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Measurement in Lower
Journal of Cardiothoracic
Novel Zero-Heat-Flux Deep Body Temperature
Extremity Vascular and

Cardiac Surgery
Marja-Tellervo Mäkinen, MD, PhD,* Anne Pesonen, MD, PhD,* Irma Jousela, MD, PhD,*

Janne Päivärinta, RN,* Satu Poikajärvi, RN, MNSc,* Anders Albäck, MD, PhD,†

Ulla-Stina Salminen, MD, PhD,‡ and Eero Pesonen, MD*
Objective: The aim of this study was to compare deep

body temperature obtained using a novel noninvasive con-

tinuous zero-heat-flux temperature measurement system

with core temperatures obtained using conventional

methods.

Design: A prospective, observational study.

Setting: Operating room of a university hospital.

Participants: The study comprised 15 patients undergoing

vascular surgery of the lower extremities and 15 patients

undergoing cardiac surgery with cardiopulmonary bypass.

Interventions: Zero-heat-flux thermometry on the fore-

head and standard core temperature measurements.

Measurements and Main Results: Body temperature was

measured using a new thermometry system (SpotOn; 3M,

St. Paul, MN) on the forehead and with conventional

methods in the esophagus during vascular surgery (n ¼
15), and in the nasopharynx and pulmonary artery during

cardiac surgery (n ¼ 15). The agreement between SpotOn

and the conventional methods was assessed using the

Bland-Altman random-effects approach for repeated meas-

ures. The mean difference between SpotOn and the
and Vascular Anesthesia, Vol 30, No 4 (August)
esophageal temperature during vascular surgery

was þ0.081C (95% limit of agreement –0.25 to þ0.401C).
During cardiac surgery, during off CPB, the mean difference

between SpotOn and the pulmonary arterial temperature

was –0.051C (95% limits of agreement –0.56 to þ0.471C).
Throughout cardiac surgery (on and off CPB), the mean

difference between SpotOn and the nasopharyngeal temper-

ature was –0.121C (95% limits of agreement –0.94

to þ0.711C). Poor agreement between the SpotOn and

nasopharyngeal temperatures was detected in hypothermia

below approximately 321C.
Conclusions: According to this preliminary study, the

deep body temperature measured using the zero-heat-flux

system was in good agreement with standard core temper-

atures during lower extremity vascular and cardiac surgery.

However, agreement was questionable during hypothermia

below 321C.
& 2016 Elsevier Inc. All rights reserved.
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ANESTHETIZED PATIENTS GENERALLY become
hypothermic during surgery if control of body temperature

is neglected.1-3 Even mild, inadvertent perioperative hypo-
thermia leads to increased blood loss and transfusions,1,4

postoperative wound infections,2,5 cardiovascular incidents,6

prolonged hospitalization,2,7 and increased mortality.8,9 Thus,
accurate monitoring of body temperature is mandatory to
maintain the heat balance of surgical patients. In addition,
continuous measurement of body temperature enhances detec-
tion of malignant hyperthermia,10 fever, or eventual over-
heating.11 Of special concern are surgeries with large
exposed body areas, procedures with induced hyperthermia or
hypothermia, or control of brain temperature during rewarming
from hypothermia in cardiac surgery.12

Most adequate core temperature measurement sites (eg,
pulmonary artery [PA], esophagus, nasopharynx, or tympa-
num) are somewhat invasive, at times unobtainable, and carry
the risk of various complications. More intermediate points (eg,
urinary bladder or rectum) are less accurate and also incon-
venient for unanesthetized patients. Less-invasive points (eg,
axilla, mouth, or temporal artery) are not applicable for
continuous measurement.7,13 An ideal perioperative core tem-
perature measurement technique should be reliable, accurate,
and noninvasive; provide continuous display; and enable online
automatic data recording.

In 1971, Fox and Solman introduced a new method to
measure deep body temperature superficially from the intact
skin.14 The technique was described as bringing deep body
temperature to the surface, where an efficient insulator on the
skin created a region of zero heat flow from the core to the shell
of the body. The temperatures of the skin and the deep tissue
were assumed to be equal when heat flow between the skin and
deep tissue was discontinued (ie, heat flow was 0). Indefinite
equilibrium time of the system to reach the initial deep
temperature reading was reduced to approximately 20 minutes
by adding an electrical servo-controlled heater to the probe.
The system was tested in awake patients under various
circumstances15 and later during surgery with general anes-
thesia.16 Thereafter, the technique was developed17-19 and
applied in intensive care,20 during whole-body hyperthermia,21

hypothermic cardiopulmonary bypass (CPB),22 and in post-
anesthesia care.23 However, because of drawbacks of the until
recently available devices (eg, long equilibrium time19,22 and
nondisposable patient electrodes), clinical application of the
zero-heat-flux method has remained limited.

Recently, a new, improved zero-heat-flow deep temperature
monitoring system, with an equilibrium time of 3 minutes to
the start temperature, a lightweight disposable patient probe,
, 2016: pp 973–978 973
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continuous temperature display, and an option to attach the
system to automatic data recording, was developed (SpotOn;
3M, St. Paul, MN). The aim of this study was to evaluate
whether the noninvasive deep body temperature measured with
this new device was reliable compared with standard core
temperature measurements to represent core temperature during
2 distinct types of surgery (ie, lower extremity vascular surgery
and cardiac surgery with CPB).

METHODS

Patients

This prospective, observational study (DNro 142/13/03/02/
2013) was approved by the ethics committee of Helsinki
University Hospital on May 15, 2013 (Chairperson Dr. L.M.
Aaltonen). After written informed consent from the patients,
the data were collected between September and December
2013.

The study comprised 2 separate patient series. First, 15
consecutive patients scheduled for vascular surgery of the
lower extremities were enrolled. Of those, 13 patients under-
went revascularization of lower limb arteries because of
arteriosclerotic disease, and 2 patients underwent reconstruc-
tion of femoral or popliteal artery aneurysms due to etiology
different from arteriosclerosis. Second, 15 patients undergoing
cardiac surgery with CPB for coronary artery bypass grafting (7
patients), aortic valve replacement (6 patients), or reconstruc-
tion of the ascending aorta (2 patients) were recruited.

Anesthesia and Intraoperative Care

In the vascular surgery patients, general anesthesia was
induced with fentanyl, propofol, and rocuronium and was
maintained with sevoflurane or desflurane, supplemented with
increments of fentanyl and rocuronium as needed. In the
cardiac surgery patients, anesthesia was induced with intra-
venous fentanyl, alfentanil or sufentanil, and propofol or
etomidate and rocuronium and was maintained with sevoflur-
ane and opioid infusion, supplemented with rocuronium as
needed. The patients were ventilated with a Datex-Ohmeda S/5
anesthesia machine (GE Healthcare, Helsinki, Finland). In the
cardiac surgery patients, CPB was conducted using moderate
hypothermia (nasopharyngeal temperature 32-341C), a mem-
brane oxygenator, and a roller pump. Cold blood-crystalloid
cardioplegia solution was used for myocardial protection.
During CPB, the pump flow rate was 2.4 L/min/m2, and
perfusion pressure was maintained between 50 and 80 mmHg.
At the end of the surgeries, the vascular surgery patients were
extubated and the cardiac patients were transferred to the
intensive care unit.

Respiratory and anesthetic gas concentrations, online spi-
rometry, blood oxygen saturation, electrocardiogram, invasive
blood pressures, E-Entropy (GE Healthcare), and body temper-
atures were displayed on the Datex-Ohmeda S/5 Anesthesia
Monitor and saved in the automatic anesthesia recording
system (Caresuite Anesthesia Manager 8.0; Picis Inc., Wake-
field, MA). In cardiac patients, central venous and PA pressures
and cardiac output were recorded, and esophageal echocardiog-
raphy (ECHO) was performed.
Temperature Monitoring and Maintenance of Body

Temperature

In all patients, on arrival to the operating room, a SpotOn
skin probe (Sensor Model 360), 41 mm in diameter and 5-mm
thick, was fixed on the patient’s forehead above the right
eyebrow, and laterally close to the SpotOn, a skin temperature
probe (Mon-a-therm skin temperature probe 400 Series TM;
Covidien, Boulder, CO) was placed; both devices are dispos-
able and were adhered with self-adhesive tape. The SpotOn
probe was connected to the SpotOn thermometry device
(SpotOn Temperature Monitoring System Model 370).24 This
was attached further to the anesthesia monitor for continuous
display and data saving. After intubation, a core temperature
probe (Mon-a-therm general purpose temperature probe 400
Series TM; Covidien) was inserted into the lower esophagus
(40 cm from the nose) in the vascular surgery patients and in
the nasopharynx in the cardiac surgery patients. In both patient
groups a urinary bladder temperature probe (Mon-a-therm
Foley with temperature sensor 400 Series TM; Covidien) was
placed, and in the cardiac surgery patients a PA temperature
probe (Swan-Ganz; Edwards Lifesciences, Irvine, CA) also was
inserted.

Intravenous fluids either were prewarmed or administered
through an online warming system (Ranger Blood/Fluid
Warming Unit, model 245; 3M). In vascular surgery patients,
an upper body forced-air warming blanket (Bair Hugger; 3M)
was applied, and in cardiac surgery patients a resistive under-
body warming mattress (Inditherm, Rotherham, UK) was used.
During the cooling phase of CPB in cardiac surgery patients,
moderate hypothermia of 32 to 341C nasopharyngeal temper-
ature was induced, except in 1 patient undergoing reconstruc-
tion of the aortic arch. In the latter patient, hypothermia to 261C
was induced. Before weaning from CPB, the patients’ naso-
pharyngeal temperature was rewarmed to 361C.

Data Processing and Statistics

All temperatures were saved online in the hospital’s database,
from which they can be retrieved at chosen intervals. The
authors decided to use an interval of 5 minutes, which they
considered long enough to detect a relevant change of temper-
ature between 2 consecutive time points. MedCalc statistical
software (MedCalc Software, Ostend, Belgium) was used for
statistical analyses. Mean values are used in Table 1, which
details demographic and surgical patient data, and in Figures 1
and 3, which illustrate temperature changes as a function of time.

The primary endpoint of the study was agreement of
SpotOn deep body temperature with conventional core temper-
ature measurements. At the initiation of the study, there were
no clinical reports on the SpotOn temperature measurement
system for calculation of power analysis. To assess for agree-
ment between SpotOn and conventional methods of core
temperature measurement, the authors used the Bland-Altman
random-effects approach for data of repeated measures.25

SpotOn was compared with the esophageal temperature in
vascular surgery and with the PA temperature in cardiac
surgery. In the latter, the period of CPB was excluded from
the analysis because there was no PA blood flow or it was
significantly reduced at that time. To gain information on the



Table 1. Patient Characteristics and Surgical Data

Vascular Surgery Cardiac Surgery

Number of patients 15 15

Age (year) 64 � 13 68 � 9

Height (cm) 171 � 10 170 � 12

Weight (kg) 77 � 17 75 � 14

BMI (kg/m2) 26 � 4 26 � 4

Sex (male/female) 11/4 10/5

Duration of anesthesia (min) 295 � 122 346 � 75

Duration of surgery (min) 220 � 111 264 � 74

Duration of CPB (min) — 118 � 41

NOTE. Values are presented as mean � standard deviation.
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accuracy of SpotOn temperature measurement during CPB, it
also was compared with the nasopharyngeal temperature
throughout cardiac surgery (ie, also during CPB). Mean
differences and 95% limits of agreement were calculated and
a graphic display of differences versus means was generated.
The limits of agreement were calculated as the mean bias � 2
standard deviations. A difference of �0.51C between 2 temper-
ature measurement methods was defined as an acceptable
agreement.26

RESULTS

Temperature data were obtained from all the consecutively
enrolled 30 patients. Patient characteristics and surgical data of
both patient populations are presented as mean � standard
deviation or numbers in Table 1.

Vascular Surgery

At the induction of anesthesia, the SpotOn and skin
temperatures were equilibrated to the initial values. The
esophageal temperature reading was on display shortly after
intubation. The vesical temperature was available later during
routine preparations (see Fig 1). The SpotOn and esophageal
temperatures paralleled each other throughout the procedure,
the former being marginally, but constantly, higher. In Bland-
Altman analysis, the mean difference (ie, bias) between SpotOn
Fig 1. SpotOn, distal esophageal, urinary bladder, and forehead

skin (skin) mean temperatures of the vascular surgery patients at 5-

minute intervals. Each temperature point was included in the

illustration when 10 or more measurements were complete at that

time. Ind, induction of anesthesia; 1 h, 2 h, 3 h, and 4 h, hours after

induction.
and the esophageal temperature was þ0.081C, and the 95%
limit of agreement was –0.25 to þ0.401C (see Fig 2).

The temporal course of the bladder temperature deviated
from the other deep temperature measurements (see Fig 1). At
the beginning it was higher, and it then steadily declined and
was at a level similar to the SpotOn and esophageal temper-
atures after 2 hours during the procedure. The forehead skin
temperature was approximately 31C lower than the SpotOn and
esophageal temperatures at anesthesia induction (see Fig 1).
Thereafter, the skin temperature steadily increased but
remained at least 11C lower than the SpotOn and other deep
temperatures until the end of the procedure.
Cardiac Surgery

The SpotOn and skin temperatures were equilibrated to the
initial values at the induction of anesthesia (see Fig 3).
Nasopharyngeal, PA, and vesical temperatures were ready on
the display later during the preparations (eg, PA catheterization
and esophageal echocardiography). The SpotOn and both core
temperatures (nasopharyngeal and PA) paralleled closely to
each other both before and after CPB. When the patient was off
CBP, the mean difference (bias) in the Bland-Altman analysis
between SpotOn and PA was –0.051C and the 95% limits of
agreement was –0.56 to þ0.471C (see Fig 4).

During CPB, the PA temperature was substantially lower
than the SpotOn or nasopharyngeal temperature (see Fig 3).
During CPB, both during cooling and rewarming, the SpotOn
and nasopharyngeal temperatures paralleled each other, only
excluding the lowest temperature, which was around 321C. In
Bland-Altman analysis, the mean difference (bias) between
SpotOn and nasopharyngeal temperatures during off-CPB was
–0.101C and the 95% limit of agreement was –0.69 to þ0.491C
(see Fig 5). During CPB, the mean difference (bias) was –

0.141C, and the 95% limit of agreement was –1.23 to þ0.941C.
During the entire study period, the mean difference
(bias) between the SpotOn and nasopharyngeal temperatures
was –0.121C, and the 95% limit of agreement was –0.94
to þ0.711C.
Fig 2. Bland-Altman plot between the SpotOn and distal esopha-

geal (Eso) temperatures of the vascular surgery patients.



Fig 3. SpotOn, pulmonary artery, nasopharynx, urinary bladder,

and forehead skin (skin) mean temperatures of cardiac surgical

patients before (pre-CPB), during (CPB), and after CPB (post-CPB) at

5-minute intervals. Each temperature point was included in the

illustration when 10 or more measurements were complete at

that time.

Fig 5. Bland-Altman plot between the SpotOn and nasopharyn-

geal (Naso) temperatures of the cardiac surgery patients during the

entire study period, off-CPB (blue circles) and during CPB (red
circles).
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Of note, in 1 patient, hypothermia was induced to 261C. In
this patient, at the lowest temperature levels the SpotOn
measurement gave up to 21C higher values than the corre-
sponding nasopharyngeal temperature.

The bladder temperature was approximately 11C higher than
the nasopharyngeal, PA, or SpotOn temperature before CPB
(see Fig 3). During CPB, the bladder temperature lagged
behind, during cooling it was higher, and during rewarming
it was lower than the other deep temperatures. After CPB,
bladder temperature was at a similar level with the SpotOn,
nasopharyngeal, and PA temperatures. The forehead skin
temperature was 2-to-31C lower than the deep body temper-
ature measurements throughout the study period (see Fig 3).

DISCUSSION

In this study, the authors evaluated the novel, noninvasive
zero-heat-flux deep forehead temperature against convention-
ally measured core temperatures by presenting graphically the
temporal course of the temperatures throughout the procedures
(see Figs 1 and 3). Agreement of the temperatures measured
simultaneously using different methods of thermometry was
Fig 4. Bland-Altman plot between the SpotOn and pulmonary

artery (PA) temperatures of the cardiac surgery patients, when

off CPB.
assessed using Bland-Altman scatter plot analysis. To get a
more versatile picture of the feasibility of the novel method, the
authors included in the study 2 types of surgery that differed
from each other in terms of temperature management and
temperature measurement sites. During on-pump cardiac sur-
gery, the use of CPB enables enhanced extraction (cooling) and
delivery (rewarming) of heat via the bloodstream, resulting in
rapid and major changes of the core temperature. Vascular
surgery, on the other hand, typically is long-lasting with a large
uncovered body surface area. In the latter, body heat may be
controlled and hypothermia counteracted only by external
warming of a limited skin area and by warming the intravenous
fluids.

During vascular surgery, the SpotOn temperature closely
followed the esophageal temperature, and the agreement
between the methods was good, with a mean bias of þ0.081C
and a 95% limit of agreement of –0.25 to þ0.40 1C (see Fig 2).
The agreement was better than the bias of 0.2 or 0.51C
between deep body temperatures measured at the forehead or
sternum and esophageal temperature in previous studies in
which a former Japanese zero-heat-flux thermometry device
(Coretemp; Terumo Corp, Tokyo, Japan) was applied during
general anesthesia in patients undergoing gynecologic sur-
gery.27,28 Recently, the 3M SpotOn temperature was compared
with nasopharyngeal and sublingual temperatures measured
conventionally at 3 single time points during gynecologic and
trauma surgery.29 Using Bland-Altman analysis, the bias
between SpotOn and nasopharyngeal temperature (0.071C)
was similar to the results of the study presented here.

In this study, the agreement of SpotOn with the PA
temperature in cardiac surgery (–0.051C bias and 0.56
to þ0.471C, 95% limits of agreement; see Fig 4) was approx-
imately as good as the agreement with the esophageal temper-
ature in vascular surgery, but it was better than the recently
reported corresponding agreement of SpotOn temperature with
PA temperature for which a prototype of the SpotOn system
was evaluated.30 The results of the present study with the
SpotOn device were substantially different from the results
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obtained with a deep tissue temperature device in cardiac
surgery. Using the latter device, the zero-heat-flow temperature
lagged behind both nasopharyngeal and PA temperatures
during cooling and rewarming phases of CPB.31,32 On the
other hand, the difference may have been due to deeper
hypothermia of less than 201C in the studies applying the
Terumo device. In addition, the authors of the study presented
here detected poor agreement between the SpotOn and naso-
pharyngeal temperatures at temperatures below 321C in the
patient undergoing deeper hypothermia.

Because PA flow is reduced substantially or nonexistent
during CPB, it is not possible to compare SpotOn with the PA
temperature reliably at that time. In addition, cold cardioplegia
solution may affect the temperature at the site of the heart and
great vessels. To gain some idea of the accuracy of the novel
system during CPB, the authors compared the SpotOn with the
nasopharyngeal temperature. Furthermore, the nasopharyngeal
temperature traditionally is used as an estimate of the brain
temperature in cardiac surgery. In the study presented here, the
agreement between the methods was quite good, with a 95%
limit of agreement of –0.69 to þ0.49 for off-CPB (Fig 5).
During CPB, the agreement clearly was weaker, with a 95%
limit of agreement of –0.94 to þ1.23. Furthermore, in the
patient whose hypothermia was lowered to 261C, SpotOn
clearly gave higher values than the nasopharyngeal temperature
at the lowest temperature levels. In a recent evaluation of the
SpotOn system, using a mannequin, 281C was reported as the
lower measurement limit.33

The principal difference between zero-heat-flux SpotOn
thermometry and conventional means of core body temperature
measurement is that the probe in the latter method directly
detects the local tissue temperature. The SpotOn temperature
measurement, on the other hand, is based on the achievement
of equilibrium between the temperature of the insulated skin
and the deeper tissues. Thus, it is important to rule out the
effect of artifacts that might interfere with the zero-heat-flux
measurements. In this study, SpotOn and skin temperature
probes were side-by-side at the forehead. During vascular
surgery, forced-air warming on top of the upper torso and the
head of the patient was applied, whereas during cardiac surgery
a warming mattress was placed under the patient. At the
beginning of vascular surgery, the forehead skin temperature
was almost 31C lower than the SpotOn and esophageal
temperatures (see Fig 1). Whereas the deep temperatures
decreased by approximately 11C during vascular surgery, the
skin temperature steadily increased and at the end of surgery it
was only approximately 1.51C lower than the SpotOn and
esophageal temperature. Throughout cardiac surgery, the fore-
head skin temperature deviated by 1-to-2.51C from the SpotOn
and nasopharyngeal temperatures (see Fig 3). First, the data
convincingly showed that SpotOn did not measure skin
temperature. In this respect, these results were consistent with
the recent findings in cardiac surgery.30 Second, unlike skin
temperature, the SpotOn temperature seemed not to be influ-
enced by local warming.

Placement of the esophageal ECHO probe may interfere
with nasopharyngeal or esophageal temperature monitoring and
cannot be used in awake patients. In elective surgery a urinary
bladder catheter is inserted only after the patient is anesthe-
tized. Furthermore, the bladder temperature lags behind rapid
changes19,31 and might depend on the amount of urinary
excretion.34 In the study presented here, bladder temperature
deviated from the primary core temperatures, considered to
indicate heart and brain heat balance, at the beginning of the
surgeries and during rapid changes during CPB. Thus, there
was a danger that when the patient’s temperature was cooling,
the bladder temperature overestimate and during rewarming
underestimate the actual core temperature. SpotOn offers a
noninvasive method of core temperature measurement in
clinical circumstances in which invasive methods cannot be
applied.

A major weakness of this study was that the patient numbers
in both the cardiac and vascular surgery groups (ie, 15 patients
in each) were relatively small. However, the authors believe
that the temporal course of body temperatures would not have
been different in a larger number of patients. Furthermore, the
results of the Bland-Altman analyses were well in line with the
conclusions that can be drawn from the comparison of the
temporal profiles of temperature changes. Even with the current
patient numbers, the authors found good agreement of SpotOn
with both esophageal and nasopharyngeal temperatures and the
PA temperature off CPB. The major strength of the study was
the automated, continuous, online temperature recording, which
enabled a dynamic approach to evaluate the interrelationship of
several simultaneous temperature measurements as a function
of time. The authors’ decision to analyze the measurements at
an interval as long as 5 minutes ensured that, instead of
replicating practically the same measurements within a short
time interval, potential changes of body temperatures presum-
ably had sufficiently time to occur. This gave confidence to the
fairly narrow limits of agreement found in this study.

Based on the present preliminary data, deep body zero-heat-
flux temperature measured with the novel SpotOn system was
in good agreement with esophageal and PA temperatures above
341C and the nasopharyngeal core temperatures above 321C.
Importantly, however, poor agreement between the SpotOn
and nasopharyngeal temperatures below 321C was observed
during CPB. This may be a significant limitation of the SpotOn
device when applying it during deep hypothermia in cardiac
surgery.
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