperatures of the trunk [rtrunk from 34.54 (0.13) to 
34.80 (0.13) °C7, the upper a r m  [ ruarm from 33.39 (0.16) 
to 33.69 (0.14) °C,l, the upper leg [Zuleg from 33.78 (0.12) 
to 34.08 (0.14) °C-l, and the lower leg [THog from 33.70 
(0.18) to 34.00 (0.14) °C,l. Interestingly however, the 
hand (Thand) and foot (Tfoot) temperatures decreased 
significantly over the same period [33.90 (0.17) to 33.37 
(0.33) and 33.12 (0.29) to 32.61 (0.24) °C, respectively,l. 

The two measured heat balance variables, MR and 
HF, did not indicate any significant change over time; 
overall mean values were 47.7 (1.6) and 32.9 (0.5) 
W ' m - 2 ,  respectively. Of the calculated heat balance 
variables, only Esk showed a very small but significant 

Standing and sitting trials 

Mean times to reach steady state in the supine position 
following the first tilt from sitting and standing under 
the criteria described earlier were 92.6 (6.4) and 116.6 
(5.1) min, respectively. Mean times to steady state fol- 
lowing the second tilt back to the upright positions 
were slightly longer, 107.9 (11.4) and 124.1 (9.0) min, 
respectively. Mean total times on the TT were 269.3 
(5.5) and 300.3 (18.9)min for the SI and ST trials, 
respectively. 

Figures 2 and 3 also show the mean values of body 
temperatures (except for rb which is dealt with in the 
Discussion), MR, and HF for DS1 through DS6 during 
the ST and SI trials [recall that DS1 in this case (closed 
circles) refers to the average value over the 3 h of the 
Supine-C determined for comparative purposes]. The 
SE is shown only for the CN values to avoid confusion. 
These are, however, representative of the variances 
found during the ST and SI trials except for the temper- 
atures of the head and foot which exhibited about twice 
the variance found during the CN trial. Significant 
temperature changes occurred at most body sites upon 
a change in posture. In general, Tre and Thand increased 
in the upright position while Ttrunk, T . . . . .  and Tneg de- 
creased. The overall rsk decreased in accordance with 
the findings of Nielsen et al. (1939); however, these 
values between the ST and SI trials were not signifi- 
cantly different. In some cases, specific temperature 
changes were greater for the ST versus SI trials. For 
example, the increase in the steady-state Tre from su- 
pine to upright was about 54% higher for the ST trials. 
In other cases, the changes were greater for the SI trials, 
such as the 145% greater decrease in Tlleg (see Table 1 
and Fig. 2 for more details). 

Individual values of the changes in steady-state 
Tre ranged from - 0.13 to - 0.46, 0.16 to 0.69, - 0.30 
to - 0.86, and 0.42 to 1.22°C when tilting from sitting 
to supine, supine to sitting~ standing to supine, and 
supine to standing, respectively. Mean values in the 
steady-state postures were 36.81 (0.07) for Supine-C 
(DS1), 37.20 (0.07) during the first SI sitting (DS2), 36.88 
(0.07) during SI supine (DS4), 37.32 (0.05) during the 
second SI sitting (DS6), 37.43 (0.09) during the first ST 



Fig. 2 Mean temperatures of 
various body sites during the 
control (CN, o), sitting (SI, • ), 
and standing (ST, • ) trials for 
11 subjects in a thermoneutral 
air environment. The SE is 
shown only for the CN trials and 
DS1-6 refers to consecutive 
30-min intervals during the last 
3 h of exposure. DSI (o) of the SI 
and ST reals refers to the 3 h 
average of the CN values 
designated as SUPINE-C. DS2 
and DS6 refer to the steady-state 
upright postures: DS3 and DS5 
refer to the non-steady-state 
supine and upright postures, 
respectively; and DS4 refers to 
the steady-state supine posture 
(T temperature: Tr~ rectal. 
5P~k mean skin, ~Pu mean body. 
T . . . .  underarm Tuleg upper leg, 
Tlleg lower leg) 
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standing (DS2), 36.86 (0.07) during ST supine (DS4), 
and 37.54 (0.10) during the second ST standing (DS6). 

There were no changes in the heat production (MR) 
and heat loss EHF, (E + R)] variables across all 
steady-state periods. Further, no differences in any of 
the variables were found between similar conditions at 
steady state. Therefore, the data were combined to 
obtain averages for each subject and then arranged in 
groups designated as Supine-T, Standing, and Sitting. 
Note that both Supine-T and Supine-C pertain to the 

supine position but for different trials (i.e. ST + SI tilt 
and CN control trials, respectively). Table 1 shows the 
mean (SE) of several of the measured and calculated 
variables and indicates that S was not different from 
zero at steady state. It was further determined that 
there were no differences in any of the variables be- 
tween the Supine-C and Supine-T values. Therefore, 
another subject average value was made by combining 
the subject's Supine-C and Supine-T values with equal 
weighting under the designation Supine-A. Statistical 
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Fig. 3 Mean values ofmetabohc 
rate (MR) and mean-weighted 
heat flux (HF) during the CN 
(o), SI (at), and ST ( I )  trials for 
11 subjects in a thermoneutral 
air environment. The SE is 
shown only for the CN trials and 
DS1-6 refers to consecutive 
30-min intervals during the last 
3 h of exposure. DSI (o) of the SI 
and ST trails refers to the 3 h 
average of the CN values 
designated as Supine-C. DS2 
and DS6 refer to the steady-state 
upr]ght postures; DS3 and DS5 
refer to the non-steady-state 
supine and upright postures, 
respecnvely; and DS4 refers to 
the steady-state supine posture 
(E + R sum of heat loss, S heat 
storage) 
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Table 1 Mean (SE) of the steady-state 
temperatures (°C), heat balance (W'm-2),  
and thermal sensation variables during 
steady-state for 11 subjects in 
a thermoneutral air environment. (T 
temperature: T~e rectal, T~k mean skin, rb 
mean body, T . . . .  underarm, T~lCg upper 
leg, Tlleg lower leg, MR metabohc rate, 
HF mean-weighted heat flux, (E + R) sum 
of heat loss, S heat storage, TC thermal 
comfort, SW mean skin wetness) 

Variable Supme-C Supine-T Standing Sitting 

Tre 36.81 (0.07) 36.87 (0.07) 37.47 (0.09)* 37.26 (0.05)** 
Tsk 33.95 (0.11) 34.04 (0.14) 33.48 (0.14)* 33.49 (0.10)* 
Tb 36.24 (0.08) 36.30 (0.07) 
The,a 34.44 (0.08) 34.57 (0.10) 34.64 (0.12) 34.70 (0.09) 
Thana 33.73 (0.23) 33.96 (0.15) 34.24 (0.15)* 34.55 (0 10)* 
rfoot 32 89 (0.16) 32.90 (0.25) 32.94 (0.40) 32.35 (0.31) 
Ttrunk 34.70 (0.14) 34.79 (0.10) 34.11 (0.20)* 34.07 (0.15)* 
T . . . .  33.48 (0 14) 33.81 (0.15) 33.10 (0.15)* 33.46 (0.14)** 
Tuleg 33.94 (0.14) 33.90 (0.15) 33.04 (0.15)* 33.80 (0.12)** 
Tueg 33.84 (0.15) 33.59 (0.16) 32.90 (0.23)* 31.91 (0.12)*** 
MR 47.74 (1.57) 47.17 (1.28) 49.25 (1.71) 47.75 (0.76) 

HF 32.86 (0.53) 32.57 (0.48) 32.47 (0.87) 33.38 (0.73) 
(E + R) 15.18 (0.17) 15.37 (0.18) 15.80 (0.27) 15.71 (0.14) 
S 0.30 (1.73) 0.77 (1.30) 0.98 (1.62) - 1.34 (1.21) 
TC 5.10 (0.12) 5.02 (0.07) 5.21 (0.15) 5.14 (0.14) 

SW 0.05 (0.03) 0.02 (0.01) 0.15 (0.08) 0.03 (0.02) 

*Significant difference with the combined supine values (Supine-A; see text), ** significant 
difference wath the Standing values 

comparisons of all variables were then made between 
these values and those of Standing and Sitting. In 
essence, this allowed comparisons to be made among 
the three different postures during all steady-state con- 
ditions. 

Table 1 also shows where differences in the variables 
occurred among these conditions. For example, the 
differences in Tre among the three postures were highly 
significant (P < 0.003) . Tre was about 0.2 and 0.6°C 
higher in the standing position than in the sitting and 
supine positions, respectively. Tsk was different be- 
tween the upright (standing and sitting) and supine 
positions, but not between the two upright positions. 
No differences were found for Th~aa and rfoot while the 

hand and trunk indicated significant differences be- 
tween the upright and supine positions, but not be- 
tween the two upright positions. Tuleg was  different in 
all positions, as it was for T . . . .  and Tu]eg except be- 
tween Supine-A and Sitting. 

Discussion 

Body temperatures 

The significant rises in Tre and Tsk o v e r  time (0.046 and 
0.060°C • h 1, respectively) during the CN trial concur 
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with the expected rise due to the circadian rhythm 
(Aschoff 1983; Aschoffet al. 1974), however, no changes 
in thermal balance were perceived. Thand and 
Tfoot dropped progressively during the CN trials while 
T~k increased (see Fig. 2), as observed by Aschoff et al. 
(1974) under similar thermoneutral conditions. The 
drop in Thand also concurs with the observation of 
Cranston et al. (1954) who reported a progressive drop 
in HF from the hand for the supine position. In addi- 
tion, these investigators also reported a continued drop 
in HF in the hand upon standing which we also found, 
but this was followed by a reversal which took place 
when steady state was attained [respective values of 
hand HF for DS4, DS5 and DS6 were 37.6 (1.3), 34.5 
(1.5), and 37.2 (1.6) W ' m  2]. Note that these HF were 
synchronous with the changes in the Tsk of the hand 
(see Fig. 2). 

Thead tended to increase in unison with the increase 
in Tre in the upright postures (although the large varia- 
bility in Thead indicated no change). This is consistent 
with the fact that Thead is largely influenced by arterial 
blood temperature via core temperature and that 
vasomotor control is minimized for the skin in the head 
(Day 1968). Kleitman and Doktorsky (1933) concluded 
that increased heat production due to an increase in 
muscle tonus contributes to the increase in Tre. How- 
ever, the increase in MR in our study was not signifi- 
cant probably because the additional metabolic activ- 
ity required for maintaining upright balance through 
muscular control was nearly eliminated by having the 
subjects lean 7.5 ° away from vertical against the TT. 

An alternative factor responsible for the increase in 
Tre is offered by the explanations of Amberson (1943), 
Cranston et al. (1954), Nielsen et al. (1939), Shiraki et al. 
(1987), and Tanabe and Shido (1994). The decrease in 
Tsk, especially notable in the legs (see Fig. 2), reflects 
a decrease in cutaneous blood flow due to an orthos- 
tatic vasoconstriction in response to the drop in blood 
pressure upon tilt to the upright posture (Amberson 
1943; Rowell 1986; Tanabe and Shido 1994; Zoller et al. 
1972). This decrease in blood flow lessens the cooling 
effect of the venous blood return to the core, thus 
leading to an increase in Tre (Collins et al. 1982; Mittle- 
man and Mekjavic 1988). If tilting could be accomp- 
lished without altering the hydrostatic stress on the 
body, then no change in blood flow should occur, and 
thus Tre should remain unchanged (provided that heat 
production also remained unchanged). 

To explore this further, we conducted an exploratory 
study whereupon one subject was immersed up to the 
neck in a mildly stirred water bath at thermoneutrality 
(35.6-35.7°C). The subject began in a standing position 
secured against a slightly inclined platform fitted with 
a foot rest. Following the same criteria guidelines for 
tilting during the air trials, the subject attained 
a steady-state Tre of 37.19°C in the standing position 
after 85 min of immersion. The subject was then tilted 
while on the platform into a supine position (with only 

the face out of the water) and his Tre remained stable 
(between 37.17 and 37.21°C) over the next 1 h. Because 
of the near-perfect compensation of hydrostatic pres- 
sure achieved with the surrounding water, the body did 
not require any orthostatic adjustment. Hence, blood 
flow distribution did not change. Coupled with the 
probable constancy of MR (not measured) since main- 
tenance of posture was not a factor, thermal balance 
was preserved during the tilt in thermoneutral water. 
This demonstrates and concurs with Tanabe and Shido 
(1994) that posture per se is not responsible for body 
temperature changes. 

Heat fluxes 

Somewhat peculiar was the finding that HF did not 
change significantly over the CN period while Tsk did. 
It is noteworthy that changes in HF were synchronous 
with changes in Tsk at each measured site. This appar- 
ent anomaly can be reconciled by examining the mag- 
nitude of the changes involved. The mean measured 
increase in rsk of 0.150°C over the CN period (3 h) 
should increase overall HF by about 1.1 W ' m  -2 
[based on a heat transfer coefficient of 7.5 W ' m  -2 
~C 1 (Tikuisis et al. 1991a)]. However, such an increase 
was below the variance in HF measurements and, 
therefore, could not be ascertained. The variance in 
Tsk measurements was considerably smaller (its coeffic- 
ient of variation was at least an order of magnitude 
lower than that of HF see Fig. 4 for an example). Such 
variations in HF were also noted by Aschoff et al. 
(1974). 

Another peculiarity are the seemingly incompatible 
values of 'Fsk and HF after steady state was attained in 
the upright postures. Even if redistribution of blood 
flow enhances core heating through a reduced heat loss 
at the skin surface, this should be reflected by lower HF 
values at steady-state. That this was not the case while 
T~k had decreased led us to investigate correlations 
between HF and Tsk at each measured site. Interesting- 
ly, when subjects were tilted into the upright position, 
all sites indicated a positive correlation except for those 
sites that were in contact with or in close proximity to 
the TT. That is, while Tsk decreased at the right scap- 
ula, upper section of the right arm, posterior left thigh, 
and left calf sites, their HF values increased. Conse- 
quently, such increases effectively cancelled the de- 
creases measured at the sites not in contact with the 
TT and HF did not change. This phenomenon is dem- 
onstrated in Fig. 4 where HF and Tsk of the right 
scapula (in contact) and chest (not in contact) sites are 
shown for all steady-state positions. Note the similar 
changes in Tsk but the contrasting changes in HF. 
Theoretically, HF is governed by the product of a heat 
transfer coefficient and the difference between the 
Tsk and ambient temperatures (Sekins and Emery 
1982). For HF to increase while Tsk decreases suggests 
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that the heat transfer coefficient changed. Its value is 
dependent on the characteristics of the air boundary 
layer at the skin, and it is highly probable that the 
convective air movement increased in the upright posi- 
tion. The difference in the air boundary layers may be 
explained by the contact pressure which was likely 
higher in the supine position. 

This also helps to explain the changes in HF during 
non-steady-state periods, first a decrease in the 30-min 
period following the tilt from upright to supine (DS3) 
and then an increase when returning to supine (DS5 - 
see Fig. 3). These changes were temporary and HF 
returned to its steady-state supine level. The initial 
decrease was probably driven by the reduced heat loss 
at the skin sites in contact with the TT upon assuming 
the supine position and the temporary increase follow- 
ing the second tilt (to upright) exposed those sites to an 
enhanced heat loss. Once steady state was reached with 
further respective increases and decreases in Tsk , HF 
returned to its steady-state supine level. 

Thermal balance 

Significant increases in Tb, as measured during the 
control trials, imply a positive heat storage. In fact, 
assuming a mean body heat capacity of 0.99 
W - h ' k g - l ' ° C  -1 (Sekins and Emery 1982) and ap- 
plying the mean subject weight and height values of 
81.0 kg and 179 cm, respectively [yielding an approx- 
imate surface area of 1.99 m 2 (DuBois and DuBois 
1916)], the mean rate of 0.049°C.h -1 in ~]~b converts 
into a heat storage of nearly 2.0 W' m -  2. Yet, the value 
of S determined through indirect calorimetry ( - 0.30 
W" m - 2) was not significantly different from zero. This 
slight disparity may be due to approximations made 
through the use of indirect calorimetry. 

Thermal balance can occur at different values of 
body heat content; therefore, the attainment of ther- 
mal balance at steady state does not ensure that 
it is also preserved between changes in posture. 
To examine whether it is preserved, we consider 
only the changes in steady state T b. First, it is noted 
that the increases in Tre and 2Psk from the first to 
second steady state upright postures (i.e., DS6-DS2) 
are consistent with the circadian rhythm (Aschoff 1983; 
Aschoff et al. 1974). However, these increases, 0.038 
and 0.089°C • h -  1 for the SI and 0.028 and 0.094°C • h -  1 
for the ST trials, respectively, are relatively low for 
Tre and high for T~k when compared to the increases 
found during the CN trials (0.046 and 0.060°C • h -1, 
respectively). 

If thermal balance is preserved between tilts, then the 
circadian rate of change of r b should also be preserved. 
Yet, it can be expected that the weighting coefficient (a) 
that determines Tu, that is, 

~b--  ~sk 
a -- . (3) 

r r e -  ~sk 

also changes with posture due to vasomotor changes 
(Amberson 1943; Nielsen et al. 1939; Rowell 1986). Its 
value should decrease with increased vasoconstriction 
(Livingstone 1967) which occurs with upright postur- 
ing. Assuming a value of 0.80 for a in the CN trial (see 
Eq. 1) leads to a rate of ctl_ange in ~Pb of 0.049°C" h -  1. 
Equating this value to Tb in Eq. 3 for the upright 
positions allows an estimation of a for .these positions. 
For example, applying the values of Tre and Tsk be- 
tween steady states in the sitting position (0.038 and 
0.089°C . h - l ,  respectively) leads to a = 0.78. Sim- 
ilarly, applying the respective values of 0.028 and 
0.094°C • h-1 leads to a = 0.68 for the standing pos- 
ture. These decreases in a from supine to upright pos- 
tures, although modest for the sitting position, are 
consistent with increased levels of vasoconstriction 
found during cold exposure (Livingstone 1967). Al- 
though speculative, this indirectly supports the hy- 
pothesis that thermal balance is invariant to postural 
changes. 
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Conclusion 

It is recognized that an absolute state of thermal bal- 
ance cannot be attained, even during steady state, due 
to the circadian effect. The criteria formulated herein to 
declare a condition of steady state based o n  Tre were 
derived from the CN trials which were seen to display 
long-term, albeit small, increases in T b consistent with 
the circardian effect (Aschoff et al. 1974). Indirect 
calorimetry confirmed that a relative state of thermal 
balance was attained during the steady-state conditions 
in the various postures. 

The changes in T b that occurred upon postural shifts 
were significant and much larger than can be attributed 
to the circadian effect. Mean changes in steady-state 
Tre of 0.60 and 0.39°C from supine to standing and 
sitting, respectively, are of the order that is sometimes 
reported in experiments involving thermal stress. While 
it may not be practical to await an acceptable steady- 
state condition prior to an exposure (this study suggests 
that about 2 h is required), potential changes in r b due 
to postural shifts should be taken into account. Since 
thermal balance appears to be invariant to posture, this 
variable should be further explored as a logical choice 
for testing significant changes in experiments that may 
involve postural shifts. 

Acknowledgements The authors gratefully acknowledge the expert 
technical assistance of Robert Llmmer, Carl Bowen, Jan Pope, 
Debbie Kerrigan-Brown, Jerry Laufer, Ted Larson, Barry Kelso, 
Jxm Maloan, and Allan Keefe during the course of this work. Special 
thanks go to Mark Grodski and Len Goodman for their assistance 
and dedication. The authors also wish to acknowledge the crafts- 
manship in the design and construction of the tilt-table to A1 
Fournier, Charhe Webster, and Eugene Steffter. 

References 

Amberson WR (1943) Physiologic adjustments to the standing pos- 
ture. Maryland Univ School Med Bull 48:127 145 

Aschoff J (1983) Circadian control of body temperature. J Therm 
Blol 8:143 147 

Aschoff J, Blebach H, Heise A, Schmidt T (1974) Day-mght 
variations in heat balance. In: Monteith JL, Mount LE (eds) 
Heat loss from animals and man. Butterworth, London, pp 
147-172 

Co]lins KJ, Easton JC, Exton-Smlth AN (1982) Body temperature 

afterdrop: a physical or physiological phenomenon? J Physiol 
(Lond) 328 : 72P-73 P 

Cranston WL Gerbrandy J, Snell ES (1954) Oral, rectal and oesoph- 
ageal temperatures and some factors affecting them in man. 
J Physlol (Lond) 126:347 358 

Day R (1968) Regional heat loss. In: Newburgh LH (ed) Physiology 
of heat regulation Hafner, New York, p 457 

DuBols D, DuBols EF (1916) Clinical calorimetry. A formula to 
estimate the approximate surface area if height and wmght be 
known. Arch Intern Med 17:863 871 

Ducharme MB, Tlkumsis P (1991) In VlVO thermal conductivity of the 
human forearm tissues. J Appl Physlol 70:2682-2690 

Durcharme MB, Frlm J, %kmsis P (1990) Errors in heat flux 
measurements due to the thermal resistance of heat flux disks. 
J Appl Physioi 69:776-784 

Fanger PO (1970) Thermal comfort. McGraw-Hill, New York, pp 
19-67 

Hardy JD. DuBois EF (1938) The technic of measuring radiation 
and convection. J Nutr 15:461-475 

Kleltman N, Doktorsky A (1933) Studms on the physiology of sleep. 
VII. The effect of the position of the body and of sleep on rectal 
temperature in man Am J Physiol 104:340-343 

Livingstone SD (1967) Calculation of mean body temperature. Can 
J Physiol Pharmocol 46:15-17 

McCutchan JW, Taylor CL (1951) Respiratory heat exchange with 
varying temperature and humidity of inspired air. J Appl Physlol 
4:121-135 

Mlttleman KD, Mekjavic IB (1988) Effect of occluded venous return 
on core temperature during cold water immersion. J Appl 
Physiol 65:2709 2713 

Nielsen M, Herrington LP, Winslow C-EA (1939) The effect of 
posture upon peripheral circulation. Am J Physiol 127:573-580 

Olesen BW (1984) How many sites are necessary to estimate a mean 
skin temperature? In: Hales JRS (ed) Thermal physiology. Raven, 
New York, pp 33-38 

Rowell LB (1986) Human circulation regulation during physical 
stress. Oxford University Press, Oxford. pp 137 173 

Seklns KM, Emery AF (1982) Thermal science for physical medicine. 
In: Lehmann JF (ed) Therapeutic heat and cold. Williams and 
Wilkins, Baltimore, pp 70 132 

Shiraki K, Sagawa S, Yousef MK, Konda N, Miki K (1987) Physio- 
logical responses of aged men to head-up tilt during heat expo- 
sure. J Appl Physiol 63:576-581 

Tanabe M, Shido O (1994) Changes in body core temperatures and 
heat balance after an abrupt release of lower body negative 
pressure in humans. Int J Blometeorol 38:48 54 

Tmkuisis P, Bell DG, Jacobs I (1991a) Shivering onset, metabolic 
response, and convective heat transfer during cold mr exposure. 
J Appl Physiol 70:1996-2002 

Tlkulsis P, McCracken DH. Radomski MW (1991b) Heat debt 
during cold air exposure before and after cold water immersions. 
J Appl Physiol 71:60 68 

Zoller RP, Mark AL, Abboud FM, Schmld PG, Heistad DD (1972) 
The role of low pressure baroreceptors in reflex vasoconstrictor 
responses in man J Chn Invest 51:2967 2972 


