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Summary
We conducted a randomised controlled trial to compare the efficacy of underbody forced-air

warming (Arizant Healthcare Inc, Eden Prairie, MN, USA) with an underbody resistive heating

mattress (Inditherm Patient Warming System, Rotherham, UK) and passive insulation in 129

patients having hypothermic cardiac surgery with cardiopulmonary bypass. Patients were separated

from cardiopulmonary bypass at a core temperature of 35 �C and external warming continued until

the end of surgery. Before cardiopulmonary bypass, the temperature-vs-time slopes were signifi-

cantly greater in both active warming groups than in the passive insulation group (p < 0.001 for

each). However, the slopes of forced-air and resistive warming did not differ (p = 0.55). After

cardiopulmonary bypass, the rate of rewarming was significantly greater with forced-air than with

resistive warming or passive insulation (p < 0.001 for each), while resistive warming did not differ

from passive insulation (p = 0.14). However, absolute temperature differences among the groups

were small.
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Peri-operative hypothermia is associated with numerous

complications, including myocardial ischaemia [1],

coagulopathy [2] and surgical site infection [3, 4].

Maintaining normothermia during surgery has now

become routine practice [5]. Hypothermia is often

induced therapeutically during cardiopulmonary bypass

(CPB) and cardiac surgery to try to reduce organ damage

caused by hypoperfusion and tissue hypoxia [6], but

post-CPB hypothermia is also associated with a number

of complications [7, 8]. Normothermia is also desirable

because it facilitates fast-track extubation of the trachea

[9], thus reducing the duration and cost of critical care

[10, 11]. It is therefore generally accepted that patients

recovering from cardiac surgery should be normother-

mic, regardless of their temperature during CPB [2, 8].

Temperature management of patients in the post-

CPB period is critical, particularly as rapid or excessive

rewarming is associated with postoperative neurological

and neurocognitive dysfunction. Therefore, a com-

monly employed strategy is for hypothermic CPB

followed by slow rewarming, weaning from CPB at

34–35 �C and slow surface rewarming thereafter [12].

However, cardiac surgery leaves relatively little surface

area available for surface warming systems. In addition,

core-to-peripheral redistribution of body heat can

precipitously reduce core temperature after CPB is

discontinued (‘afterdrop’) [13]. The combination of

heat loss to the environment and CPB-induced

redistribution hypothermia makes maintaining normo-

thermia especially difficult in the post-CPB period,
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therefore identifying effective clinical warming systems

remains a clinical priority.

Most heat in surgical patients is lost from the anterior

surface of the body, and conventional forced-air covers

are more effective than circulating-water mattresses

[14]. However, because so little anterior skin is

available in cardiac surgery patients, underbody systems

have been developed for this population. One is an

underbody forced-air blanket from Arizant Healthcare

Inc. (Eden Prairie, MN, USA). This system does not

actually warm the posterior surface of the patient, as

their weight compresses the air conduits when they are

lying on it, but warm air does heat the patient’s sides

and presumably collects under surgical drapes thus

creating a thermal cocoon. A second underbody system

is a resistive heating mattress from Inditherm (Roth-

erham, UK) which directly heats posterior skin.

The extent to which underbody forced-air and

resistive heating systems contribute to maintenance of

normothermia during cardiac surgery remains unclear.

Furthermore, underbody forced-air and resistive heat-

ing systems have yet to be formally compared. We

therefore tested the primary hypothesis that the rate of

core temperature change during pre- and post-hypo-

thermic CPB periods was better preserved with

underbody forced-air or resistive warming compared

with conventional passive thermal management. Our

secondary hypotheses were that, when compared with

passive thermal management, underbody warming

decreases the amount of thermal afterdrop and increases

core temperature upon arrival in the ICU.

Methods

With approval from the Institutional Review Board at

the ZNA Middelheim General Hospital and written

informed consent, patients scheduled for elective

cardiac surgery using hypothermic CPB were enrolled

between July 2009 and February 2010. Exclusion

criteria included emergency surgery, serious skin

disease, infection or sepsis, presence of an intra-aortic

balloon pump or fever. Obese patients (body mass

index ‡ 35 kg.m)2) were also excluded because of the

strong inverse correlation between body fat and

redistribution hypothermia.

Patients were randomly assigned to one of three

groups: (i) standard thermal management which

consisted of routine surgical draping (routine group);

(ii) forced-air warming with underbody blanket

connected to a hot-air blower set on high, 43 �C

(forced-air group); or (iii) underbody resistive heating

mattress set on high, 40 �C (resistive group). Ran-

domisation was based on computer generated codes

with random block permutations that were maintained

in sequentially numbered opaque envelopes until just

before surgery.

In the forced-air and resistive groups, patient

warming started immediately after positioning on the

operating table. Patients assigned to forced-air warming

were positioned directly on the surface of the dispos-

able warming blanket; in the resistive group, a single

layer cotton sheet was positioned between the resistive

warming mattress and the patient. Both heating devices

were turned off during hypothermic CPB and restarted

when rewarming was initiated. During hypothermic

CPB, the target core temperature was 30 �C. The CPB

machine was set to 38 �C during rewarming, and

rewarming was discontinued when the nasopharyngeal

temperature reached 35 �C.

Intravenous fluids were warmed to 40 �C (Ranger

blood ⁄ fluid warmer model 245; Arizant Healthcare

Inc.) and a heat-and-moisture exchanging filter was

inserted between the Y-piece of the circle system and

the tracheal tube (Hygrobac ‘S’-A, Mallinckrodt,

DAR, Italy). Patients were draped with a cardiovas-

cular sheet with Ioban 2 incise film (Steri-Drape Ioban

2, 3M Corporation, Neuss, Germany).

Immediately after arrival in the operating theatre,

oral temperature was measured (Terumo, Tokyo,

Japan). Thereafter core body temperature was measured

via a nasopharyngeal temperature probe (DeRoyal,

TN, USA) and electronic thermometer (DeBusk

Temperature Systems, TN, USA). Ambient tempera-

tures in the operating theatre were measured using a

similar temperature probe and thermometer positioned

at the level of the patient well away from any heat-

producing equipment. Temperatures and routine

anaesthetic variables were recorded at 10-min intervals.

General anaesthesia was induced with propofol and

sufentanil. Neuromuscular blockade was ensured using

cisatracurium. Anaesthesia was maintained with a target

controlled infusion of propofol (2 lg.ml)1) and sevo-

flurane in a mixture of oxygen and air. Haemodynamic

management was at the discretion of the attending

anaesthetist. No pre-surgical vasodilators were used.

Postoperative patients who were hypothermic (core

temperature < 36 �C) upon arrival in ICU were

warmed using an Arizant Healthcare Model 300 full

body cover and forced-air blower according to stan-

dard hospital protocol.

Anaesthesia, 2011, 66, pages 104–110 S. Engelen et al. Æ Underbody heating and cardiac surgery
......................................................................................................................................................................................................................

� 2011 The Authors

Anaesthesia � 2011 The Association of Anaesthetists of Great Britain and Ireland 105



The primary hypothesis of the study, that the rate of

change per hour in mean core temperature (i.e. the

slope) was better preserved in patients receiving forced-

air and ⁄ or resistive warming when compared with

passive insulation, was evaluated using repeated mea-

sures linear mixed models. One model was developed

for the pre-hypothermic CPB phase, and a second

model was developed for the post-hypothermic CPB

phase; using separate models in this manner enabled

us to model the within-subject correlation specifically

to each phase (first-order autoregressive correlation

structures).

Pre-operative oral temperature, ambient tempera-

ture in the operating room, mean arterial pressure

during surgery, and any baseline patient characteristics

that (by chance) were not adequately balanced as a

result of the randomisation were used as covariables.

Baseline characteristics were assessed for clinical

balance using relevant univariable summary statistics

for each of the warming groups.

For a given surgical phase, we made pair-wise

comparisons of the rate of change per hour in mean

core temperature between the three groups, using

simultaneous tests for regression model coefficients.

These tests incorporated a significance criterion of

p < 0.00833 to control the experiment-wide type-1

error rate at 5%, reflecting a Bonferroni adjustment for

six comparisons (i.e. three comparisons for each of the

two surgical phases under study).

In analysing our secondary outcomes, we adjusted

for pre-operative oral temperature, intra-operative

blood pressure, type of surgery, intra-operative ambi-

ent temperature, and clinically imbalanced baseline

characteristics; intra-operative blood pressure and

ambient temperature were averaged for these purposes.

Time (from activation of the warming unit) to reach

core temperature ‡ 36 �C was calculated using

Kaplan–Meier estimation and compared between

groups using a Cox proportional hazards regression

model; these techniques were necessary to account

for the fact that not all patients successfully reached

36 �C in the ICU because of return to theatre for

re-operation as a result of bleeding.

The degree of afterdrop was calculated as the

difference in core temperature between the last

observed temperature on CPB and the minimum

temperature recorded post-CPB, and was assessed

using a standard multivariable linear model for contin-

uous outcomes. Core temperature on ICU arrival was

also evaluated using a multivariable linear model. For

all secondary outcomes, a Bonferroni adjustment for

three simultaneous comparisons was used to control

the outcome-specific type-1 error rate at 5%.

SAS software version 9.2 (SAS Institute, Cary, NC,

USA) and R software version 2.8.1 (The R Founda-

tion for Statistical Computing, Vienna, Austria) were

used for all statistical analysis.

The standard error for the rate of change in mean

core temperature under passive warming and heat

conservation was unknown at the time of our study.

We therefore designed the study to provide suffi-

cient power to detect differences in mean core

temperature among the three groups, with the antic-

ipation that analysis of the rates of change (slopes)

would provide greater statistical power. Peri-operative

core temperatures typically exhibit a standard deviation

of 0.6 �C. Using this estimate of variability, 129

patients would provide > 80% power to detect differ-

ences in mean surgical-phase-specific core temperature

of 0.5 �C.

Results

A total of 129 patients were recruited into the study

and the three groups were comparable (Table 1). Mean

core temperature during and at the end of the pre- and

post-CPB periods are displayed in Fig. 1. Based on our

repeated measures models for the pre-hypothermic

CPB phase, core temperature was better conserved in

the forced-air and resistive warming groups. That is,

the temperature-vs-time slopes were significantly

greater in both active warming groups than that in

the routine thermal management group (Bonferroni-

adjusted p < 0.001 for each, Table 2). However,

the slopes of forced-air and resistive warming did

not differ significantly (p = 0.55). After CPB, the rate

of rewarming was significantly greater in the forced-

air group than in the resistive or routine warming

groups (p < 0.001 for each), while the resistive group

did not differ from the routine group (p = 0.14).

Nasopharyngeal temperatures were similar at the end

of the pre-CPB period in the forced-air (mean

(Bonferroni-adjusted 95% CI) 35.6 (35.5–35.8) �C)

and resistive (35.5 (35.4–35.7) �C) groups, and signif-

icantly greater than that in the routine group (35.1

(35.0–35.3) �C).

A total of 41 patients in the forced-air group, 43

patients in the resistive group, and 43 in the routine

group required rescue forced-air warming on arrival in

ICU (127 ⁄ 129, 98%). Core temperature in ICU and
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degree of post-CPB afterdrop are summarised in

Table 3. We found that patients in the forced-air

group were significantly warmer on arrival in the ICU

by a mean of 0.36 �C (95% CI 0.08–0.63; p = 0.005)

and showed a significantly lower degree of afterdrop

()0.28 �C (95% CI )0.52 to )0.04); p = 0.01), when

compared with patients in the routine group. Tem-

perature on ICU arrival in the resistive group did not

differ significantly from either of the other treatment

groups.

Two patients had excessive bleeding postoperatively;

for the analysis of time to reach 36 �C, times for these

patients were collected at skin closure and at ICU

arrival, respectively. Cumulative density functions

(calculated as one minus the estimated Kaplan–Meier

survival density function) are shown in Fig. 2. Unad-

justed median (95% CI) time to reach 36 �C was 258

(235–297) min for the forced-air group, 283 (262–310)

min for the resistive group and 286 (272–322) min for

the routine group. Based on our Cox regression model,

we found that after covariable adjustment, patients in

the forced-air group achieved 36 �C significantly more

quickly than patients in the resistive group (Bonfer-

roni-adjusted p = 0.03, hazard ratio (95% CI) 1.82

(1.04–3.20)).

Discussion

Both active warming systems were significantly more

effective than passive insulation during the pre-CPB

period, although no patients were normothermic by

the time CPB started. Post-CPB, forced-air warming

was significantly more effective than under-body

resistive heating, which in turn was not better than

passive insulation alone. However, none of the warm-

ing approaches was clinically sufficient as average

temperatures upon arrival in the ICU were less than

Table 1 Baseline characteristics and intra-operative details of patients undergoing cardiopulmonary bypass with routine
management or forced-air or resistive warming. Values are mean (SD), median (IQR [range]) or number (proportion).

Routine
(n = 43)

Forced-air
(n = 43)

Resistive
(n = 43)

Age; years 69 (9) 69 (12) 70 (9)
Male 33 (77%) 27 (63%) 33 (77%)
Height; cm 171 (9) 169 (8) 171 (8)
Weight; kg 77 (13) 76 (13) 76 (9)
Body mass index; kg.m)2 26 (3) 26 (4) 26 (3)
Type of surgery

CABG 25 (58%) 19 (44%) 22 (51%)
Valve 5 (12%) 11 (26%) 10 (23%)
CABG + valve 10 (23%) 11 (26%) 11 (26%)
Other 3 (7%) 2 (5%) 0

Pre-operative oral temperature; �C 36.6 (36.2–36.9 [34.6–37.1]) 36.5 (36.2–36.7 [35.5–37.3]) 36.6 (36.0–37.0 [34.7–37.3])
Vasoactive drugs used* 39 (91%) 41 (95%) 40 (93%)
Pre-CPB period; min 70 (50–90 [20–180]) 80 (60–95 [40–160]) 80 (50–95 [30–200])
CPB; min 100 (90–125 [60–180]) 110 (95–140 [60–220]) 110 (90–130 [60–170])
Post-CPB period; min 50 (40–60 [30–90]) 50 (40–65 [30–130]) 50 (40–55 [30–110])
Intra-operative ambient
temperature; �C

19.4 (18.9–19.8 [17.5–20.7]) 19.2 (18.7–19.7 [17.1–20.3]) 19.2 (18.9–19.7 [17.5–20.8])

CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass.
*Includes dopamine, milrinone and noradrenaline.

Figure 1 Nasopharyngeal (core) temperatures for patients in
each of the three randomised groups (black circles = routine
care, red squares = forced-air and blue triangles = resistive)
as a function of time in the pre-CPB and post-CPB periods.
Core temperature was similar for each group during CPB.
Results shown as mean ± SD; error bars not shown are
similar to others in the same phase. CPB, cardiopulmonary
bypass.
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35 �C in all groups, usually substantially so. Conse-

quently, all but two patients required rescue warming

in the ICU.

The initial reduction in core temperature after

induction of regional [15] or general [16] anaesthesia

results from a combination of heat loss exceeding heat

production and redistribution of heat from the core

thermal compartment to peripheral tissues. Normally,

redistribution contributes most, but the relative

amounts depend on ambient temperature, thermal

insulation and the core-to-peripheral tissue-tempera-

ture gradient. The nearly linear reductions in core

temperature during the pre-CPB period suggest that

redistribution contributed relatively little in our

patients. This is perhaps unsurprising as cardiac oper-

ating rooms are cold and the patients are nearly

completely uncovered during skin preparation, both of

which augment the skin-to-ambient-temperature gra-

dient, and thus heat loss to the environment.

During CPB, heat transfer to and from the CPB

machine far exceeds heat exchange with the environ-

ment. It is thus unsurprising that core temperatures were

similar during CPB, and virtually identical by the end.

Just as with induction of general anaesthesia, the

reduction in core temperature following separation

from CPB results from a combination of heat loss to

the environment and internal redistribution of body

heat [13]. The difference, though, is that the core-

to-peripheral tissue-temperature gradient is usually

substantial, since CPB poorly warms peripheral tissues

unless the rewarming rate is slow [13]. As might be

expected, afterdrop is more significant at lower min-

imum CPB temperatures [17]. Furthermore, environ-

mental heat loss is less as patients are fully draped

compared with during induction of anaesthesia, when

much of patients’ surface can be left uncovered.

Internal redistribution of heat would thus be expected

to contribute a greater proportion to core hypothermia

after separation from CPB. Our results are consistent

with the importance of redistribution in that core

temperature decreased disproportionately during the

initial half-hour after separation from CPB.

Table 2 Results of repeated measures models for patients undergoing cardiopulmonary bypass with routine management or
forced-air or resistive warming. Values are mean (Bonferroni-adjusted 95% CI). Estimates adjusted for type of surgery,
pre-induction temperature, ambient operating room temperature and mean arterial pressure.

Core temperature Pre-CPB Post-CPB

Rates of change; �C.h)1

Routine )0.57 ()0.68 to )0.47) )0.71 ()0.82 to )0.60)
Forced-air )0.19 ()0.29 to )0.10) )0.25 ()0.38 to )0.14)
Resistive )0.28 ()0.38 to )0.18) )0.58 ()0.69 to )0.46)

Group differences; �C.h)1

Forced-air – routine 0.38 (0.24 to 0.52)* 0.46 (0.31 to 0.62)*
Resistive – routine 0.29 (0.16 to 0.43)* 0.14 ()0.02 to 0.29)
Forced-air – resistive 0.08 ()0.05 to 0.22) 0.33 (0.17 to 0.48)*

CPB, cardiopulmonary bypass.
*Statistically significant differences.

Table 3 Estimates and comparisons of
adjusted mean core temperature upon
ICU arrival and degree of post-bypass
afterdrop for patients undergoing
cardiopulmonary bypass with routine
management or forced-air or resistive
warming. Results based on multivari-
able linear regression models adjusting
for type of surgery, pre-induction
temperature, ambient operating the-
atre temperature and mean arterial
blood pressure.

Core temperature on
ICU arrival; �C Afterdrop; �C

Adjusted mean (95% CI)*
Routine 34.33 (34.18 to 34.49) 0.70 (0.56 to 0.83)
Forced-air 34.69 (34.54 to 34.85) 0.41 (0.28 to 0.55)
Resistive 34.45 (34.30 to 34.61) 0.54 (0.40 to 0.67)

Difference (95% CI) in adjusted means*
Forced-air – routine 0.36 (0.08 to 0.63)� )0.28 ()0.52 to )0.04)†
Resistive – routine 0.12 ()0.15 to 0.39) )0.16 ()0.39 to 0.08)
Forced-air – resistive 0.24 ()0.03 to 0.50) )0.12 ()0.36 to 0.11)

*Confidence intervals adjusted using the Bonferroni correction for three simultaneous compari-
sons to maintain an outcome-specific type-1 error rate of 5%.
†Statistically significant difference in adjusted means (after the Bonferroni correction).
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Afterdrop makes the post-CPB period especially

challenging for patient-warming systems. Indeed, this

was only 50 min on average, which provided little time

for heat applied to the surface of the patient to reach

their core. Average core temperatures with passive

insulation and either active warming system differed

by £ 0.5 �C at the end of the pre-CPB period and on

arrival in the ICU. Such small temperature differences

are not usually considered to be clinically important as

they have yet to be linked to any important outcome

[18]; furthermore, normal circadian temperature

change exceeds 0.5 �C and is presumably harmless

[19, 20]. Therefore, neither active underbody system

made a clinically important contribution to thermal

management in patients managed in this manner. This

result is similar to that in a previous study of near-

normothermic CPB in which patients randomly

assigned to passive insulation or to underbody forced-

air were normothermic at the end of surgery [21]. In

contrast, overbody forced-air warming can be effective

in CPB patients [22].

The CPB was terminated at 35 �C as part of a

strategy to prevent neurological or neurocognitive

dysfunction in a specific high-risk population, by using

slow rewarming to avoid temperatures exceeding

37 �C [12, 23]. Temperature management during

CPB remains controversial and was not addressed in

this study. However, our strategy did allow us to study

two warming devices in a challenging environment.

Although not tested in this trial, it is possible that

overbody forced-air warming [24] would have been

more effective than either of the underbody systems

used in this study [14]. Furthermore, circulating-water

garments [25–27] or similar systems [28] may also have

been more effective. The same may not apply to

resistive systems where heat transfer rates depend on

numerous design features. Heat transfer with other

types of underbody resistive heating system may thus

differ and the efficacy of each should be individually

determined.

In summary, resistive underbody warming per-

formed well in the pre-CPB period which is a moderate

test of warmer efficacy, but was less effective than

forced-air after CPB. However, absolute temperature

differences among the groups were small, confirming

that patient temperature in the post-CPB period is

largely determined by temperature at termination of

CPB.
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