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Abstract In dental research, restorative materials have
been regularly subjected to alternating in vitro thermal
stress in investigations since the 1950s, in order to simu-
late in vivo alternating temperature stress and to artifi-
cially stress them in vitro. The provocation temperature
is mostly 5�C for cold provocation, and 55�C for hot
provocation. These temperatures are determined quite ar-
bitrarily based on very few examinations in vivo. Exten-
sive temperature data for the approximal space of teeth,
which is decisive for the success of fillings adhesively
attached to dentin, has so far not been addressed. The
objective of this study was to examine the interproximal
temperature characteristics created in the space of all teeth
in vivo with thermal alternating stress, and therefore to
validate the in vitro standardized thermal alternating stress
of 5–55�C. Fifteen study participants with healthy teeth
were used to determine the temperature in each inter-
dental space, resulting from hot/cold provocation in the
upper and lower jaw, from the central incisor to the second
molars. This was performed by a thermal element (cable
sensor GTF 300, Greisinger Electronic GmbH, Regen-
stauf, Germany). The temperature sensor was attached
with dental floss into the interproximal space and the
temperature was recorded by the computer. The partici-
pants in the pilot test had to state when they were able to
sip an 85�C hot drink. That particular temperature value
was taken for hot provocation as maximum temperature
reference. Cold ice water (0�C) was used for cold provo-
cation as minimum temperature reference. The respective
recordings with a total of 14 measurements for each in-
dividual were performed simultaneously in the upper and
lower jaw. The study participants were to start with hot
provocation, followed by cold provocation. This cycle
was repeated at least once with an individual dwell time.

The highest recorded approximal space temperature was
52.8�C in the lower jaw, between the first and the second
premolar. The lowest temperature of 13.7�C was recorded
in two participants in the upper jaw, between the 1st and
2nd incisor, and between the two central incisors. The
mean of the maximum temperatures was 43.8€3.7�C, and
the mean of the minimum temperatures 24.2€4.6�C. The
mean initial temperature was 35.2€1.3�C. None of the
recordings reached either the upper threshold (55�C) or the
lower threshold (5�C). This study showed that the actual
thermal stress in the interproximal space of teeth is slightly
lower than the one used in in vitro examinations. For class
II cavities, most of the alternating temperature stress limits
selected at 5–55�C cover the actually occurring tempera-
ture interval quite well.
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Introduction

Teeth are subject to significant temperature changes
during intake of food of various temperatures. Hot drinks
are served at up to 85�C, and ice cream as low as �12�C.
Food is therefore eaten within a temperature span of
80�90�C [15]. The temperatures recorded in the dental
enamel show a drop of 16�C with cold foods, and an
increase to 48�C with hot foods and drinks [15, 28]. These
temperature differences create various modifications to
the hard tooth structure due to the different thermal ex-
pansion of enamel and dentin [14]. Temperature changes
in one tooth cause thermal stress, which is proportional to
the temperature difference the tooth experiences. With
sufficient repeated high or low thermal stress, the tooth
structure may be damaged [3, 8]. The sensitivity test with
dry ice can lead to cracks in the enamel or enlarge enamel
defects already present [3].

Dental enamel consists of 93–98 pct. by wt. of inor-
ganic material, between 1.5 and 4 pct. by wt. of water, as
well as inorganic compounds such as proteins and lipids.
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Dentin, however, consists of 70 pct. by wt. of inorganic,
and 20 pct. by wt. organic material. The remaining sub-
stance is water [17]. The linear coefficient of dental
enamel (11.4 ppm/�C) and dentin (7.5 ppm/�C) are known
[3, 14, 45]. Gente et al. in their research illustrated and
recorded the deformation of enamel-dentin strips similar
to a bimetallic strip, in a “pain-free” temperature zone
from 26 to 48�C [13, 14]. They also transferred the results
of their examination to a cavity model, and thus showed
the consequences on marginal adaptation of in vitro
restorations. Roydhouse et al. made similar observations
with regard to cavity dimensions in their research of class
V cavities in vitro [39]. With each temperature change in
the oral cavity, hard tooth structure tissue and filling
material contracts or expands in correlation with the
thermal expansion coefficient. This differential dimen-
sional effect not only influences the marginal fit, but also
causes a liquid stream in the marginal gap [10].

The materials which are used today to adhere to the
hard tooth structure must resist the surrounding influences
in the oral cavity, including temperature changes [22]. In
developing new restorative materials, special attention is
paid to reducing the setting contraction, increasing the
strength, and closely adapting the thermal volume effect
to that of the hard tooth structure [10]. Nelsen et al. were
the first to research the problem of dimension changes
between filling and hard tooth structure in connection
with temperature changes [31]. Studying cooled teeth
with different restorations present in vitro by means of an
optical microscope, they observed that from the interface
between restoration and tooth, small liquid drops formed
as the spot was warmed by hand [50]. This liquid stream
of molecules or ions, clinically not noticeable, is known
today under the term “micro-leakage” [22, 50]. Micro-
leakages and therefore leaking restoration margins can
lead to sensitivity and discoloration, as well as to sec-
ondary cavities through bacterial penetration, pulpitis or
the loss of fillings [22]. The examination of restorative
materials for thermal characteristics has, since Nelsen,
developed into a generally acknowledged test procedure
under the term “thermocycling” in dental research [21,
32, 33, 50].

In laboratory conditions, restored teeth are thermally
alternately stressed, and their marginal quality/leakage is
evaluated by dye penetration, scanning electron micros-
copy, radioactive isotopes, bacteria and even artificial
caries [22, 23]. The thermal alternating stress is to sim-
ulate in vitro the actual in vivo occurring stress of the
interface between hard tooth structure and restoration
material. A large number of publications confirm a de-
crease of the marginal seal after thermocycling [9, 38, 41,
46].

The best-known method of intra-oral temperature
recording is the determination of the sublingual temper-
ature [40]. In one study, the temperature of the oral cavity
of 50 healthy students was measured, which showed a
mean of 36.2�C [5]. Numerous recordings deal with the
sulcus temperature, the gingiva temperature relevant to
their health status or the circadian rhythm [1, 2, 12, 20,

24, 29, 30, 49]. The effect of oral breathing on the teeth
was also examined [6].

In order to examine thermal stress in the approximal
space, it is essential to consider as many variables as
possible which could influence the temperature of the
teeth. The main sources equilibrating temperature in the
mouth are cheek, tongue and the periodontal tissue sur-
rounding the teeth [7, 19]. An external factor is breathing;
however, this has only a slight effect, and mainly affects
the front teeth of the upper jaw [6, 7, 11]. The main factor
that leads to a temperature change is intake of food and
beverages of various temperatures [15, 36].

Since the entire oral capacity functions like a heat
exchanger, temperature peaks decay quickly, as can be
seen in many temperature trends. There is, however, a
latency period which is required by the oral capacity to
reach its normal temperature again. For example, con-
suming ice cream over a certain period of time can result
in short peaks and a drop of the oral temperature beyond
the time it takes to consume the food. The original tem-
perature will be restored only through circulation and
breathing. An overview of the existing literature on in
vivo temperature recordings is shown in Table 1.

Pfeifer et al. [36] observed that the intake temperature
does not represent the temperature measured in the
mouth. Rather, the temperature in the oral cavity depends
on the temperature conductivity and heat capacity of the
food consumed. Generally the higher the water content of
food, the higher the heat capacity.

Several authors decided on hot drinks, as in this study
(Table 1). Palmer et al. [34] determined by testing 13
people, that all consumed the hot drink at a temperature of
above 61�C. Nelsen et al. [31] noticed a maximum in-
corporated temperature of 60�C in five participants.
Several authors have conducted their tests with hot drinks
at 60�C without noting whether this temperature was
determined by a pilot test or not [35, 44].

Other authors report sensitivity by the participants,
e.g., that the 70�C hot drink was “hard to take” [27],
“comfortable” at 50–55�C, or “hot, but acceptable” at 55–
60�C [37]. In the same study, six participants felt that
drinks with a temperature above 68�C were too hot [37].
During the study by Youngson and Barclay, [50] the
participants were offered coffee with a temperature of
72.5�C, which was sipped the first time after it stood for
1 min. Longman and Pearson [26] conducted the most
extensive tests with 22 participants. They determined a
drink temperature which was between 53–74�C. Most
people preferred a temperature between 55–68�C.

In most of the examinations, with the exception of
Palmer (13 study participants) [34], and Pfeifer (ten study
participants) [36], only a very small group of people (1–4)
was investigated. None of the authors took all teeth into
account during testing.

The objective of this current study was to determine
the temperature created in the interproximal space of all
teeth in vivo of a larger number of participants under
various temperature conditions. This research was to de-
termine if the standardized temperature alternating stress
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of 5–55�C, which is specified in many in vitro examina-
tions, corresponds to the actual in vivo stress, or should be
adjusted.

Materials and methods

Fifteen volunteers (11 women and four men) aged 18–28 years
(mean: 22.2) were included in the study. One of the criteria for the
study participants was that they had to have a full set of healthy
teeth, no missing teeth (with the exception of the third molars), and
a eugnathic dental arch in the upper and lower jaw, without a strong
rotation and hinge. There must not be any fillings in the teeth that
were to be measured, or any larger fillings anywhere else. The
periodontium had to be healthy. There must be no bleeding when
dental floss was applied in the approximal space. The interdental
papilla had to fill out the interproximal space and there had to be no
sign of infection. There must be no general or systematic diseases
present.

The study participants themselves determined the drinking
temperature. Tea in various flavors was selected as the hot drink. It
was heated with a simple, small immersion heater (Prosper-Elektro-
Apparatebau F. Rohm GmbH, Schalksm�hle, Germany).

Fourteen tests were conducted on each participant, which con-
sisted of seven measurements each in the upper and lower jaw. The
respective recordings in the upper and lower jaw were performed at
the same time. One temperature value was transferred per second.
At the same time, a characteristic curve could be established from
the individual temperature values on the computer (Figs. 1 and 2).

The temperature was controlled with a digital thermometer
GTH 1150 (LCD-Digital-Sekunden-Thermometer, Greisinger Elec-
tronic GmbH, Regenstauf, Germany; Measuring range: �50�C to
+1,150�C; resolution: 1�C; accuracy: �20�C to +550�C <1%
€1 digit) with the matching measuring sensor GTF 300 (cable
sensor GTF 300, Greisinger Electronic GmbH, Regenstauf, Ger-
many). Starting with a temperature of 85�C, the study participant
was asked to sip the tea, which was transferred to a thermal mug
with steel insulation (WMF W�rttembergische Metallwarenfabrik
AG, Geislingen/Steige, Germany) and test the temperature care-
fully. If the participant was able to take several sips in a row and
swallow them without scalding, this was the temperature which was

Table 1 Overview of the liter-
ature: temperature ranges of
incorporated hot and cold food
or beverages and measured
maximum and minimum tem-
peratures with related refer-
ences

Author Year Temperature of
hot food or
beverage [�C]

Maximum oral
temperature
measured [�C]

Temperature of
cold food or
beverage [�C]

Minimum oral
temperature
measured [�C]

Nelsen [31] 1952 60 52 4 9
Gr�f [15] 1960 69 (potato) 45 5 16
Peterson [35] 1966 60 45 0 15 (10)
Plant [37] 1974 63.5 53.5 - -

58 50
55 47

Simmons [42] 1976 Hot coffee 49 Iced tea 4.4
Mesu [27] 1983 70 (solid) 60 �15 (ice cream) 0

60 (solid) 50 �7 (ice cream) 8
55 (solid) 48 10 24

Longman [26] 1986 65 50 (ca.) 0 13 (ca.)
Spierings [44] 1987 60 50.5 0 13.4
Pfeiffer [36] 1989 81 (Potato) 76 0 (ice cube) 3

�8 (ice cream) �2
Palmer [34] 1992 >61 58.5 0 1
Michailesco
[28]

1995 69 48.4 5 (tomato salad) 18.9
0 (ice cube) 4.3

Youngson [50] 2000 72.5 68.0 6.0 15.4

Fig. 1 Temperature recordings
of participant D, as obtained
from the testing spot 4-5 in the
lower jaw
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then recorded in the record. This was the temperature that was used
as the upper reference point for the respective study participant.
The tea was heated to this temperature and controlled before each
participant sipped it.

The minimum reference temperature for cold stress was deter-
mined as 0�C, since this temperature approximately corresponds to
the mean value of the minimum incorporated temperatures [15, 27,
28, 35, 36]. Water (Vittel, Nestl� Waters, Switzerland) with cru-
shed ice was used as the medium. The advantage of ice water is the
constant temperature of 0�C, which means that the reference tem-
perature can easily be controlled and reproduced.

The probe used for the measurements in the oral area could not
cause errors if saliva was present. In addition, the size of the
thermal element was selected in such a way that it could be safely
inserted and attached into the interproximal space without dam-
aging the interdental papilla. An additional important requirement
was a quick response time (about 1 s) in the measuring probe, since
temperature peaks can occur within seconds, as well as steriliz-
ability for clinical use.

The micro temperature measuring probe consisted of two Te-
flon-coated, spiral thermal-element wires of nickel/chrome-nickel
with a diameter of 0.2 mm each, and a length of about 1 m, as well
as a thermal de-energized miniature flat pin plug (1/2 DIN 43710).
According to the manufacturer’s data, this sensor is suitable for
surface and depth measurements, and has a response time in liquids
of 0.3 s. The measuring range for the sensor is from �65 to +300�C.
Only the tips of the wire ends are temperature sensitive. They are
stripped to 10 mm maximum. In order for the wire ends to have
contact, they are twisted together, since open wire ends would not
give a recording. The compatible digital temperature recording
device MD 3040 (Beckmann+Egle Industrieelektronik GmbH,
Kernen, Germany) was used with the temperature sensor GFT 300.

All recordings were performed in the measuring range A (mea-
suring range �65.0 to +199.9�C, accuracy 0.2%€0.5�C, solution
0.1�C). The digital measuring device MD 3040 was connected via a
serial interface (ASCII-code), aided by an interface cable MD 3042
(Beckman+Eagle Industrieelektronik GmbH, Kernen, Germany), to
an IBM compatible Notebook computer. This allowed the reading
of all recorded data in ASCII-code. With computer software for
graphic representation of temperature values that were recorded
with the digital temperature measuring appliance MD 3040, the
temperature could be simultaneously traced in the form of a graphic
on the PC monitor. The program could handle up to 500 measuring
values, and store them in ASCII format on the hard disk within a
certain recording time (interval time = selected measuring time/500

[in seconds]). The interval time = 1 was set as the time threshold,
which seemed sensible for later evaluation. One measurement value
was recorded each second. All measurements were performed in
the Department for Operative Dentistry of the Johannes Gutenberg-
University Mainz in a climate-controlled facility.

The manufacturer of the MD 3040 temperature measuring de-
vices had both devices adjusted and calibrated. The recorded data
was stored on the local hard drive after each recording, and coded
according to study participant, location and date.

The objective of the examination was to record the temperature
in the approximal space of teeth in vivo under various temperature
conditions. A set of teeth of a healthy adult who has all of his/her
teeth has 30 approximal contacts. Since “axial symmetry” exists in
the upper and lower jaw, the number could be reduced to seven
inter-dental spaces, and the median contact point of the central front
teeth for each jaw. The measurements were conducted alternating
left or right. The third molars were removed from the recordings,
since shape and location deviation would not allow correct mea-
surement. As a result, there are a total of 14 approximal spaces,
seven in the upper jaw and seven in the lower, that had to be
recorded. The interproximal contact between the central incisors
was coded 1-1, the space between the central and lateral incisor 1-2,
between the lateral incisor and the caninine 2-3, between the
caninine and the first premolar 3-4. The code for the interproximal
spot between the premolars was 4-5; the region between the second
premolar and the first molar was 5-6; and the interproximal contact
between the first and second molar was 6-7.

The temperature sensors GTF 300 were attached in the ap-
proximal space with dental floss (Dental Floss, Johnson & Johnson,
USA) in such a way that sliding or moving of the sensor was not
possible.

The sequence of the examination was explained to the study
participants, and they were also warned that, when testing to de-
termine the upper maximum temperature took place, they must only
drink when it was safe to do, so as to prevent scalding.

No fixed dwell time was used because of the individual maxi-
mum temperature reference. The dwell time was arranged accord-
ing to the participants well-being.

The data of the study participant was recorded, and a short,
clinical examination of the teeth took place. All data were recorded
in a log. At the beginning of each session, the glasses were ex-
amined for capacity and temperature. If the temperature corre-
sponded with the determined maximum temperature of the re-
spective participant, measuring was started, and the recording on
the computers began.

Fig. 2 Temperature recordings
of participant F, as obtained
from the testing spot 1-2 in the
upper jaw
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The participant was to first start with the hot tea and take a sip,
hold it in the mouth a short time and then swallow it. This was to be
repeated at least four times. The temperature was recorded and
controlled separately on the computer. If unusual data showed up,
the correct position of the probe in the mouth was checked, if
necessary corrected, and the recording was restarted. Attention was
also paid to the occurrence of short temperature peaks, which were
then confirmed with another sip.

After the hot tea, the participants initially were asked to adjust
the temperature in their mouth with water at room temperature, to
prevent a radical transition resulting in possible cracks in the
enamel, or even pain. This was followed by a glass of ice water at a
temperature of 0�C. Here also, the participant was asked to take a
sip, hold it in the mouth for a short time and then swallow it. This
had to be repeated by the participant at least four times.

Upon conclusion of the first alternating temperature stress, the
participants were again allowed to drink water at a moderate
temperature. Then the entire process (hot-medium-cold) was re-
peated with a slight change. The liquids now not only had to be held
in the mouth, but also conducted directly to the approximal points,
where the actual recordings for the upper and lower jaw took place.
The liquid should only remain at the location as long as it was
comfortable for the participant. When this second alternating
temperature stress was completed, a short pause took place, until a
slight upward trend could be determined, after which testing was
ended. This process was repeated for all interproximal points.

A separate log was kept for all study participants, in which all
the master data and the sequence of the recording data was entered.
This guaranteed that each participant was initially measured at the
same point.

A descriptive statistical analysis was carried out. The time spent
with each participant was about 3 h. The participant had to consume
on the average 0.75–1 l of tea, and about 1 l of water with crushed
ice. At least one test had to be repeated on each participant for
various reasons (measuring probe moved or error message from
computer because of recording loss).

Results

Altogether, 55,826 temperature values were recorded for
the 15 study participants, in 210 tests. Three values were
removed from each test for evaluation. The first temper-

ature value was used as the starting temperature, in ad-
dition to the highest temperature value as maximum tem-
perature, and the lowest temperature as minimum tem-
perature. A total of 630 temperature values were evalu-
ated, always consisting of 210 starting temperatures, plus
maximum and minimum values according to the indi-
vidual and approximal space. Mean values, standard de-
viations, and the variation coefficient were calculated
from the measuring values. The results could now be
viewed from various initial findings.

A maximum incorporated temperature was determined
for each of the 15 study participants. The highest tem-
perature was recorded in participants A and E with 76�C.
The lowest incorporated temperature was recorded in
participant C with 65�C. The mean value was 71.7�C. The
temperature span was 11�C between 65 and 76�C.

The mean value of all initial temperatures (n=210) was
35.2€1.3�C. The mean value of all minimum tempera-
tures in the upper jaw (n=105) was 23.9€4.5�C, in the
lower jaw (n=105) 24.5€4.7�C, and the mean value of the
total minimum temperatures (n=210) was 24.2€4.7�C.
The mean value of all maximum temperatures in the
upper jaw (n=105) was 42.7€3.3�C, in the lower jaw
(n=105) 44.9€3.7�C, and the mean value of the total
minimum temperatures (n=210) was 43.8€3.7�C. Table 2
shows all maximum and minimum values with the re-
spective mean values and standard deviations that were
recorded on the respective participants.

The mean values of the initial temperatures in the
upper jaw were lower than the corresponding tempera-
tures in the lower jaw. The highest mean values were
recorded with 35.8 and 36.0�C at the front of the lower
jaw (measuring point 1-1 lower jaw), and between the
first and second lower jaw molars. The lowest tempera-
ture by far was found in the upper jaw at testing spot
between the central and lateral incisor with 33.9�C. Ta-
ble 3 shows the total results. All mean maximum and

Table 2 Comparison of results: summary of all initial mean, maximum and minimum temperatures with standard deviation according to
the respective participants

Mean
initial
temp.
[�C] in
the upper
jaw (€SD)

Mean
initial
temp.
[�C] in
the lower
jaw (€SD)

Mean
initial
temp.
[�C] total
(€SD)

Mean
maximum
temp. [�C]
in the
upper jaw
(€SD)

Mean
maximum
temp. [�C]
in the
lower jaw
(€SD)

Mean
maximum
temp.
[�C] total
(€SD)

Mean
minimum
temp. [�C]
in the
upper jaw
(€SD)

Mean
minimum
temp. [�C]
in the
lower jaw
(€SD)

Mean
minimum
temp. [�C]
total (€SD)

Volunteer A 36.1 (1.1) 36.2 (0.5) 36.2 (0.8) 42.5 (1.9) 44.8 (4.3) 43.7 (3.4) 22.3 (2.9) 24.0 (3.8) 23.2 (3.4)
Volunteer B 35.2 (1.3) 36.3 (0.8) 35.7 (1.2) 41.3 (1.8) 43.5 (2.1) 42.4 (2.2) 26.2 (3.0) 25.5 (3.3) 25.8 (3.0)
Volunteer C 33.3 (0.9) 34.1 (0.9) 33.7 (1.0) 40.3 (1.9) 41.5 (3.3) 40.9 (2.6) 28.1 (3.8) 27.1 (4.0) 27.6 (3.8)
Volunteer D 34.7 (0.8) 35.8 (0.8) 35.2 (1.0) 45.8 (4.4) 46.9 (3.6) 46.4 (3.9) 19.5 (3.6) 18.7 (4.2) 19.1 (3.8)
Volunteer E 34.0 (1.2) 36.0 (0.7) 35.0 (1.5) 40.4 (3.3) 42.4 (4.1) 41.4 (3.7) 24.0 (7.3) 26.4 (5.1) 25.2 (6.2)
Volunteer F 33.4 (2.7) 35.3 (0.5) 34.3 (2.1) 43.6 (2.3) 44.9 (3.2) 44.2 (2.8) 20.1 (4.6) 22.9 (3.4) 21.5 (4.2)
Volunteer G 34.9 (1.7) 35.7 (1.0) 35.3 (1.4) 44.6 (4.5) 46.0 (2.8) 45.3 (3.7) 24.1 (2.5) 23.5 (4.9) 23.8 (3.8)
Volunteer H 35.2 (0.6) 35.2 (0.6) 35.2 (0.6) 44.6 (3.3) 43.9 (4.0) 44.2 (3.5) 21.0 (3.9) 25.1 (5.1) 23.0 (4.9)
Volunteer I 34.9 (0.6) 35.6 (0.9) 35.2 (0.8) 43.8 (3.7) 45.6 (3.4) 44.7 (3.5) 23.8 (3.2) 24.9 (5.4) 24.4 (4.3)
Volunteer J 34.6 (1.2) 35.2 (1.0) 35.0 (1.2) 42.3 (1.7) 47.7 (2.4) 45.0 (3.4) 24.7 (2.4) 23.9 (2.2) 24.3 (2.3)
Volunteer K 34.4 (1.3) 35.2 (0.7) 34.8 (1.1) 41.1 (3.1) 44.5 (4.3) 42.8 (4.0) 26.5 (3.7) 27.3 (3.9) 26.9 (3.6)
Volunteer L 35.2 (0.4) 36.0 (0.6) 35.6 (0.7) 41.4 (3.4) 43.5 (3.8) 42.4 (3.6) 26.9 (4.4) 28.3 (3.8) 27.6 (4.0)
Volunteer M 34.9 (1.7) 36.3 (0.5) 35.6 (1.4) 41.5 (2.0) 44.8 (3.4) 43.1 (3.2) 23.5 (4.0) 24.6 (5.8) 24.1 (4.8)
Volunteer N 35.4 (0.9) 36.0 (0.5) 35.7 (0.8) 44.2 (3.4) 46.1 (3.0) 45.2 (3.2) 25.6 (4.3) 23.1 (4.7) 24.4 (4.5)
Volunteer O 34.5 (1.0) 35.1 (0.9) 34.8 (0.9) 43.1 (3.8) 48.0 (3.4) 45.5 (4.3) 22.3 (3.9) 22.1 (5.1) 22.2 (4.4)
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minimum values with the respective standard deviations
are allocated to the respective testing points.

The highest temperature was measured on participant
D at testing point 4-5 in the lower jaw with 52.8�C.
Participant D also showed the lowest temperature of
13.7�C in the upper jaw on testing point 1-1, as did par-
ticipant F on testing point 1-2 in the upper jaw. The
highest temperature was recorded in the upper jaw with
51.8�C on participant I at testing point 1-2. The lowest
temperature was found on participant D in the lower jaw
at testing point 1-1 with 13.9�C.

Discussion

In this current study, the mean incorporation temperature
of 71.7�C was somewhat higher than described in other
reports. The temperature span therefore was also slightly
higher, from 65 to 76�C. A possible reason for the higher
incorporated temperatures, as Gr�f already formulated in
his publication [15], could be the adjustment to increas-
ingly higher temperature limits. If the publications are
viewed according to the year published, a tendency in the
rise of the incorporated temperature can be noticed, from
Nelsen et al. in 1952 with 60�C [31] to Youngson et al. in
2000 with 72.5�C [50]. Another aspect is the absence of
fillings, crowns or spaces [4, 36, 48] in the participants of
this study, since due to diverse materials a faster warming
of teeth would be made possible, based on better ther-
mal conductivity. The participants were, on average, 22.2
years old and had only healthy teeth. There was no sen-
sitivity on the neck of any tooth. With a mean value of
slightly below 72�C, hot provocation is rather high, but
this could be an advantage in view of the desired findings
for the validation of the in vitro material tests.

There was no pilot test for cold provocation. The
temperature of 0�C was in accordance with the literature
[15, 26, 27, 31, 36, 42, 44, 50].

Determining the initial temperature and its evaluation
represents a sideline of the research. It was not the pri-
mary objective of the study to determine the temperature
of the approximal space without external influences.
There are a lot of studies that dealt with oral temperature,
the gingiva temperature or sulcus temperature [1, 2, 5, 26,
29, 30]. The result of this measurement, 35.2€1.3�C, is

the mean value from 210 initial temperatures. The vari-
ation coefficient is very low, at 0.036. Several values in
the report are below this result, e.g., 30.6�C [7], 33.1�C,
34.6�C [26]; on the other hand, others are slightly above
this result, e.g., 36.2�C [5] and 36.3�C [28]. The results of
the mean values of the initial temperatures specific to the
location of the recording is interesting. On the one hand,
the upper jaw mean value was colder by 0.9�C (upper jaw
mean value 34.7�C; lower jaw mean value 35.6�C) than
the lower jaw. On the other hand, the temperature in-
creased distally in both jaws. Similar observations were
also documented by Bergstr�m and Varga [5].

A temperature span of 19.6�C was measured with a
mean of 43.8€3.7�C for the maximum temperatures
(n=210) and 24.2€4.6�C for the minimum temperatures
(n=210). The mean values have no bearing on in vitro
testing because laboratory tests are more likely to simu-
late extreme cases [21]. However, the mean values are
interesting because they cover very well the pain-free area
(initial pain at above 45�C and below 27�C) described by
Hensel and Mann [18]. If 35�C (results from the present
study) is taken as the initial temperature, the temperature
difference upwards to 43.8�C is exactly 8.8�C, and the
temperature downwards to the lower mean 24.2�C, with
10.8�C being slightly more. It is interesting that the maxi-
mum temperature mean was measured with similar tem-
perature values by other authors [15, 28, 35]. One of the
reasons could be the sequence of the hot/cold drinks.

All measurements in this study started with hot
provocation, followed by the cold drink. Barker et al. [4]
observed in their publication that an isolated tooth reacts
to a new temperature irritation very quickly. A tooth in
the oral cavity takes much longer to react because of the
available ambient temperature. In reverse, it also cannot
discharge the temperature as quickly because of the cur-
rent ambient temperature. The surrounding structures of
teeth, cheeks, tongue, lips and also the palate represent
very well-circulated structures. The heat regulation of a
person is, for the greater part, due to the type of circu-
lation [47]. Another influencing factor with an effect,
even if very slight, is the breath of air that enters the oral
cavity on its way to the lung, and again passes through
when exhaled [6].

It cannot be explained why the upper and lower jaw on
the average show a different temperature when tracing the

Table 3 Comparison of results: summary of all initial mean, maximum and minimum temperatures in the upper and lower jaw depending
on the testing location

Location Mean initial
temperature [C�]
in the upper jaw

Mean maximum
temperature [C�]
in the upper jaw
(€SD)

Mean minimum
temperature [C�]
in the upper Jaw
(€SD)

Mean initial
temperature
[C�] in the
lower jaw

Mean maximum
temperature [C�]
in the lower jaw
(€SD)

Mean minimum
temperature [C�] in
the lower jaw (€SD)

1-1 34.3 44.2 (3.0) 20.5 (4.6) 35.8 45.2 (4.2) 25.3 (5.6)
1-2 33.9 44.6 (4.0) 22.8 (4.6) 35.4 43.6 (2.6) 25.5 (4.8)
2-3 34.9 42.1 (2.8) 25.3 (4.6) 35.3 44.2 (3.1) 25.8 (4.2)
3-4 35.0 41.4 (2.3) 24.1 (3.6) 35.4 44.1 (4.1) 24.2 (4.3)
4-5 34.8 42.1 (2.5) 25.1 (3.9) 35.7 46.1 (4.1) 23.9 (5.0)
5-6 34.7 41.8 (3.2) 24.8 (3.8) 35.6 45.5 (3.9) 23.8 (4.9)
6-7 35.3 42.6 (4.3) 24.8 (4.7) 36.0 45.7 (3.5) 22.8 (4.2)
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provocation. Anatomical structures or the physiology of
drinking and swallowing might be a possible explanation.
The swallowing process, mainly initiated by the tongue,
may definitely have an influence on the temperature in the
mouth. Closing of the set of teeth is part of the normal act
of swallowing [16, 40, 47]. Longman and Pearson [26],
among others, determined that the hotter the drink was,
the less of it was swallowed. The food bolus, in the first
phase of the act of swallowing, is being pressed by the
tongue upward against the hard palate, and from there
moves in the direction of the throat [40]. Evaluation of the
extreme temperatures, according to participants and
measuring locations, however, showed no essential dif-
ference in the distribution of the initial, maximum and
minimum temperatures.

The highest temperature was found in participant D at
the testing spot 4-5 in the lower jaw, with 52.8�C. The
lowest temperature was measured in participant F at
testing spot 1-2 in the upper jaw, with 13.7�C. The tem-
perature span between these two extreme temperatures is
39.1�C. The temperatures that were generally recom-
mended for alternating temperature stress in vitro, from
5�C for cold provocation, to 55�C for hot provocation
[33] were not reached in any recording. The larger space
between in vitro stress of 5�C to the lowest temperature
values measured in the mouth, 13.7�C, is astonishing. The
difference was 8.7�C. The difference between 52.8�C,
measured in the mouth, and the one used in vitro, 55�C,
was only 2.2�C. A possible answer might be an arbitrarily
set margin of 5 and 55�C, if one again assumes 35�C is
taken as base temperature of the mouth. The difference
with 55�C is only 20�C, in contrast to the difference to
5�C. However, this is 10�C more, namely 30�C.

The results recorded in this study do not seem very
extreme, but it has to be considered that the testing lo-
cation is the interdental space, which is surrounded on
two and/or three sides, (if the contact point is included) by
the tooth, and in the ideal case is completely filled out by

the inter-dental papilla. Considering that, the recorded
values seem then to be rather high.

This protected area is more susceptible to temperature
than was expected. A temperature characteristic such as
shown in Fig. 3 would be more likely. This temperature
characteristic, however, was the exception (approximately
9 of 210 temperature results).

The temperature results, as shown in Figs. 1 and 2, are
more likely to be the norm. Already at the first sip, the
temperature increases rapidly and drops down just as
rapidly after the drink is changed from hot to cold. It
might be that the thermal element is not positioned
correctly in the approximal space. The correct position,
however, was checked before removal. Furthermore, such
a temperature result is not an isolated case. It has to be
noted concerning the thermal element, that a direct, visual
control with the correct positioning in the approximal
space, e.g., by using a separator (Aesculap, Germany),
would have been impossible and/or very expensive. Thus,
it was rechecked and determined that the measuring tips
of the thermal element were not visible, and the dental
floss attachments, before and after, remained at the re-
spective, planned measuring location. Therefore, the idea
that the measuring tips were exposed directly in the oral
cavity can be excluded. It would be more likely that the
measuring tips recorded the sulcus temperature.

High temperature changes can be caused by warming
the tooth; a so-called isotherm is created, i.e., areas with
the same temperatures. A tooth on its occlusal surface has
very few isotherms. As the tooth is warming up quite
evenly on its surface, the isotherms in the interior are
situated parallel to the surface. However, in the cervical
area many isotherms meet in a very limited space. This
means that several temperatures are present in a very
small area [25, 43].

Fig. 3 Temperature recordings
of participant E, as obtained
from the testing spot 4-5 in the
lower jaw
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Conclusion

The question was, then, does the temperature range (5 and
55�C) of in vitro thermocycling need to be adjusted for
alternate temperature stress tests? It does not seem to be
necessary for class II cavities. Since the stress in the in-
terproximal space is, in part, so close to the upper tem-
perature threshold, it can be assumed with some hot foods
that the temperature threshold of 55�C at the tooth surface
is exceeded. Youngson et al. have already formulated this
claim based on their tests on one participant [50]. An
adjustment of the lower threshold from 5 to 10�C does not
seem to be reasonable, but it would bring the lower limit
value closer to the clinically determined lowest minimum
temperature. Therefore, the in vitro temperature range
used widely for in vitro-testing of dental materials seems
to “overstress” the interface to a certain extend, which on
the other hand, seemed to be favorable over the risk of a
potential “understressed” situation.
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