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Abstract

Tcore™ Sensor is a novel zero-heat-flux thermometer that estimates core temperature from skin over forehead. We tested
the hypothesis that this system estimates core temperature to an accuracy within 0.5 °C. 40 cardiac surgical patients were
enrolled (960 measurements). Reference core temperatures were measured in nasopharynx, pulmonary artery and the arterial
branch of the oxygenator of the cardiopulmonary bypass (CPB) circuit. 95% Bland—Altman limits of agreement for repeated
measurement data was used to study the agreement between Tcore™ thermometer and the reference methods. The propor-
tion of all differences that were within 0.5 °C and Lin’s concordance correlation coefficient (LCCC) were estimated as well.
The mean overall difference between Tcore™ and nasopharyngeal temperature was —0.2 +0.5 °C (95% limits of agreement
of +1.09). The proportion of differences within 0.5 °C was 68.80% (95% CI 65.70-71.70%) for nasopharyngeal reference.
LCCC was 0.84 (95% CI 0.83-0.86). The mean bias between Tcore™ and the temperature measured in the pulmonary artery
was —0.2+0.5 °C (95% limits of agreement of + 1.16). 55.30% of measurements were <0.5 °C (95% CI 51.40-59.20%).
LCCC was 0.60 (95% CI 0.56-0.64). The average difference between Tcore™ and the temperature measured at the arterial
outlet during the CPB period was —0.1 £0.7 °C (95% limits of agreement of + 1.43). The proportion of differences within
0.5 °C was 54.40% (95% CI 48.80-60.00%). LCCC was 0.74 (0.69-0.79). Cutaneous forehead zero-flux temperatures were
not sufficiently accurate for routine clinical use in the cardiac surgical population.
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1 Introduction in the ICU, and increased costs) [2, 3]. On the other hand,

hyperthermia has been associated with greater postoperative

Changes in body temperature are a common occurrence in
any patient undergoing surgery and particularly in cardiac
surgery. A study showed that 46.7% of patients undergoing
coronary artery bypass grafting without cardiopulmonary
bypass (CPB) had hypothermia and 5.6% hyperthermia fol-
lowing surgery [1]. Several studies have shown the impact
of hypothermia in the prognosis of patients undergoing
surgery (increased incidence of coagulopathy and bleed-
ing, infections of the surgical wound and cardiovascular
complications such as myocardial infarction, a lengthy stay
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neurocognitive dysfunction and kidney damage, especially
when the temperature in the arterial branch of the CPB cir-
cuit exceeds 37 °C during rewarming [4—6]. For this reason,
it is considered crucial to adequately monitor and manage
temperature in patients subjected to CPB in order to mini-
mize the undesirable consequences of temperature changes
in a high anaesthetic and surgical risk population.

Eshragi and co-workers [7] defined the characteristics
of the ideal core temperature monitoring system: it should
be non-invasive, continuous, accurate (even in conditions
where large and rapid temperature changes occur), regard-
less of the technique used and the operator, and easy to use.
In cardiac surgery, the most commonly used sites for meas-
uring core temperature are the nasopharynx and oesophagus.
Only the blood temperature in the arterial line leading from
the membrane oxygenator to the aortic cannula provides a
good approximation of brain temperature in cardiac surgery,
while the nasopharyngeal and esophageal temperatures are
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considered acceptable [8]. Temperatures measured using a
nasopharyngeal or oesophageal thermistor are accurate and
precise, but nasopharyngeal thermistor could cause epistaxis
and measures obtained by oesophageal thermistor may be
altered by the concomitant use of a transoesophageal ultra-
sound probe and, in addition, both techniques are usually
reserved for the intraoperative period as they are uncom-
fortable for patients who are conscious. Determining the
temperature at the level of the tympanic membrane or pul-
monary artery also provides accurate measurements of core
temperature, although the pulmonary artery catheter is not
useful for the period of CPB because the pulmonary artery
catheter thermistor does not produce an accurate estimate of
core temperature as there is no pulmonary artery blood flow
during most of the bypass period. The axilla, mouth, rectum
or bladder can also be used to estimate core temperature but
measurements in these sites are considered less accurate.
Although skin temperature has been used to estimate the
temperature of the core compartment, it is considered to
be poorly correlated with it, especially in situations of a
rapid increase in temperature, as occurs during the phase of
rewarming of the CPB.

Temperatures measured both in the nasopharynx and in
the arterial branch of the CPB circuit, being closest to the
temperature measured in the jugular bulb (average gradient
of 1-2 °C), are considered optimal substitutes for cerebral
temperature and are therefore the most used for monitor-
ing core temperature in cardiac surgery (Class I, Level C)
[9-12].

In the early 1970s, Fox and Solman described transcuta-
neous zero-heat-flux thermometry, a technique that sought
to solve the problem of the thermal insulation of cutane-
ous probes using a servo-controlled system equipped with
two thermistors, a heater and a thermal insulator [13]. This
technique creates an isothermal tunnel with zero heat flux
that enables measuring the temperature between 1 and 2 cm
below the surface of the skin [7]. This measurement comes
quite close to the temperature of the core compartment in
well perfused tissues. There are currently several devices
based on zero-heat-flux thermometry that use disposable
probes that allow both intra- and postoperative monitor-
ing. One such device is the Tcore™ Sensor (Driagerwerk
AG & Co, Liibeck, Germany), which uses a disposable
self-adhesive dual sensor placed on the patient’s forehead,
and through a specific, battery operated reusable adapter
(Tcore™ Adapter), allows its connection to a compatible
vital signs monitor and after a short ramp-up time, the sys-
tem calculates core body temperature continuously.

By means of an observational study, our main goal was
to compare the temperature obtained using this novel sys-
tem with core temperature measured in the nasopharynx
in patients undergoing cardiac surgery with CPB. Specifi-
cally, we tested the hypothesis that Tcore™ temperatures are
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sufficiently accurate for routine clinical use. In addition, we
performed the same comparison with the temperature meas-
ured using a pulmonary artery catheter and that obtained by
means of a thermistor in the arterial branch of the oxygen-
ator of the CPB circuit.

2 Methods

Ethical approval for this study was provided by the Sala-
manca University Hospital Ethics Committee for Research
with Medicines (Salamanca, Spain) on 27 April 2016. All
patients gave their written consent for the study to be con-
ducted. Data were collected from October 2016 to June
2017. During this period, 277 patients underwent cardiac
surgery under CPB at our hospital. We excluded patients
with systemic or local infections of the forehead, patients
with prior vesical catheterization (without temperature sen-
sor), patients undergoing surgery under deep hypothermic
circulatory arrest, as well as those for whom the insertion of
a Swan-Ganz catheter was not foreseen. Finally, 40 patients
participated in our study.

2.1 Protocol

Anaesthetic techniques as well as the agents used were simi-
lar in all patients. During the period prior to CPB, no active
warming measures were adopted. Following CPB, active
warming was commenced by means of convective air, heat-
ing the infusion fluids and those used in the surgical field
to 39 °C. Operating room ambient temperature was kept at
around 20 °C. At no time was 37 °C exceeded in the arterial
blood outlet from the CPB circuit during rewarming.

2.2 Temperature monitoring

Following anesthesia induction, temperatures were measured
in the following sites: nasopharynx, via a probe inserted to a
depth equal to the distance between the nares and the earlobe
(Level 1® Oesophageal Stethoscope Temperature Sensor,
Smiths Medical, Kent, UK), pulmonary artery via the ther-
mistor of a continuous cardiac output catheter (Continuous
Cardiac Output Pulmonary Artery Catheter, Edwards Lifes-
ciences, Irvine, CA) and the arterial branch of the oxygen-
ator of the CPB circuit via a thermistor (Stockert S5 Perfu-
sion System, Miinchen, Germany). The Tcore™ sensor was
carefully placed on the patient’s forehead above the eye and
paranasal sinus following the manufacturer’s recommenda-
tions (previously removing the fatty layer of the skin and,
after drying it, adhering the sensor avoiding the formation
of air bubbles) and was connected to a compatible vital signs
monitor via the specific adapter. Adequate positioning was
confirmed at intervals throughout the study. 24 temperature
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measures per patient were manually recorded at 5-min inter-
vals throughout surgery (8 readings in the pre-CPB period,
8 during the CPB period and 8 after the weaning of CPB).
Thus, we obtained 960 pairs of measurements. The initial
10 min of Tcore™ measurements in each period were dis-
carded, since it takes several minutes for equilibration. We
excluded pulmonary artery measurements during the CPB
period. For the same period, we obtained the blood tempera-
ture in the arterial line leading from the CPB oxygenator.

2.3 Statistics

Bland—Altman analysis with multiple observations per indi-
vidual was used to evaluate the comparability of the temper-
ature readings between Tcore™ and the other measurement
sites [14]. If the observed limits of agreement (+1.96 SD
around the mean difference), within which 95% of the differ-
ences are expected to fall, were clinically acceptable, the two
methods were considered equivalent. A priori the acceptable
limits of agreement were chosen to be <0.5 °C. These limits
can be considered clinically relevant, as a change of >0.5 °C
exceeds the usual temperature cycle variations in humans
and such a difference has been associated with clinical com-
plications [15]. Also, a Bland—Altman plot displaying the
individual differences between the two measurements ver-
sus the average for the two methods was generated to show
agreement with the reference method (the smaller the range
between these two limits, the better the agreement). We also
calculated the proportion of the Tcore™ measurements that
were within 0.5 °C of the corresponding method of refer-
ence, and the 95% confidence interval for the proportion was
estimated using bootstrap percentiles based on 10,000 resa-
mples. Finally, for assessment of reproducibility, the Lin’s
concordance correlation coefficient (LCCC) was computed
and interpreted using McBride’s strength-of-agreement cri-
teria for continuous variables (almost perfect: > 0.99; sub-
stantial: > 0.95-0.99; moderate: 0.90-0.95; poor:< 0.90)
[16]. Results are presented as means + SDs or means (95%
limits of agreement).

IBMO©O SPSSO statistics 21 (IBM Corp, Armonk, NY,
USA) was used for Bland—Altman and bootstrap percentile
calculation. Finally, LCCC was computed using free Med-
calc© software Version 17.7.2 (Medcalc software, Ostend,
Belgium) (https://www.medcalc.org/).

3 Results

Demographic and surgical characteristics are showed in
Table 1. The mean nasopharyngeal temperature after anaes-
thetic induction was 35.8 £ 0.4 (34.2-36.8), at the start of
CPB it was 35.4+0.6 (33.2-36.7) and 37.0+0.6 (34.3-37.9)
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Table 1 Demographic and surgical characteristics
Age (years) 65+10
Weight (kg) 73+12
Height (cm) 165+80
Body mass index (kg/m?) 26+12
Surgical times:

Pre-CPB period 90+29

CPB period 140+47

Post-CPB period 112 +31

Overall 348 +80

Data are presented as mean + SD

afterwards. Figure 1 shows the mean temperatures through-
out the study period.

The mean overall difference between Tcore™ and naso-
pharyngeal temperature was — 0.2+ 0.5 °C (95% limits of
agreement of +1.09) (Fig. 2a). The proportion of differ-
ences within 0.5 °C was 68.80% (95% CI 65.70-71.70%) for
nasopharyngeal reference (Table 2). LCCC was 0.84 (95%
CI 0.83-0.86).

The mean bias between Tcore™ and the temperature
measured in the pulmonary artery was —0.2+0.5 °C (95%
limits of agreement of + 1.16) (Fig. 2b). 55.30% of measure-
ments were <0.5 °C (95% CI 51.40-59.20%). LCCC was
0.60 (95% CI 0.56-0.64) (Table 2).

We performed an analysis comparing the agreement
between the Tcore™ and the other reference methods
(nasopharyngeal and pulmonary artery) during the pre-CPB
period. The difference between Tcore™ and nasopharyngeal
temperature was —0.1 +0.5 °C (95% limits of agreement
of +1.09) (Fig. 3a). The proportion of differences within
0.5 °C was 66.90% (95% CI 61.60-71.90%) for the naso-
pharyngeal reference (Table 2). LCCC was 0.54 (95% CI
0.47-0.61). When compared to pulmonary artery tempera-
ture, the Tcore™ thermometer had a bias of —0.3+0.5 °C,
with 95% of the difference expected to fall within +1.14 °C
(Fig. 3b). Furthermore, 64.40% of measurements were
within 0.5 °C (95% CI 59.00-69.00%). LCCC for all patients
was 0.44 (95% C10.37-0.51).

Similarly, we compared the correlation between
Tcore™ and nasopharyngeal temperature during CPB.
The Bland—Altman analysis showed an average differ-
ence between the Tcore™ and nasopharyngeal probe of
—0.2+0.5 °C (95% limits of agreement of + 1.05) (Fig. 4a).
73.10% of the measurements were within the preset limit
of <0.5 °C (95% CI 68.10-77.80%). LCCC was 0.85 (95%
CI 0.82-0.88). The average difference between Tcore™ and
the temperature measured at the arterial outlet during the
CPB period was —0.1+0.7 °C (95% limits of agreement
of +1.43) (Fig. 4b). The proportion of differences within
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0.5 °C was 54.40% (95% CI 48.80-60.00%). LCCC was 0.74
(0.69-0.79) (Table 2).

Finally, we performed a similar analysis after weaning
from the CPB. The mean post-CPB difference between
Tcore™ and nasopharyngeal temperature was —0.2+0.5 °C
(95% limits of agreement of + 1.14) (Fig. 5a). 66.30% of the
differences were <0.5 °C (95% CI 60.90-71.30%). LCCC
was 0.5 (0.43-0.57) (Table 2). The average difference
between temperatures measured by zero-flux thermometer
and pulmonary artery thermistor was —0.2+0.6 °C (95%
limits of agreement of + 1.18) (Fig. 5b); 63.80% of the dif-
ferences were <0.5 °C (58.40-69.00%). LCCC was 0.47
(0.40-0.54).

4 Discussion

Temperature monitoring has gained increasing interest in
the field of anesthesia and especially in the management
of patients undergoing cardiac surgery. This is due to the
knowledge that both the anesthesia itself and surgery may
cause significant changes in body temperature with deleteri-
ous consequences in surgical results. Both hypothermia and
hyperthermia increase the incidence of post-surgical com-
plications and adversely affect the patients’ prognosis. For
example, mild hyperthermia (1-2 °C) or rapid rewarming
have been described to exacerbate ischaemic neuronal dam-
age, accelerate neuronal death and increase the incidence of
stroke and cognitive dysfunction [4]. Hyperthermia has also
been associated with an increased incidence of postoperative
renal dysfunction after cardiac surgery [5]. Close monitoring
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of temperature during cardiac surgery via a system with ade-
quate accuracy and precision may be crucial for the early
detection of such alterations in temperature and prevent the
complications resulting therefrom. Currently, temperatures
obtained both in the nasopharynx and in the arterial outlet
of the CPB circuit are the most used for monitoring core
temperature in cardiac surgery because they have a good
correlation with cerebral temperature [8—11].

Given the importance of an adequate temperature moni-
toring during surgery, and in an attempt of finding a continu-
ous and non-invasive method to monitor core temperature
without the disadvantages of the traditional methods, Fox
and Solman described the first zero-heat-flux thermometer
[13]. This method seeks to overcome one of the drawbacks
of measuring skin temperature, the heat dissipation phenom-
enon, through a system that cancels out or minimizes heat
flux through the skin’s surface. This system applied to the
forehead creates an isothermal column of tissue just beneath
the sensor insulation whose temperature, in theory, would be
almost the same as that of the core compartment.

In recent years, several devices have appeared based
on this physical principle including the Tcore™ system,
developed by Driagerwerk AG & Co. The manufacturer
describes a device’s technical accuracy between 25 and
45 °C of +0.1 °C and clinical accuracy (within the clini-
cally validated range of 34-39 °C) of +0 °C (limits of agree-
ment + 0.6 °C). The manufacturer does not recommend its
use for temperatures below 34 °C due to the lack of scientific
literature.

One of the problems with these devices is that they have
entered the market without any solid scientific evidence
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Fig.2 Bland-Altman plot core-temperature measurements using the
Tcore™ versus a nasopharyngeal and b pulmonary artery. Limits of
agreement (dotted lines) on the plot indicate where 95% of differ-
ences between the two methods are expected to fall

supporting their real usefulness in different clinical situa-
tions, including cardiovascular surgery. Hence the need to
carry out studies like ours to evaluate the efficacy of the
various devices.

Forehead zero-heat-flux measurements using the Tcore™
system reflected core temperature in the nasopharynx and
pulmonary artery with a mean bias of —0.2 °C (95% limits
of agreement of +1.09) and —0.2 °C (95% limits of agree-
ment of +1.16) respectively. These limits of agreement
were greater than our a priori acceptable limit of 0.5 °C,
and greater than the previously reported by the manufacturer
(0.6 °C). Specifically, only in 68 and 55% of the zero-heat-
flux temperatures were within 0.5 °C of nasopharynx and
pulmonary artery temperature. Lins coefficient values were
lower than 0.90 (0.84 and 0.60, respectively), indicating that
the strength of agreement between the temperatures meas-
ured using the Tcore™ system and the reference methods
was poor in our study.

Some authors have suggested that temperature measure-
ment by means of a zero-heat-flux technology sensor placed
on the forehead would allow reasonably estimating the tem-
perature of the core, including the rapid thermal perturba-
tions that occur during the phases prior to or following CPB
during cardiac surgery [7]. Previous studies have shown that
deep-forehead temperature correlated well with pulmonary
artery temperature, with a bias of 0.0 °C and a determination
coefficient (%) of 0.85 [17]. A recent study [18], conducted
in patients undergoing various general, orthopaedic or uro-
logical procedures that included 14% of patients undergoing
cardiac surgery, found a mean difference (zero-flux minus
oesophageal or nasopharyngeal temperatures) of 0+0.29 °C,
with 95% of measurements included in the range of +0.5 °C.
However, other studies show similar results to ours. Thus,
Eshraghi et al. [7], in a study conducted in patients undergo-
ing cardiac surgery in which they compared the temperatures

Table 2 Comparisons between Tcore™ thermometry and reference methods

Comparisons Mean (SD) (°C)

(Tcore™ minus reference temperature)

95% limits of
agreement (°C)

Proportion of differences LCCC (95% CI)

within 0.5 °C (95% CI)

Overall
Tcore™-NF —-0.2(0.5)
Tcore™-PA (only pre-and post-CPB periods) -0.2(0.5)
Pre-CBP period
Tcore ™-NF —0.1(0.5)
Tcore™-PA —0.3(0.5)
CBP period
Tcore ™-NF —0.2(0.5)
Tcore™-arterial outlet —-0.1(0.7)
Post-CBP period
Tcore ™-NF —0.2(0.5)
Tcore™-PA —0.2 (0.6)

0.8,-13 0.68 (0.65-0.71) 0.84 (0.83-0.86)
0.8, —-1.4 0.55 (0.51-0.59) 0.60 (0.56-0.64)
09,-1.2 0.66 (0.61-0.71) 0.54 (0.47-0.61)
07,-1.4 0.64 (0.59-0.69) 0.44 (0.37-0.51)
0.8,-1.2 0.73 (0.68-0.77) 0.85 (0.82-0.88)
1.3,-15 0.54 (0.48-0.60) 0.74 (0.69-0.79)
0.8,-1.3 0.66 (0.60-0.71) 0.50 (0.43-0.57)
09,-1.4 0.63 (0.58-0.69) 0.47 (0.40-0.54)

NF nasopharyngeal, PA pulmonary artery, LCCC Lin’s concordance correlation coefficient
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Fig.3 Bland-Altman plot core-temperature measurements during
the pre-CPB period using the Tcore™ versus a nasopharyngeal and b
pulmonary artery. Limits of agreement (dotted lines) on the plot indi-
cate where 95% of differences between the two methods are expected
to fall

measured using a similar technology (SpotOn system) with
those obtained with a pulmonary artery catheter, found
that the average difference between the two methods was
—0.08 °C (95% limits of agreement of +0.88), the propor-
tion of differences within 0.5 °C was 84% (95% CI 80-88%)
and LCCC was 0.70 (0.65-0.76). Similarly, in a recent study
conducted by Mikinen et al. [19], the authors found that the
agreement between nasopharyngeal and zero-flow tempera-
tures was quite good during the off-CPB period of cardiac
surgery, with a 95% limit of agreement of —0.69 to 0.49;
however, throughout cardiac surgery (on- and off-CPB) and
during the CPB-period the agreement was worse (95% lim-
its of agreement of —0.94 to 0.71 °C and —0.94 to 1.23
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Fig.4 Bland-Altman plot core-temperature measurements during the
CPB period using the Tcore™ versus a nasopharyngeal and b arterial
outlet. Limits of agreement (dotted lines) on the plot indicate where
95% of differences between the two methods are expected to fall

respectively), although not as much as in our study. These
results (wide limits of agreement and low LCCC value)
highlight the fact that, although the accuracy of zero-flux
thermometers is suitable, they are not so precise in the field
of cardiac surgery.

One common problem in zero-heat-flux systems is that
they require some time to achieve equilibrium and reduce
heat flux to zero through the surface of the skin. Hence, one
limitation of our study is that we do not evaluate the device
equilibrium time and we also eliminate measurements in the
first 10 min of each surgical period. This need to achieve
equilibrium makes some authors consider that zero-heat-flux
technology is not a suitable technique for monitoring tem-
perature in situations in which sharp, intense body tempera-
ture changes may take place (for example, during cardiac
surgery or in malignant hyperthermia) [19]. In our study
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Fig.5 Bland-Altman plot core-temperature measurements during the
post-CPB period using the Tcore™ versus a nasopharyngeal and b
pulmonary artery. Limits of agreement (dotted lines) on the plot indi-
cate where 95% of differences between the two methods are expected
to fall

we analyse each of the periods of surgery separately, since
during the period of CPB and after weaning, temperature
changes can be more rapid and more intense. The results
show that there are no major differences in how the device
operates compared with the reference methods throughout
the different periods of cardiac surgery. The average dura-
tion of CPB-period was 140 min and, in our study, only 8
measurements were made in the first 45 min of it; for this
reason, in many of the patients no measurements were taken
during the rewarming phase at the end of this period and,
therefore, we can suspect that the differences between the
methods could be even greater.

One significant detail is that in some patients, Tcore™
underestimated temperature by 2.2 °C and overestimated
temperature by 1.9 °C in relation to the reference. This

difference is not trivial, especially in patients undergoing
cardiac surgery where hyperthermia can exacerbate ischae-
mic complications of surgery.

During the study we did not apply any measure of exter-
nal warming to the patient’s forehead to avoid altering the
measurements. However, although the operating room cli-
mate control was set at 20 °C, we did not measure the ambi-
ent temperature of the operating room, and so we cannot rule
out any interference in this respect.

Another factor that we have not considered is that some
patients needed noradrenaline at some point during the sur-
gery. It is known that vasoconstrictors can alter cutaneous
blood flow and make skin temperature measurements less
accurate.

Finally, the cited studies in our paper use different com-
mercial devices (Coretemp® [17], SpotOn™ [7, 197,
TempleTouchPro [18]); although all of them are based on
zero-heat-flow thermometry, they have small technological
differences that make the results not completely comparable
with the obtained in our study.

In summary, cutaneous forehead zero-flux temperatures
obtained with Tcore™ technology were not sufficiently
accurate for routine clinical use in the cardiac surgical
population.
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