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Summary
Resistive heating is an alternative to forced-air warming which is currently the most commonly

used intra-operative warming system. We therefore tested the hypothesis that rewarming rates are

similar with Hot Dog� (Augustine Biomedical) resistive and Bair Hugger� (Arizant) forced-air

heating systems. We evaluated 28 patients having major maxillary tumour surgery. During the

establishment of invasive monitoring, patients became hypothermic, dropping their core

temperature to about 35 �C. They were then randomly assigned to rewarming with lower-body

resistive (n = 14) or forced-air (n = 14) heating, with each system set to ‘high’. Our primary

outcome was the rewarming rate during active heating over a core temperature range from 35 to

37 �C. Morphometric characteristics were comparable in both groups. Temperature increased at

twice the rate in patients assigned to forced-air warming, with an estimated mean (SE) slope of 0.49

(0.03) �C.h)1 vs 0.24 (0.02) �C.h)1 (p < 0.001). Resistive heating warmed at half the rate of

forced air.
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The combination of anaesthetic-induced impairment of

thermoregulatory control and a cool operating room

environment makes nearly all unwarmed surgical

patients hypothermic [1, 2]. Even decreases of 1–2 �C
in core temperature can predispose a patient to morbid

myocardial outcomes [3], surgical site infection [4, 5],

coagulopathy and increased transfusion requirement

[6], prolonged recovery [7], and hospitalisation [4].

Thus, it is important to maintain normothermia in

surgical patients. Surgical Care Improvement Project

(SCIP) guidelines, for example, require that patients

having surgery lasting more than 1 h be actively

warmed and ⁄ or kept normothermic. Peri-operative

normothermia is also recommended by the American

College of Cardiology, the American Society of

Postanaesthesia Nurses, and the National Collaborating

Centre for Nursing and Supportive Care. United

Kingdom and European Union guidelines are similar.

One non-disposable approach to intra-operative

warming is resistive heating (e.g. electric blankets).

Unsurprisingly, resistive heating is more effective

than passive insulation [8, 9]. Various over-the-body

resistive heating systems have been compared to

forced-air, with some studies concluding that both

methods maintain normothermia [10–13] but at

least one concluding that resistive heating is less

effective [14].

Forced-air is by far the most commonly used intra-

operative warming technique. Efficacy of the method

is well established, and forced-air heating is both

inexpensive and remarkably safe [15, 16]. Furthermore,

forced-air systems from various manufactures work
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comparably well, allowing physicians and hospitals to

choose systems based on price and convenience [17, 18].

However, forced-air covers are disposable; clinicians

might consider a non-disposable method, especially if

safety were comparable and costs no greater.

Unlike forced-air, there are important distinctions

among resistive heating systems that alter both efficacy

and safety. For example, heat transfer depends critically

on the specified temperature, the ability of the system

to maintain the designated temperature, the amount of

anterior surface covered by the system, what fraction of

the cover is actively warmed and how much insulation

separates the heater from the ambient environment.

But perhaps the single most important factor determin-

ing heat transfer with resistive warming systems is how

much of the cover is in contact with the skin surface.

Contact is a key issue because air is a good insulator;

thus even tiny air gaps between the heated surface and

the skin surface markedly degrade performance. The

extent to which air gaps develop depends critically on

cover flexibility and weight. Because so many factors

influence efficacy, each resistive heating system needs

to be specifically tested. A relatively new resistive

warming system is the Hot Dog� blanket (Augustine

Biomedical, Eden Prairie, MN, USA). We therefore

tested the hypothesis that the Hot Dog resistive heating

blanket and a forced-air system rewarm hypothermic

patients at comparable rates.

Methods

With Institutional Review Board approval from the

Medical University of Vienna and written informed

patient consent, we enrolled 28 adults having major

maxillary-facial reconstructive surgery expected to last

about 5 h. Most had pectoral flap reconstructions after

extensive cancer debridement. We did not study

patients with Reynaud’s disease, thyroid dysfunction,

insulin-dependant diabetes mellitus, or who were of

ASA physical status > 3.

Ambient operating room temperature was main-

tained near 21.5 �C. Patients were premedicated with

oral midazolam 7.5 mg. An intravenous catheter was

inserted and 1000 ml warmed Hartmann’s solution was

slowly infused. We induced anaesthesia with propofol

3–5 mg.kg)1 and fentanyl 3 lg.kg)1; nasotracheal

intubation was facilitated with rocuronium bromide

0.5 mg.kg)1. The lungs were ventilated with 100%

oxygen via a facemask for 3 min. After intubation, the

patient’s lungs were mechanically ventilated with

2 l.min)1 O2 using a semi-closed anaesthesia system.

The ventilator was adjusted to maintain an end-tidal

PCO2 4.7–5.2 kPa.

Anaesthesia was maintained with 40% Hartmann’s

oxygen in air and sevoflurane 2.5%. Sufficient addi-

tional volatile anaesthetic was given as necessary to

maintain arterio-venous shunt vasodilation; that is, a

forearm-minus-fingertip skin-temperature gradient

[19] (defined below) < 0 �C, because a gradient of

0 �C is associated with clinically important constraint of

metabolic heat to the core thermal compartment [20].

This precaution was taken because at a given core

temperature, constricted and dilated patients can have

very different body heat contents and, therefore,

different rewarming rates. Warming rates, at least

postoperatively, are greater in vasodilated patients

[21, 22]. A minimum of 1 lg.kg)1 fentanyl was given

each hour, along with at least 10 ml.kg)1 warmed

Hartmann’s solution. Warmed red cells were transfused

if the haematocrit decreased to 0.25.

We inserted catheters into the femoral vein and

radial artery for monitoring and postoperative paren-

teral nutrition. A bladder catheter with a thermistor

temperature monitor (FC 400; Smiths Medical Colo-

nial Way, Waterford, UK) was inserted. After surgical

skin preparation, patients were covered only by a single

layer of surgical drape and were not actively warmed. A

small roll was positioned under the patient’s knees. The

Vienna General Hospital is a teaching facility and the

entire preparation period typically took about an hour,

during which time patients are not actively warmed.

When bladder (core) temperature reached 35 �C
(usually soon after patient preparation, including

insertion of catheters), patients were randomly assigned

to a Hot Dog resistive heater (Lower-body Pad B103,

System Controller AU-WC01; Augustine Biomedical)

or the Bair Hugger forced-air warming system (lower-

body cover Model 52500, Heater Model 750; Arizant

Medical, Eden Prairie, MN, USA). Computer-

generated allocations were maintained in sequentially

numbered, opaque envelopes, that were opened

shortly before rewarming began. Both warming

devices were set to high (43 �C).

Because reconstruction of the defects of the maxil-

lary-facial area was performed with iliac crest bone, the

assigned warming covers were positioned adjacent to

the skin, under the surgical drapes, and extended from

just below the anterior iliac crests to the feet.

Compression stockings were not used. The resistive

pad was smoothly draped over the legs to maximise

skin contact (Representatives of Augustine Biomedical

were present during two early cases and confirmed that
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their resistive heating system was used correctly). The

forced-air cover was taped to the skin at the level of the

anterior iliac crest, thus preventing warm air from

blowing towards the abdomen under the surgical

drapes. Both pads were covered by a single layer of

cotton surgical drape. Warming was continued until

patients reached a core temperature of 37 �C.

Subsequent thermal management was left to the

discretion of the attending anaesthetist.

Baseline characteristics were recorded. Core tem-

perature was measured from the urinary bladder and

mean-skin temperature was calculated from the chest,

upper arm, thigh and calf: mean skin temperature

(�C) = [0.3(chest + upper arm) + 0.2(thigh + calf)]

[23].

Temperature probes were also positioned on the

fingertip and forearm of one arm that was kept exposed

to ambient air and not actively warmed (Mon-a-therm

skin probes; Tyco-Mallinckrodt, St Louis, MO, USA);

the skin-temperature gradient was defined by forearm-

minus-fingertip temperature [19], with gradients

< 0 �C indicating vasodilation.

Data were recorded at 15-min intervals starting

before induction, except for core temperature which

was first measured soon after anaesthetic induction

when the bladder catheter was inserted.

Descriptive statistics were used to compare the

randomised groups on potentially confounding baseline

characteristics. We assessed balance with the standar-

dised difference, which is the difference in means or

proportions divided by pooled standard deviation

(preferred over a p value for assessing balance in a

randomised study because it is independent of the

sample size; furthermore, no intervention had yet been

administered, making a statistical test and correspond-

ing p value irrelevant).

Our primary outcome was the rate of core rewarm-

ing over the range from 35 to 37 �C during the

surgery. Groups were compared on the mean

rewarming rate in a linear mixed effects regression

model (‘mixed’ because it includes both fixed and

random effects). We considered the within-subject

change of core temperature over time (i.e. slope) to be

a ‘random’ effect, and adjusted for baseline tempera-

ture, age, sex and body mass index as ‘fixed’ effects. In

a secondary analysis (distinct from the above model),

we evaluated the main effects of group, time (as

categorical variable) and their interaction on mean core

temperature. Groups were also compared on time-

weighted average core temperature using simple linear

regression adjusting for the same covariables.

Using results from the primary model mentioned

above, equivalence on the mean rate of rewarming for

the resistive and warm air systems was assessed with the

2 one-tailed tests equivalence testing approach [24–26]

and an equivalence delta of 0.2 �C.h)1. We thus tested

(one-tailed t-tests) whether the difference between

groups in mean slope (i.e. rate of temperature change

per hour) was ‡ )0.2 �C and also £ +0.2 �C. The

null hypothesis to be refuted was that the difference

was outside this equivalence region. Both tests being

significant (at p < 0.025) would correspond to the 95%

CI for the difference between rates falling within the

equivalence region and a claim of equivalence between

the two methods at the specified delta. Similarly,

equivalence on mean core temperature and time

weighted average of core temperature were assessed

with an equivalence delta of 0.5 �C. Finally, we tested

for superiority of one system over the other in two-

tailed tests of superiority if equivalence was not

observed.

Secondary analyses included comparing groups on

time-weighted average of fluid administration rate,

blood pressure and pulse rate using two-tailed,

unpaired t-tests or Wilcoxon rank sum tests, as

appropriate, and on mean skin temperature over time

after the start of rewarming using a mixed effects

regression model.

A total of 46 patients (23 per group) were needed to

have 90% power to demonstrate equivalence of the

two warming methods on final intra-operative

temperature at the 0.05 significance level using the 2

one-tailed tests equivalence testing technique and an

equivalence region of 0.5 �C, assuming a SD of 0.5 �C
for each group and zero true difference.

Calculations were made using the Power procedure

in SAS statistical software (SAS Institute Inc., Cary, NC,

USA). The R programming language was used for

other analyses. To maintain a 0.05 significance level

within each hypothesis, Bonferroni corrections were

made where appropriate.

Results

Over the course of the study, the number of suitably

long cases diminished to the point where enrolling the

originally planned 46 patients was likely to take an

additional 1–2 years. Because of enrolment difficulties,

the Executive Committee (DIS, EM and OP) evalu-

ated the study after 28 patients were enrolled; the

Committee stopped the trial at that point because

rewarming rates were significantly different. A total of
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14 patients randomly assigned to resistive and 14

randomly allocated to forced-air were thus included in

the analysis. Randomised groups were well balanced

for baseline characteristics, but patients in the resistive

warming group had somewhat longer operations

(Table 1). Table 2 summarises the clinical factors by

randomised groups.

Our primary analysis showed that temperature

increased over time during surgery for both groups

after the start of warming (both p < 0.001), but

increased at about twice the rate in patients assigned

to forced-air warming, with a mean (SE) slope of 0.49

(0.03) �C.h)1 vs 0.24 (0.02) �C.h)1 (p < 0.001, com-

paring groups). Correspondingly, equivalence on the

mean slope of temperature over time using the a priori

defined equivalence delta of 0.2 �C.h)1 could not be

claimed (p = 0.91 for the lower delta, Table 3).

The resistive group time-weighted average intra-

operative core temperature was an estimated mean

(95% CI) 0.43 (0.13–0.75) �C lower than that of the

Table 1 Baseline characteristics and
pre-operative surgical parameters.
Values are mean (SD), number (%) or
median (IQR [range]).

Hot Dog
(n = 14)

Bair Hugger
(n = 14)

Standardised
difference*

Age; years 56 (11) 50 (12) 0.52
Weight; kg 67 (13) 64 (12) 0.26
Height; cm 174 (9) 168 (9) 0.66
BMI; kg.m)2 22 (3) 23 (4) )0.16
Male 12 (86%) 8 (57%) 0.67
Duration of surgery; h 5.6 (1.7) 4.1 (1.1) 1.2
Baseline surgical variables

Core temperature; �C 35.9 (0.2) 36.1 (0.3) )0.62
Heart rate; beats.min)1 67 (10) 68 (14) )0.04
BP systolic; mmHg 99 (15) 98 (13) 0.05
BP diastolic; mmHg 53 (51–60 [45–82]) 54 (52–59[43–82]) )0.17
SaO2; % 99 (1) 99 (1) 0.06
End-tidal sevoflurane; % 1.9 (0.6) 1.8 (0.5) 0.12

*Standardised difference is the difference in means divided by the pooled SD (zero indicates
perfect balance).

Table 2 Comparison of treatment
groups on intra-operative parameters.
Values are mean (SD).

Hot Dog
(n = 14)

Bair Hugger
(n = 14) p value

Intra-operative (time-weighted average)
Core temperature; �C 35.1 (0.3) 35.5 (0.3) 0.002
Heart rate; beats.min)1 67 (6) 71 (12) 0.32
BP systolic; mmHg 91 (9) 88 (7) 0.29
BP diastolic; mmHg 50 (6) 48 (6) 0.43
SaO2; % 99 (1) 99 (1) 0.94
End-tidal sevoflurane; % 2.5 (0.4) 2.6 (0.4) 0.39

Induction to start of rewarming; h 1.25 (0.4) 1.25 (0.6) 0.12

Table 3 Rate of core temperature rewarming.

Hot Dog
Mean (SE)*

Bair Hugger
Mean (SE)*

Hot Dog – Bair Hugger
Difference (95% CI)*

Superiority
p value†

Equivalence
p values‡
Delta = 0.2 �C

)delta +delta

Rewarming rate; �C.h)1 0.24 (0.025) 0.49 (0.027) )0.25 ()0.32, )0.18) < 0.001 0.91 < 0.001

*Random effect mixed model slopes, standard errors and difference in slopes. All analyses adjusted for baseline core temperature, sex, age and
body mass index.
†Two-tailed test of difference in slopes (p < 0.05 significant).
‡‘2 one-tailed tests’: equivalence not claimed since both p values are not < 0.05 ⁄ 2 = 0.025 and 95% CI does not fall within ()0.2, 0.2).
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forced-air, p = 0.007, adjusting for baseline tempera-

ture, age, sex and BMI. Therefore, equivalence of the

Hot Dog and Bair Hugger could not be claimed on

intra-operative core temperature; specifically, the one-

tailed test for the difference being greater than )0.5 �C
was not significant (p = 0.34, Table 4).

In our secondary analysis considering time to be a

categorical variable, we detected a strong group-

by-time interaction (p < 0.001). We therefore tested

for equivalence at 1, 2, 3 and 4 h after start of

warming, using the model results and constructing the

appropriate one-tailed t-tests using the equivalence

buffer of 0.5 �C, with significance level of

0.05 ⁄ 4 = 0.0125 at each time point, and criterion of

0.0125 ⁄ 2 = 0.0065 for each one-tailed test. Equiva-

lence of resistive and forced-air could not be claimed at

any of the time points. Moreover, mean core temper-

ature with the resistive warming was significantly lower

than the forced-air warming at 2, 3 and 4 h (Fig. 1).

Mean-skin temperatures in the resistive patients

were significantly lower at 4 h, but not at 1, 2 and 3 h

after the start of rewarming (mixed effects model p

values at 1, 2, 3 and 4 h of 0.34, 0.047, 0.026 and

0.0023, respectively; significance criterion 0.05 ⁄ 4 =

0.0125, Fig. 2).

Discussion

We expected the new electric heating device, the Hot

Dog, to work as well as forced-air and thus tested a

non-inferiority hypothesis. Our results, though, indi-

cate that the Hot Dog rewarms surgical patients at

about half the rate of a Bair Hugger forced-air heating.

The significantly inferior performance of the Hot Dog

was surprising given previous work showing that

cutaneous heat transfer rates were comparable in eight

volunteers [27]. Normally, heat flux is a good indicator

of warming efficacy and is often used as a surrogate for

core temperature changes [18, 28]. However,

Kimberger and colleagues evaluated full-body warming

whereas, for clinical reasons, warming was restricted to

the legs in our patients. Because of their tubular shape,

it is more difficult to obtain good contact between

resistive heating pads and the skin on the legs than on

Table 4 Equivalence testing on average core temperature over time and temperature at specific times.

Surgical time (n Hot Dog,
n Bair Hugger)

Hot Dog
Mean core
temperature �C (SE)*

Bair Hugger
Mean core
temperature �C (SE)*

Hot Dog–Bair Hugger
Difference �C
(98.75% CI)*

Superiority
p value
Two-tailed†

Equivalence p
values§
Delta = 0.5�C

)delta +delta

Time weighted average
core temperature; �C

35.0 (0.1) 35.5 (0.1) )0.4 ()0.8, )0.1)‡ 0.007‡ 0.34– < 0.001–

1 h (14, 14) 34.6 (0.1) 34.8 (0.1) )0.3 ()0.8, 0.2) 0.087 0.12 < 0.001
2 h (13, 14) 34.9 (0.1) 35.4 (0.1) )0.5 ()1.0, )0.1) 0.005 0.58 < 0.001
3 h (13, 13) 35.1 (0.1) 36.0 (0.1) )0.9 ()1.4, )0.4) < 0.001 0.97 < 0.001
4 h (8, 12) 35.3 (0.1) 36.5 (0.1) )1.2 ()1.7, )0.7) < 0.001 0.99 < 0.001

*Mixed effects model means (SE); Analyses adjusted for baseline core temperature, sex, age and body mass index.
†98.75% CI; Bonferroni correction: significance criterion 0.05 ⁄ 4 = 0.0125 for each hour.
‡95% CI; significance criterion 0.05.
§‘2 one-tailed tests’: equivalence not claimed at any hour since both p values not < 0.0125 ⁄ 2 = 0.00625.
–‘2 one-tailed tests’: equivalence not claimed since both p values not < 0.05 ⁄ 2 = 0.025.

Figure 1 Mean core temperatures over time in patients
assigned to forced air (h) and resistive warming (s). See
Tables 3 and 4 for statistical analysis. Both the rate of
re-warming and core temperatures differed significantly
between groups. Error bars = SD.
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the torso – possibly explaining lower apparent heat

transfer in our patients. But since lower-body warming

is often clinically required, heating systems should

ideally work in both upper- and lower-body modes.

Brandt and colleagues found that core and mean-

skin temperatures were comparable with the Hot Dog

system and forced-air in patients having �90-min long

extremity surgery [29]. They compared two ‘multi-

position pads’ having a total warming area similar to

that provided by an upper-body forced-air cover. An

important difference between our study and theirs is

that their patients were generally healthy, had smaller

operations, and thus presumably lost less heat to the

environment (even a relatively ineffective device will

keep patients warm when heat loss is modest. Warming

devices are thus typically tested in large operations

where heat loss is substantial). Another difference is

that Brandt and colleagues warmed the arms and torso

whereas we warmed the legs, which as mentioned

above, is a site where resistive warming pads may not

make good warmer-to-skin contact. In contrast,

forced-air works well even when the cover is not

directly adjacent to the skin. The primary goal of

Brandt and colleagues was to maintain intra-operative

normothermia, whereas we evaluated rewarming of

hypothermic patients. The later is a considerably

stricter test of a warming device since greater heat

transfer is required.

Unlike many other resistive heating systems that use

carbon fibre elements, the Hot Dog heater uses a

polymer. In theory, various types of heating elements

should work comparably, so long as they maintain even

temperatures without hot spots or heat sinks which

would, respectively, compromise safety and perfor-

mance. Characteristics of the warming elements may

have contributed to our results, but sub-optimal

warmer-to-skin contact around the legs seems a more

likely explanation. It thus remains possible that

performance of the resistive system would have been

better had we used an upper-body cover. In contrast,

upper-body and lower-body forced-air covers are

equally effective [17] and from a clinical perspective,

optimal warming systems should be effective in both

locations as either may be required depending on the

surgical site and patient position.

Our study was far too small to evaluate safety. Because

about 200 million patients have surgery each year

worldwide, many of whom are warmed, clinical warm-

ing systems need to meet high safety standards. Burn

rates of even 1 in 10 000 cases would be unacceptable for

new warming systems given the admirable safety record

for forced-air. The benefits of normothermia presum-

ably accrue no matter how patients are kept warm. But

we note that virtually every major study relating

intra-operative hypothermia to adverse outcomes was

conducted with forced-air. For example, forced-air is

the only warming technology proven, in two separate

studies, to reduce infection risk [4, 5].

All surface warming systems transfer heat in propor-

tion to the available surface area. Both systems would

thus have been less effective in operations where less

surface area was available for warming. But the relative

efficacy would presumably have been similar.

Our study, which was originally planned for 23

patients per group, was stopped at 14 patients per

group because of difficulty with enrolment, and also

because interim analysis showed a high statistical

difference between the groups. Stopping a study early

increases the risk of alpha error but is unlikely to

explain the substantially better performance of forced-

air in our study.

Patients assigned to resistive warming had somewhat

longer surgery (5.6 h vs 4.0 h). However, significant

differences in core temperature accrued by the second

hour of rewarming, and because our primary outcome

was the rate of rewarming, duration of surgery should

not contribute to the observed differences in efficacy.

In summary, Hot Dog resistive heating rewarmed at

half the rate as Bair Hugger lower-body forced-air

warming. Forced-air is thus preferable for rewarming

surgical patients.

Figure 2 Means of mean-skin temperature over time in
patients assigned to forced air (h) and resistive warming (s).
Mean-skin temperature = [0.3 (chest + upper arm) + 0.2
(thigh + calf)]. Mean skin temperature was significantly
lower in the Hot Dog patients after 4 h. Error bars = SD.
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