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Oral perception of the temperature of liquids

BARRY G. GREEN
Monell Chemical Senses Center, Philadelphia, Pennsylvania

The ability of humans to sense the thermal characteristics of liquids held in the mouth was
measured in two experiments. It was found in the first experiment that warming was sensed
more strongly than cooling when the suprathreshold oral response to warm and cold liquids was
compared in terms of the heat transferred between the oral mucosa and the liquid. The second
experiment extended the investigation to threshold and again found warming to be perceived
more readily than cooling. These results contrast with earlier findings from studies oflocal ther
mal sensitivity that indicated the mouth was more uniformly sensitive to cooling than to warm
ing. It is proposed that the occurrence of spatial summation in the warmth sense and the rela
tively high resting temperature of the mouth predispose the oral cavity to be sensitive to increases
in skin temperature.

Thermal sensations pervade the experience of drinking.
The relatively high resting temperature of the mouth (ca.
36°C) dictates that liquids drunk at all but the hottest am
bient temperatures will cool the oral tissues, and the
modem practice of cooking and refrigerating foods has
led to a proliferation of flavored beverages served at tem
peratures far above (e.g., 50°-60° C) and far below (e.g.,
0°_10° C) oral temperature. Although the saliency of oral
thermal sensations suggests that the mouth is well
equipped to sense the temperature of these liquids, psy
chophysical measurements of local responsiveness to both
punctate and larger contact thermal stimulators have raised
questions about the temperature sensitivity of the oral
mucosa. Early maps of temperature-sensitive spots in the
mouth implied that some areas (e.g., the medial and
posterior surface of the tongue) were virtually insensible
to warmth (Hirsch & Schriever, 1929), and that the oral
cavity was more uniformly sensitive to cooling than to
warming. A more recent study that employed larger metal
lic stimulators corroborated the spatial heterogeneity of
oral warmth responsiveness, but also discovered that the
dorsum of the tongue possessed a moderate sensitivity to
warmth when stimulus size exceeded punctiform dimen
sions (Green, 1984). Overall, however, the oral tissue in
deed seemed better equipped to sense cooling than
warming.

In accordance with these results, I undertook the present
study with the expectation that cool liquids would be more
acutely perceived than warm liquids. Two experiments
demonstrated that this hypothesis was incorrect. When
measured in terms of either threshold or perceived inten
sity, the thermal senses in the oral cavity signal the
presence of higher temperatures more readily and more
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strongly than they signal the presence of lower temper
atures.

EXPERIMENT 1

This experiment compared oral responsiveness to
suprathreshold levels of warming and cooling in terms
of both the temperature of the liquid and the heat trans
ferred between the liquid and the oral structures. Heat
transfer was estimated by measuring changes in the tem
perature of the liquid that occurred during sipping. The
stimuli included decaffeinated coffee, in addition to de
ionized water, to determine whether the taste of a liquid
and the temperature (hot or cold) at which it is normally
experienced affect oral perception of thermal intensity.

Method
Subjects. Sixteen naive observers (8 men and 8 women, aver

age age 24.4 years) were paid to participate in the experiment.
Apparatus and Procedure. The experiment included two kinds

of liquid stimuli: 20-ml samples ofdeionized water and 2o-ml sam
ples of a solution of 0.7% freeze-dried decaffeinated coffee and
deionized water. The samples, which were held in glass vials, were
either warmed to 37", 39°, 41 0, 43°, 45°, and 47°C or cooled
to 30°, 28°, 24°, 20°, 16.5°, and 10° C in constant-temperature
water baths. Bath temperatures were monitored with thermocou
ples connected through a switch box to a digital thermocouple ther
mometer.

Subjects held the vials containing the liquid stimuli in their gloved
hands and sipped the liquids as rapidly as possible through a 12-cm
Teflon tube (0.5 cm i.d.). The tube eliminated contact between the
liquid and the vermilion border of the lip, which is known to be
more sensitive than at least some areas of the oral mucosa (Green,
1984). The liquid was retained in the mouth without swishing for
3 sec (timed by an audible metronome) and was then expectorated
through an inverted plastic funnel (i.e., by placing the lips around
the funnel's narrow spout and ejecting the liquid through it). A funnel
was used, rather than the Teflon tube, because its larger diameter
permitted more rapid expectoration.

A calibration procedure was devised to obtain estimates of heat
transfer during sipping. A microthermocouple (Type T, 40 ga.) af
fixed to the outside of the Teflon sipping tube at its base provided
a reading of solution temperature within ±O.l ° C at the moment
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Figure 1, Perceived warmth as a function of the initial tempera
ture of 20-ml aliquots of deionized water or solutions of decaffei
nated coffee and deionized water.

Results and Discussion
The geometric means of the standardized data for

warmth and cold are plotted in Figures I and 2 as a func
tion of the initial temperatures of the liquids. The most
obvious result is that the perceived thermal intensity of
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Figure 2. Same as Figure 1, for cold aliquots.

The data of Figures I, 2, and 3 indicate that the tem
perature at which water should first evoke sensations of
warmth lies at or below the presumed temperature of the

a liquid is unaffected by the presence of a taste or by the
temperature at which the liquid is normally drunk. Coffee,
usually drunk warm or hot, and water, usually drunk cool
or cold, produced virtually identical perceived magnitudes
throughout the range of temperatures.

The functions for both warmth and cold are well
described by linear equations (rs~0.99) having differ
ent slopes. These slopes indicate that sensations of warmth
grow more rapidly as solution temperature increases
(slope = 0.94) than do sensations of cold as solution tem
perature decreases (slope = -.70). This implies that the
sensitivity to temperature change in the whole mouth may
be greater during warming than during cooling. However,
the slopes of the psychophysical functions alone provide
no information about the relative strength of the thermal
sensations that would be evoked by "equivalent" ther
mal stimuli. That is, sensations of cold may neverethe
less be more intense when a particular quantity of heat
is transferred from the mucosa than are sensations of
warmth when the same quantity of heat is transferred to
the mucosa. To determine whether this was the case, the
data of Figures I and 2 were replotted to show perceived
thermal intensity as a function of the amount of heat esti
mated to have been transferred to and from the oral tis
sues. Figure 3 clearly shows that movement of heat into
the oral tissues (warming) is perceived more strongly than
movement of heat out of the oral tissues (cooling). To
produce thermal sensations ofequal intensity, heat trans
fer must be more than twice as great during cooling than
during warming. It should be noted, however, that depic
tion of the data in terms of heat energy does not imply
that transfer of heat is necessarily the critical stimulus
dimension for oral thermal sensation. I Estimated heat
transfer provides a metric of the intensity of the overall
thermal stimulus and has relevance to the primary func
tion of the thermal senses, which is to assist in the regu
lation of heat flow between the body and the environment.

EXPERIMENT 2
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of oral intake. Aliquots were sipped and retained in the mouth ex
actly as they were in the experiment itself and then were expecto
rated through the Teflon tube, where water temperature was again
read. (The water was returned through the tube into the glass con
tainer from which it was drunk in order to minimize the influence
of environmental temperature on the measurements.) The differ
ence in temperature (LlT) between the water before intake and the
water after expectoration was used to calculate heat transfer (in
joules, where I calorie =4. 186 J) during sipping. Two subjects, a
male and a female, sipped the 12 water temperatures five times each
on 3 different days to produce a total of 30 measurements of tem
perature change per stimulus.

Because only six water baths were available for testing, it was
necessary to run the warm and cold temperatures on separate days.
To permit direct comparisons between each subject's magnitude
estimates of warmth and cold, a magnitude matching paradigm was
devised in which subjects began and ended each session by judg
ing the loudness of a series of lOOO-Hz tones. A series consisted
of tones at 30, 40, 50, 60, 70, and 80 dB HL, delivered through
headphones and lasting approximately 0.5 sec each, administered
twice each in random sequence. Subjects were instructed in the
method of magnitude estimation and were told to practice by mak
ing judgments in response to distances the experimenter produced
between her hands. The first three estimates of tonal intensity were
also considered practice and were discarded. After the first series
of tones, subjects were instructed to assign to the perceived inten
sities of oral thermal sensations numbers that reflected their strength
relative to the loudness of the tones.

Half of the subjects were exposed to cold temperatures first and
half to warm temperatures first. Trials were blocked within a ses
sion according to liquid type (coffee or water), with the order of
presentation counterbalanced across subjects. Three judgments of
perceived thermal intensity were made at each of the six warm and
six cool temperatures. The magnitude estimates of warmth and cold
(a total of 48 for each stimulus) were standardized to the tone judg
ments in the following way: For each subject, the geometric mean
of the tone judgments made on the day judgments ofcold were made
was divided by the geometric mean of the tone judgments made
on the day judgments of warmth were made. The resulting quo
tient was multiplied by the mean of the judgments of warmth. The
overall standardization factor (averaged across all subjects) turned
out to be 1.06, meaning the average judgments of tone intensity
differed by only 6% between warm and cold sessions.
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Figure 3. Perceived thermal intensity as a function of the estimated
heat transfer between the liquid and the oral tissues. Note that for
cold, direction of heat transfer is from tissue to liquid, whereas for
warm it is from liquid to tissue. The corresponding changes in water
temperature (positive for cold, negative for warmth) are shown along
the top of the figure.

oral cavity. Projecting the best-fitting linear function for
warmth (Figure 1) to zero (no sensation) predicts that the
warmth threshold will occur at 34.9 °e, a full 2 0 below
body core temperature and 10 below the temperature of
most oral structures (Spierings, Peters, & Plasschaert,
1984). In contrast, the same analysis for cold predicts that
threshold will be reached at 31.90e, about 50 below core
temperature and 4 0 below average oral temperature. If
these projections are accurate, the mouth is remarkably
more sensitive to small increments in heat than to small
decrements in heat. The present experiment tested this
hypothesis.

100 200 300 400 500
ESTIMATED HEAT TRANSFER

(JOULES)

Results and Discussion
The results corroborate the estimates of threshold

predicted from the suprathreshold data. Figure 4 displays
the percentages of "cool," "neutral," and "warm"
responses as a function of water temperature. Ifa criterion
of 75 % is chosen as the threshold level (i.e., point at
which 3 of 4 stimuli would be called cool or warm), the
cold threshold lies near 32 0 e and the warmth threshold
near 35 0 e. In fact, connecting the data points with straight
lines and interpolating to the 75 % response level produces
estimates of threshold for the "hold" condition of 31.6 0 e
for cold and 34.9 0 e for warmth. Recall that the
suprathreshold functions predicted thresholds of 31.9 0 e
and 34.9° e. The agreement across psychophysical
methods (given the 75 % response criterion) supports the
conclusion that the mouth is more sensitive to warming
than to cooling.

Figure 4 also shows that swishing the water through
out the mouth fails to alter significantly the thresholds for
warmth and cold. The McNemar test of change applied
to the data for 34 0 e, where the largest differences oc
curred between conditions, showed no significance (x2(1)
= 2.25, P < .25), and estimates of the "swish"
thresholds, based upon extrapolation, were within 0.3 0

of the "hold" thresholds.

their judgments upon the thermal sensation produced by the water
in the mouth rather than upon an estimate of the temperature of
the water relative to room temperature, body temperature, or any
other thermal standard. ("Neutral" was included as a response
category both to provide information about the range of perceived
thermal indifference and to encourage relatively strict criteria for
warmth and cold). Fifteen subjects contributed a total of 45 judg
ments per temperature in both conditions.
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Figure 4. The percentages of "cool," "neutral," and "warm"
responses as a function of initial water temperature for the "hold"
and "swish" conditions.
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Method
Apparatus and Procedure. Thresholds for the perception of

warmth and cold were measured for 20-ml aliquots of water. The
water stimuli were treated as in Experiment 1, except that the range
of temperatures tested was changed to produce at most only weak
sensations of warmth and cold. A pilot experiment established that
thermal sensations from coolness through neutrality to warmth could
be evoked with temperatures from 30 0 to 36 0 C inclusive, at 10

intervals (Le., at 300 and 36°C, responses were 100% "cool" and
100% "warm", respectively). Stimulus delivery and expectoration
were as before, with subjects again wearing gloves to eliminate
nonoral sensations of temperature. During one half of the session,
subjects held the water samples passively in the mouth (as in Ex
periment 1); during the other half, they swished the samples
vigorously. These two conditions (their order counterbalanced across
subjects) enabled evaluation ofthe effect of changing both the spa
tial configuration of the stimulus and the heat exchange between
the water and the oral tissues. Swishing spreads the water more
widely throughout the mouth and hence should heighten heat
transfer.

The method of constant stimuli was used, in which each of the
seven temperatures was presented three times in random sequence
in both the "hold" and "swish" conditions. The intertrial interval
was set at 30 sec, during which subjects were instructed to keep
their mouths closed to promote the return to normal oral tempera
ture. Subjects responded "cool," "neutral," or "warm" immedi
ately following expectoration of the stimulus, and were told to base



below 35 °C. This explanation was tested by measuring
the temperature of the tonguetip, the area of the mouth
so far established to be most responsive to warming
(Green, 1984),30 sec after exposure to each of the water
stimuli (presented randomly under the conditions of the
experiment). This was done with the same two individuals
from whom previous temperature measurements had been
made. Mean tonguetip temperature (in the closed mouth)
after 30 sec was 35.5°C, only a few tenths of a degree
below the temperature of the tongue as measured in 15
subjects before exposure to water and after having the
mouth closed for 60 sec (shown in Figure 5 as the dashed
line to the abscissa). Note that the poststimulation tem
perature was still above the threshold for warmth. It is
notable that swishing produced no greater change in
tongue temperature after 30 sec than did simply holding
the water passively in the mouth. The proximity of the
warmth .threshold to resting oral temperature is probably
not an artifact of unusually low oral temperatures.

A second possibility is that subjects ignored the instruc
tions and based their judgments on something other than
the thermal sensation in the mouth, for example, on their
estimates of how the water would feel to the fingers. That
this probably did not occur was shown by a brief experi
ment in which subjects were told to judge the tempera
ture of the water relative to the perceived temperature of
the mouth itself, without reference to any other external
standards. After 8 subjects showed the same pattern of
responses as subjects in the main experiment, the mea
surements were terminated. Another brief test with 5 sub
jects also showed that, as at suprathreshold levels, a flavor
(coffee) added to the water produced no changes in per
ceptions of warmth and cold. It therefore seems unlikely
that the lower-than-expected thermal thresholds resulted
from shifts in the criteria for warmth and cold caused
either by the use of the extraoral standards or by past ex
perience with the liquids.

A third explanation rests upon the observation (readily
checked by introspection) that the closed mouth usually
feels slightly warm. It follows that if a liquid fails to cool
the mouth, a sensation of warmth will persist, and both
the liquid and mouth will seem warm. This situation may
exist because the resting temperature of the oral mucosa
lies on the lower edge of the temperature range over which
sensations of warmth never completely adapt (Kenshalo
& Scott, 1966), and where the rate of partial adaptation
is slow (Kenshalo, 1970). Thus, a 30-sec intertrial inter
val was undoubtedly too short to ensure that adaptation
had progressed maximally; yet maximal adaptation may
still have left lingering sensations of warmth. The high
resting temperature of the oral cavity apparently has the
effect of biasing the mouth to perceive as warm no change
or very small increases in skin temperature, whereas small
decreases in skin temperature produce either a reduction
in warmth sensation (Kenshalo, 1970) or the perception
of thermal neutrality.

Additional confirmation of the validity of the threshold
values is given in Figure 6, where the data of Experi-
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Figure 5 shows the change in water temperature that
occurred at each temperature in the two conditions, along
with the interpolated thresholds for warmth and cold. (Es
timates of ~T were made as before, with the same two
subjects). Swishing produced increasingly larger changes
in water temperature at 35 °C and below, but the cold
threshold changed little. ~T, and hence the estimated heat
transferred from the tissue to the water, appears to be a
poor predictor of the cold threshold. This may mean that
judgments of cold arise during the initial moments of con
tact between the liquid and the oral tissue, when the tem
perature difference between the liquid and the tissue is
at a maximum and the liquid is in contact with the an
terior of the mouth. Subsequent swishing moves the liq
uid to other (probably less sensitive) oral areas while
simultaneously causing its temperature to rise toward that
of the tissue and saliva. The same is true for the warmth
threshold, although the proximity of the warmth threshold
to oral temperature meant that swishing could produce
relatively little additional heat transfer near threshold (i.e.,
at the threshold for warmth, the liquid and the mucosa
were near thermal equilibrium).

The location of the warmth threshold at a temperature
roughly 1° below the measured temperature of the oral
tissues in the closed mouth seems paradoxical. How can
a thermal stimulus produce a sensation of warmth when
it fails to change skin temperature, or even cools the skin
slightly? Based upon measurement of ~T for the water·
aliquots, the "hold" warmth threshold occurred when no
heat exchange took place and the "swish" warmth
threshold occurred when the water appeared to be mar
ginally warmed (i.e., when heat was lost by the mucosa).
At least three possible explanations exist. One is that the
measurements of oral tissue temperature were erroneous;
tissue temperature during the experiment may have fallen

INITIAL VATER TEMPERATURE (CO)

Figure 5. The change in water temperature produced during sip
ping as a function of initial water temperature for the "hold" and
"swish" conditions. Dotted lines extending from the functions to the
abscissa denote the thresholds for cold (en and warmth (Wn cal
culated from the preceding psychophysical data. Tongue tempera
ture was measured at the dorsal tip in the closed mouth (after 60 see).
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GENERAL DISCUSSION

Figure 6. The data of Figures 1 and 2 for deionized water re
plotted in terms of the threshold for warmth and cold measured in
E.xperiment 2. Convergence of the best-fitting functions at (0,0) in
dIcates agreement between threshold and suprathreshold measure
ments of thermal sensation.

ment 1 are replotted relative to the thresholds for warmth
and cold. The best-fitting linear functions intercept the
y-axis near zero and show that perceived warmth grows
more rapidly than perceived cold (slopes = 1.01 and 0.69,
t(15) = 1.95, P < .05). The divergence in the functions
indicates that the difference in thermal intensity between
modalities increases as temperatures become more
extreme.

first quantification of thermal perceived magnitudes on
external skin. The oral cavity is therefore not unique in
this respect; the human perceptual response to warming
appears in general to grow more rapidly for a given
change in skin temperature than does the response to cool
ing. This may be a consequence of the fact that the range
of temperatures between threshold and heat pain is smaller
than the range between threshold and cold pain. Because
the warmth threshold occurs in the region of 30°-35°C
on various body loci, an increase of only 10° to 15°C
can produce sensations of pricking pain (Hardy, H. G.
Wolff, & Goodell, 1952). In contrast, cooling the sur
face of the skin to near 0° C (by submerging the hand in
a water bath) may not cause pain during a 10- to 15-sec
exposure, even though this constitutes a .:iT of perhaps
30°C (Wolff & J. D. Hardy, 1941). The high tempera
ture of the mouth should maximize this difference between
the perceptual ranges of warmth and cold.

The present results demonstrate once again that ther
mal responsiveness to small stimuli is a poor predictor
of responsiveness to larger stimuli (see J. C. Stevens &
Green, 1978). It was found in this laboratory (Green,
1984) that punctiform maps of oral sensitivity correlate
well with suprathreshold responses to larger temperature
probes, but that some areas virtually devoid of warm spots
nevertheless exhibit some responsiveness to warming. In
the present case, the greater spatial heterogeneity of oral
warmth responsiveness than of cold responsiveness failed
to predict the superior sensitivity (and suprathreshold
responsiveness) of the whole mouth to warming. Both of
these predictive failures probably owe much to the
presence of spatial summation in the thermal senses (J. C.
Stevens & Marks, 1971, 1979), and illustrate the fun
damental importance of summation in temperature per
ception. The experience of temperature produced by liq
uids in the mouth is characterized more by uniformity than
by heterogeneity, and only with careful introspection can
we begin to appreciate regional differences in sensory in
tensity. Future studies should perhaps include analyses
of the relative contributions of the different oral regions
to the overall summated sensation of temperature in the
mouth. Of particular interest may be the teeth, whose in
fluence upon the perception of the temperature of liquids
may range from insignificant in the mid-range of temper
atures to virtually dominant at the coldest temperatures.
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This study has shown that when thermal stimulation oc
curs over large areas of the oral mucosa, the mouth is
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NOTES

1. No systematic attempt was made to measure changes in tissue tem
perature during exposure to water because of the uncertainty of the ac
curacy of such measurements, and because no single measure of oral
temperature can be considered representative of the whole mouth (Spier·
ings et aI., 1984).
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