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Deep temperature monitoring using a zero-heat-flow method
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of perforation of the rectum by the probe, especially in
children [8].

In 1971, Fox and Solman [9,10] invented a
noninvasive deep temperature thermometer using a
zero-heat-flow method. This thermometer enables mea-
surement of the deep body temperature indirectly from
the intact skin surface. The technique of deep tempera-
ture monitoring using this thermometer has been im-
proved, mainly by Togawa’s group and Terumo Co.
[11,12]. Monitoring of deep body temperature, espe-
cially from the forehead, is now widely used in cardiac
surgery in Japan. Deep temperature monitoring has
also been used in intensive care units [13] and for moni-
toring of circulatory failure [14]. The equipment used
for deep temperature monitoring has recently been im-
proved, and the disadvantages of the conventional de-
vice have been overcome.

Here, we review the principle of deep body tempera-
ture measurement, its characteristic features and clini-
cal applications, and improvement in the equipment
used for measurement.

Principle of measurement

It is important to measure the so-called core tempera-
ture (deep temperature), because important organs,
such as the brain, maintain the core temperature
precisely at around 37°C in a normal situation. The
methods generally used for measuring deep body tem-
perature in humans involve direct insertion of a ther-
mistor probe into a natural body orifice. Thermometers
require pockets into which their probes can be inserted,
but there are no such suitable pockets in the human
body. Certain sites, e g., the mouth, esophagus, rectum,
nasal cavity, and ear, are presently used for deep
temperature measurement, but placement of the
thermometer probe in these sites causes discomfort
to the patient and is unsatisfactory for long-term use,
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Introduction

The historical description of the measurement of body
temperature dates back to Hippocrates (400BC), who
put wet clay on the patient’s body surface and then cut
the abscess on which the clay first dried up [1]. Tem-
perature scales were established by Celsius (°C) and
Fahrenheit (°F) in the 18th century. The mercury ther-
mometer, which was invented by Ehrle in 1866 [2], is
now used clinically throughout the world because of its
accuracy, serviceability, low cost, and ease of use. How-
ever, the mercury thermometer has some disadvan-
tages: continuous measurement of body temperature is
impossible, rapid temperature change cannot be moni-
tored, and there is a risk of mercury pollution.
Advanced equipment for the measurement of body
temperature has been invented and used for basic re-
search and medical examination and treatment since
the 1960s [3].

Thermistors are now used by many anesthesiologists
to measure the rectal temperature during an operation.
Rectal temperature measured by a thermistor is usually
an accurate indicator of body core temperature during
an operation [4,5]. However, in operations such as car-
diac surgery with cardiopulmonary bypass (CPB), in
which the body temperature changes quickly, rectal
temperature is not a reliable indicator of body core
temperature [6,7]. Another disadvantage of measure-
ment of rectal temperature with a thermistor is the risk
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especially in awake patients. Furthermore, these mea-
surements can induce complications [8,15,16] and show
errors [6,7,17,18]. Intravascular catheter thermometers
are also not generally suitable, because of the invasive
nature of their application.

The indirect measurement of deep tissue tempera-
tures from the skin surface has, therefore, been con-
sidered a desirable method for some time. One of the
major problems encountered in noninvasive measure-
ment of deep body temperature is related to the thermal
properties of the skin. The thermal conductivity of the
skin is generally poor and is strongly influenced by the
skin blood flow [19]. The most widely used technique to
prevent heat loss from the skin is thermal insulation. If
an ideal thermal insulating pad is applied to the skin
surface, heat loss from this area will be reduced to zero,
and after a while the skin surface temperature beneath
the pad will be equilibrated to the deep tissue tempera-
ture. However, ideal thermal insulators have not yet
been developed.

Fox and Solman [9] first provided a principle of an
electronic servocontrolled system to achieve almost
complete thermal insulation. A schematic drawing of
the first reported servocontrolled thermal insulation
technique is shown in Fig. 1. The temperature-

measuring probe (a flat square probe, 60 � 60 � 6 mm)
has two thermistors separated by a thermal insulator,
with an electrical heating element mounted at the rear
of the probe. The temperatures on the two sides of the
insulating layer, as detected by the thermistors, are
compared by a differential amplifier. The error signal is
used to control the heater current in such a way as to
achieve a situation in which no temperature gradient
arises across the insulating layer, and thus no heat flows
out through this layer. This technique is called the zero-
heat-flow method. As long as a zero-heat-flow condition
is maintained, the probe is equivalent to an ideal ther-
mal insulator, i.e., heat loss from the skin surface
beneath the probe is prevented, and, after a sufficient
time, the skin surface temperature will equilibrate with
the deep tissue temperature. The skin surface tempera-
ture may then be measured by the lower thermistor in
contact with the skin.

Characteristic features

Initial response time

The initial response time of a deep temperature ther-
mometer, measured from the time when the probe is
placed on the body surface to the time when the mea-
sured temperature becomes stable, seems to be long.
The duration partly depends on the initial temperature
of the body surface and the blood flow rate of the tissue.
Figure 2 shows changes in temperatures measured by
the probes of deep temperature thermometers placed
on the forehead, chest, sternum, and abdomen. It takes
about 15min to obtain the final equilibrium tempera-
ture within 0.1°C.

Fig. 1. Schematic diagrams of the control circuit and cross-
section of the probe of the deep body thermometer. The
system, originally designed by Fox and Salmon [9] (Deep
Thermometers, Little Eversden, Cambridge, UK), has a flat
square probe 60 � 60 � 6 mm in size. The probe contains two
closely matched thermistors at the center, a piece of nylon
gauze separating them, and a thin-film electric heater element.
The components are encapsulated in clinical-grade silicone
rubber using a single vulcanizing process

Fig. 2. Representative changes in temperature measured by
the probes of deep temperature thermometers placed on
the forehead, chest, sternum, and abdomen. Approximately
15 min is required to obtain the final equilibrium temperature
within 0.1°C
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The initial response time can be shortened by
prewarming the probe. However, even with prewarm-
ing of the probe, it still takes a long time to obtain the
equilibrium temperature when the body surface is cool
and the blood flow rate and heat conductivity in the
tissue are both low.

Response time for internal temperature changes

The initial response time does not seem to correlate
with the response time for internal temperature
changes. The response time of the deep body thermom-
eter is still longer than that of conventional catheter
thermometers, e.g., a catheter thermometer for mea-
surement of rectal temperature. However, under
normal physiological conditions, the body has a large
thermal inertia, and internal temperature changes that
cannot be monitored accurately by using a deep body
thermometer do not occur so rapidly. Fox et al. [10]
reported an experiment in which fever was induced
by means of an intravenous injection of endogenous
pyrogen in an air-conditioned room at 28°C. The ther-
mometer probe was fixed on the upper sternum of
the subject. The auditory canal temperature and the
intestinal temperature measured by a radio pill were
recorded simultaneously (Fig. 3). The sternum deep
body temperature was not delayed in comparison with
the other internal temperatures, even at the onset of the
fever.

On the other hand, in patients undergoing cardiac
surgery with CPB [20] or with malignant hyperthermia,
in which the body temperature can change very quickly
(at a rate of more than 1.0°C·30min�1), deep tempera-
ture monitoring does not seem to be as reliable as mea-
surement of the blood temperature from the CPB or
jugular vein temperature.

Ambient temperature

An important feature of the deep body thermometer
with servocontrolled heating is that ambient tempera-
ture changes do not affect the temperature sensor
mounted in the probe. When the probe is attached to
the head or torso of a human subject, the observed
temperature is never affected by ambient temperature
changes. This was confirmed by an experiment [21] us-
ing a probe 50mm in diameter with a guard and a skin
temperature probe attached to the side of the head and
forehead. The observed deep temperature remained al-
most constant with a 20°C change in ambient tempera-
ture, while the forehead skin temperature changed
significantly.

Thickness of tissue

The thickness of the tissue between the skin surface and
the deep temperature region, across which a tempera-
ture gradient is developed, influences both the accuracy
and the response time of deep temperature measure-
ment. Although there is no clear boundary between the
temperature gradient layer and the uniform deep tem-
perature region in natural tissue, a simplified model of a
core-and-shell structure is helpful in understanding the
operating depth of the probe. In the model, the shell
corresponds to a layer, including the skin and subcuta-
neous fat, in which a relatively large temperature gradi-
ent develops, and the core corresponds to deep tissue
having an almost uniform temperature.

On the assumption that the core-and-shell model is
applicable, the accuracy and response characteristics of
the thermometer were evaluated by a simple model
experiment using a structure with a rubber shell [22]. In
the experiment, the thermal conductivity of the rubber
was approximately 1.7 � 10�3 J·cm�1·°C�1, which is simi-
lar to the thermal conductivity of unperfused tissue. The
deep body thermometer probe was placed on the rub-
ber shell. An increase in the shell thickness to more than
9mm caused significant increases in both the error and
the response time (Fig. 4). As long as the thermal prop-
erties of the skin and subcutaneous tissue do not differ
significantly from those of the material used in the
model experiment, it is reasonable to assume a similar
relationship to that shown by the results of this experi-
ment. The implication of this is that accuracy will be
achieved if the response time is comparatively short,

Fig. 3. Internal and skin temperatures during the induction of
a pyrogen-induced fever. Filled circle, intestinal temperature
measured by a temperature-sensitive radio pill; filled square,
auditory canal temperature; open square, upper sternum deep
body temperature; open circle, skin temperature. There seems
to be no delay in measurement of the sternum deep body
temperature compared with the other internal temperatures,
even at the onset of the fever (redrawn from Togawa et al. [11]
with permission)
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assuming that the same-sized probe is used. When the
probe is attached to the head, torso, or limbs of a human
subject, the response time is usually 10–20 min. This
corresponds to the case of a 9-mm-thick rubber sheet in
the model experiment, and hence the same accuracy
may be expected in human use.

Clinical applications

Core temperature monitoring

The deep body temperature measurement technique
with servocontrolled heating was initially developed for
the measurement of core temperature. It has the advan-
tage of being noninvasive and therefore is less of an
encumbrance to the subject than are conventional aural
or rectal temperature measurement techniques.

For long-term clinical monitoring, the site for attach-
ment of the probe should be standardized. Fox and
Solman [9] recommended the upper sternum because it
is relatively flat, has very little subcutaneous fat, and is
near the large vessels of the central blood supply, which
would be equilibrated with the core temperature. Ball
et al. [23] compared the deep body temperatures mea-
sured by probes attached to the sternum with rectal and
external auditory canal temperatures in 15 patients
aged 13–75 years. The measurements of the deep body
temperature were very similar to those of rectal tem-

perature, remaining only approximately 0.2°–0.4°C be-
low the rectal temperature reading. The measurements
of the deep body temperature were also very similar
(usually within 0.2°C) to those of the auditory canal
temperature.

Deep body temperature measured by a probe at-
tached to the occipital region is always higher than that
measured by probes attached to other sites, even when
the probe is attached to the hair. In a comparative study
of rectal temperature in 15 subjects, the mean occipital
reading was found to be 36.8°C [11]. The occipital region
is considered a good site for core temperature monitor-
ing, because it is close to the superior sagittal sinus, which
accepts blood from the brain and includes the center
for physiological temperature regulation. The probe is
easily fixed on the occipital region by a hair band, and the
hair does not interfere with the measurements.

The forehead is also a convenient site for probe
attachment, and a study in 17 postoperative patients
showed that the forehead reading remained only 0.9° �
0.4°C below the rectal temperature. The forehead read-
ing was also compared with blood temperature in the
internal jugular vein measured with a catheter ther-
mometer in seven patients [23]. The forehead reading
was 37.8° � 0.5°C, whereas the blood temperature was
37.7° � 0.4°C.

In adult subjects, the abdominal region is considered
an inappropriate site for core temperature monitoring
because of the significant thickness of subcutaneous fat.
However, this site may be used with success in infants
and children. A study in 24 subjects aged 3–15 years
showed that the abdominal and forehead deep tempera-
ture readings were only 0.04° � 0.2°C and 0.2° � 0.2°C
below the rectal temperature, respectively. The
abdominal deep temperature reading obtained with a
probe 100 mm in diameter was only 0.2° � 0.2°C below
the rectal temperature in 22 patients.

Monitoring the blood flow of the skin

The technique of deep body temperature measurement
can also be used in the field of dermatology. For
example, patients with Bürger disease show higher peri-
pheral deep temperature than do healthy volunteers.
Some groups [24] have shown that this technique seems
to be useful for monitoring the effectiveness of steroids
in patients with skin diseases. The technique of deep
body temperature measurement has also been used for
monitoring appropriate blood flow in a postoperative
skin flap.

Hemodynamic monitoring

The forehead, palm, and heel can be used as standard
deep temperature recording sites after cardiac surgery.

Fig. 4. Temperature at equilibrium and time required for 95%
response for the shells of different thickness in core-and-shell
models. Increase in the thickness of the shell to more than
9 mm caused significant increases in both the error and
response time (redrawn from Togawa et al. [21] with
permission)
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Approximately 150 patients who had undergone cardiac
surgery during the period from 1974 to 1976 were moni-
tored for 10 to 270h by deep temperature measure-
ments [23]. Forehead, palm, and heel temperatures
were successfully recorded throughout the period,
whereas rectal temperature recording was interrupted
several times in most of the patients. In some patients
who went into circulatory insufficiently, significant dif-
ferences between forehead and limb deep body tem-
peratures were observed in advance of a fall in blood
pressure. Tsuji’s group [25] recommended the use of
deep body temperature monitoring by probes attached
to the forehead and a limb for diagnosis of shock and
low output syndrome (LOS). Findings that seem to indi-
cate circulatory insufficiency are: less than 90mmHg
of systolic blood pressure; over 7°C of dissociation be-
tween forehead and limb deep temperatures; and less
than 1ml·kg�1·h�1 of urinary output. However, care
must be taken with patients who have endotoxin
shock (warm shock) and patients receiving strong
vasodilatory agents, because these patients do not show
a dissociation between core and peripheral deep body
temperatures.

Improvement in equipment

The application of a thermal insulator over a large area
of the skin surface will be more effective than that over a
small area in bringing the skin surface temperature close
to that of the deep tissue. The disadvantage is that the
probe is more cumbersome to use, and because dissipa-
tion of heat from the skin is radically changed by this
measurement technique, it may actually affect the deep
tissue temperature. In the case of a small probe, the
temperature gradient between the center and the cir-
cumference of the probe may be significant, and the
subsequent heat flow in the radial direction is not com-
pensated by the servocontrolled heater within the probe.

To prevent radial heat flow, the use of a thick metal
guard covering the probe, as shown in Fig. 5A, was
proposed by Togawa et al. [11,21]. The guard makes
contact with the skin surface at the circumference of
the probe and tends to minimize radial heat flow.
Kobayashi et al. [26] compared the results obtained by
using a guard-type probe with those obtained by using a
probe of the original design. The temperature distribu-
tion on the skin surface beneath the probe was calcu-
lated and measured experimentally, and the results
indicated a significant reduction in the radial tempera-
ture gradient with the use of a guard-type probe. In an
animal experiment, a rubber bladder with two extension
tubes was inserted into the abdominal cavity of an anes-
thetized dog, and warm water was circulated through
the bladder. The deep body thermometer probe was

placed on the abdominal wall immediately above the
bladder. The temperature measured by the probe with a
guard corresponded closely to that of the circulating
water, but the temperature measured by the probe with-
out a guard was 0.3°–0.9°C below the water tempera-
ture of 34.6°–41.6°C.

An illustration of the modified probe with a guard is
shown in Fig. 5B. The standard probe is 45mm in diam-

Fig. 5. Cross-sectional views of some improved probes. A
To prevent radial heat flow, the probe is covered by a thick
metal guard [11,21]. A thermal switch for protection against
overheating is attached to the head. B An electric heater strip
is attached to the entire inner circumference. A control
thermistor is attached to a part of the electric heater strip. C
For monitoring rapid deep body temperature change, the heat
capacity, weight, and thickness of the probe have been
reduced
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eter and 13.5 mm in thickness, and additional probes
with diameters of 25 mm and 80mm are also available.
The contents of the probe are assembled in a thick
aluminum cup. An electric heater strip is attached to the
entire inner circumference of the aluminum cup to mea-
sure the deep body temperature more accurately. A
control thermistor is attached to a part of the electric
heater strip on the assumption that the temperature of
the aluminum cup is maintained uniformly. The mea-
surement thermistor is placed at the center of the probe
suspended on soft urethane foam rubber. The face of
the probe that is in contact with the skin is covered by a
sheet of polyvinyl chloride. All probes are calibrated

Fig. 6. Photographs of (A) a conventional type (CTM-205)
and (B) a newly developed (CM-210) deep body temperature
monitoring system (both made by Terumo, Tokyo, Japan).
The main unit of the newly developed system CM-210 has
been reduced in size and can be connected to an external vital
monitor. The unit also has the color LCD that displays the
temperatures measured by four probes and can store data
internally for 2 days

with an accuracy of 0.1°C (at 30°–40°C) and are inter-
changeable. The probe is attached to the patient with
either elastic adhesive tape or double-sided adhesive
tape. This type of thermometer (CTM-205; Terumo,
Tokyo, Japan; Fig. 6A) has been widely used for deep
temperature monitoring during surgery, especially car-
diac surgery with CPB.

In a hot environment or in subjects with hypothermia,
the ambient temperature is higher than the deep body
temperature, and servocontrolled heating is not able to
achieve a zero temperature gradient. In order to

Fig. 7. Results of a study comparing the newly developed
deep temperature monitor (CM-210) with a conventional one
(CTM-205) [29]. A Initial time responses. The initial time
response of the new monitor was much shorter [5.6 � 1.2 min
(mean � SD), time within 0.1°C·min�1 changes] than that of
the conventional one (16.5 � 4.2 min) (inset, n � 10, * P �
0.05 vs. conventional one). B Representative data of forehead
deep temperature monitoring in cardiac surgery with
cardiopulmonary bypass (CPB). The temperature measured
by the new system was closer to the blood temperature from
the CPB (r � 0.92) than was either the bladder temperature
(r � 0.81) or the deep temperature measured with the
conventional system (r � 0.85)
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Table 1. Improved features of the newly developed deep
temperature monitoring system (CM-210, Terumo, Tokyo,
Japan)

Operability
Downsized main unit
Color LCD displays temperatures measured by all the

probes
Connectable to external vital monitor
Internal data storage function (1 reading·min�1 for 48 h)

Measurement of deep body temperature
Reduced heat capacity, weight, and thickness of the

probes
Adoption of initial intensive heating (“quick start”)
Display of temperature in digits of 0.01°C

Safety
Suitable for EMC standard IEC 60601-2-1, 1993 to reduce

electromagnetic noise
Lock-type sensor probe connector
Increased resistance of cable against alcohol
Improvement in detection of deteriorated wires

achieve a zero temperature gradient under these cir-
cumstances, the back of the probe must be cooled. This
may be achieved by using a thermo module (a semi-
conductor electric cooling element), and Solman and
Dalton [27] recommended that this technique be used in
physiological studies of glass and steel workers and for
newborn infants being nursed in incubators. This tech-
nique could also be used for body temperature monitor-
ing during deep hypothermia. Tamura et al. [28]
described a system using a thermo module for measur-
ing blood temperature in CPB circuits. This system en-
ables measurement of blood temperature from the
outside of the tubing, even when it falls below ambient
temperature.

Recently, Terumo Co. has again improved the equip-
ment used for deep temperature monitoring (CM-210,
Terumo). Figures 5C and 6B show a cross-sectional
schematic view of the probe and a photograph of the
new deep temperature monitor, respectively. The three
main improvements in the monitor are an improvement
in operability, a wider range of clinical application, and
improved safety (Table 1). The reliability of the moni-
tor seems to have been improved by the use of initial
intensive heating (“quick start”) and by a reduction in
the diameter of the probe to 43mm. We have tried to
use this new monitor with the probe on the forehead in
minor surgery under general anesthesia and in cardiac
surgery with CPB [29]. As shown in Fig. 7, the initial
time response was much shorter than that with conven-
tional equipment, and the measured temperature was
closer to the blood temperature from the CPB than was
either the bladder temperature or the conventionally
measured deep temperature. This new type of deep
temperature monitor is therefore expected to be used
more widely in various fields of medical care.

Conclusions

Fox and Solman [9,10] invented a noninvasive deep
temperature thermometer using a zero-heat-flow
method. This thermometer enables measurement of the
deep body temperature indirectly from the intact skin
surface. Although a conventional type of deep body
temperature monitoring (CTM-205, Terumo) seems to
be used at present only in the field of cardiac surgery
because of its high cost and relatively slow response, it is
expected that advanced deep temperature monitoring
(CM-210, Terumo) that has a quick response will be
used in other kinds of surgery and anesthesia in the
future.
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