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Core body temperature is normally tightly regulated in 
conscious animals through a variety of autonomic responses 
and behaviors.12,29 Receiving afferent inputs from temperature 
receptors widely distributed in the body, the hypothalamus 
mediates autonomic control, with effector responses altering 
cutaneous vascular tone to vary blood flow (and consequently 
the transfer of heat) through arteriovenous shunts by several or-
ders of magnitude.12 Under general anesthesia, these regulatory 
mechanisms are disrupted, and as a result, the hypothalamic 
threshold range (± 0.2 to 0.4 °C; defined as the temperature 
range that does not trigger a thermoregulatory autonomic 
response) increases 20 fold (4 to 8 °C) before an autonomic 
response is activated.10,13,41 Consequently, hypothermia is a 
common complication of general anesthesia and a challenge 
for anesthetists.24,25,27,40

The most important promoter of hypothermia during anes-
thesia is broadening of the hypothalamic threshold range, which 
allows warm core blood to redistribute to the periphery and sub-
sequently lose heat to the environment.3,4,20,32,41 Redistribution 
accounts for 80% of the drop in core temperature that follows 
the induction of general anesthesia.8,20 Once hypothermia is 
established, reversal can be difficult.32 Because relatively small 
reductions in core temperature (as little as 1 °C in humans) 

are associated with important adverse effects (surgical site 
infections, altered drug pharmacokinetics, delayed recovery 
from anesthesia, prolonged hospital stay), the prevention of 
hypothermia is an important goal during anesthesia.14,16,17,33 
Prolonged recovery from anesthesia occurs in hypothermic 
dogs and rodents.6,23,31

To minimize thermoregulatory dysfunction caused by general 
anesthesia, instituting protective warming strategies before 
initiation of anesthesia has been shown to reduce heat redistri-
bution.5,11,37,39 The strategy of warming patients to minimize the 
temperature gradient between the core and the periphery has 
been successfully implemented in humans.5,11,37,39 Prewarming 
prolongs the duration of normothermia after the induction of 
general anesthesia by limiting the initial redistribution of heat 
that occurs during anesthesia.5,11,37,39 A similar strategy was 
unsuccessful in dogs,1,26 but has been successfully employed 
in rats.28,31 In rats, the duration of effect of prewarming was 
relatively short (approximately 15 min) when used alone, and 
the contribution of active compared with passive warming in 
maintaining normothermia after prewarming has not been 
investigated.28,31

This study was designed to explore the effectiveness of 
different warming strategies after a period of prewarming 
in rats. We hypothesized that prewarming to a target 1% 
increase in core temperature, followed by passive warming 
(fleece blanket), would prevent hypothermia during 30 min 
of general anesthesia.

Materials and Methods
Animals. Female (n = 5) and male (n = 3) CD Sprague– 

Dawley rats aged (28 wk [14 to 28 wk]; median [range]) and 
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body mass of 408g (362 to 618g) were purchased from a com-
mercial supplier (Charles River Laboratories, Senneville, QC, 
Canada).

Ethics statement. The experimental protocol was approved by 
the institutional animal care and use committee of the Université 
de Montréal (18-Rech-1947), which follows the requirements of 
the Canadian Council on Animal Care.

Rats were acclimatized to both the experimenter (MR) and 
environment over a 7-d period that included daily handling and 
exposure to the warming chamber. Rats were considered habitu-
ated when they readily accepted a treat offered by hand. Rats 
were pair-housed in a plastic cage (45 [l] x 24 [w] x 20 [h] cm) with 
bedding of wood chips and shredded paper. A plastic tube and a 
polyurethane toy were included for enrichment. Environmental 
conditions were controlled to provide a 14/10 h light:dark cycle 
(lights on at 0600), humidity of 35% to 40%), and temperature of 
22 °C. Rats were fed a standard rodent diet (Rodent laboratory 
chow 5075, Charles River Breeding Laboratories, St-Constant, 
Quebec, Canada), and tap water was offered ad libitum. In ad-
dition to standard diet, 3 types of small palatable treats were 
offered ad hoc (Supreme Mini-Treats, Very berry flavor, Bio-Serv, 
Flemington, NJ 08822, USA; Veggie-Bites, Bio-Serv, Flemington, 
NJ 08822, USA; Fruit Crunchies, Bio-Serv, Flemington, NJ 08822).

A sample size estimate of 8 animals was based on an α of 0.05 
and power of 80% to identify a mean difference in core body 
temperature between treatment groups of 1 °C with a standard 
deviation of 0.5 °C. This was based, in part, on published data.31

Telemetric temperature capsule implantation. Rats were 
instrumented with a telemetry capsule (Anipill temperature sen-
sor; Aniview system, Bodycap, Hérouville-Saint-Clair, France) 
implanted in the peritoneal cavity to monitor core temperature 
as part of a related study.28 Capsule implantation was performed 
10 wk before the experiments began.

Intraoperative temperature management. A prospective, ran-
domized, cross-over experimental study was designed with 2 
groups: passive and active warming. Before beginning the study, 
rats were randomized to the first treatment with the cross-over 
taking place after a minimum 5 d washout period. The study 
design and presence of a single experimenter precluded blinding 
to treatment assignment. Exclusion criteria during the experi-
ment were a core temperature less than 27 °C or greater than 41 
°C, the presence of cutaneous thermal injuries, and any weight 
loss equivalent to 2% of body weight or more over the 5 d after. 
Testing was performed between 0900 and 1700.

We established a baseline core temperature for each animal 
by calculating the mean of core temperatures sampled every 
300 s between 0800 to 1800 on the day before the experiment. 
To facilitate comparisons between treatment groups, individual 
core temperatures were pooled from all animals and a hypo-
thermic threshold calculated (mean core temperature minus 2 
standard deviations).

The first part of the experiment was identical for both treat-
ment groups and consisted of prewarming and induction of 
general anesthesia. The chamber used for prewarming and 
anesthetic induction (25.7 [l] x 11 [w] x 10.7 [h] cm; Small box, 
Harvard apparatus, Holliston, MA) was preheated to a tem-
perature of 32.6 ± 1.1 °C (measured with a calibrated infrared 
thermometer) using a purpose-built heating unit (Vetronic 
Services, England).28 To achieve prewarming, a single rat was 
placed in the chamber, where it remained its core temperature 
increased to 1% above the value recorded before entry into the 
chamber. Once the prewarming target was attained, isoflurane 
was started (5% isoflurane on the vaporizer dial carried in 1L/
min oxygen) and general anesthesia was induced.

Passive warming group. After loss of the righting reflex, rats 
were removed from the induction chamber, placed on a thin pad 
composed of synthetic absorbent material (17” x 24”, Ultra Blok, 
A.M.G. Medical Montreal, QC) and covered with a fleece blanket 
(Microfleece throw, 50 in. × 60 in, Mainstays, Wal-Mart, Benton-
ville, AR). General anesthesia was maintained for a further 30 
min using a nose cone (isoflurane vaporizer set at 1.75%, 1L/min 
oxygen), after which isoflurane was discontinued. After the rats 
recovered sternal recumbency, they were returned individually to 
a cage containing the same bedding materials as the home cage.

Active intraoperative temperature management group. Af-
ter loss of the righting reflex, each rat was removed from the 
chamber, and anesthesia continued as described above. Rats in 
this group were placed on a heating pad that was set to 37 °C 
(16 × 38 cm; Stoelting Rodent Warmer with Cage Heating Pad, 
Stoelting Corporation, Wood Dale, IL). Rats were always placed 
in the same area of the heating pad.42 After the rats recovered 
sternal recumbency, they were returned individually to a cage 
containing the same bedding materials as the home cage.

Temperature monitoring. Core temperature was monitored 
(sampling frequency, 150 s) continuously from the time of the 
animal’s entry into the warming chamber until 30 min after 
isoflurane was discontinued. Rectal temperature was measured 
every 5 min during the 30 min of general anesthesia by using 
a thermometer (Physio Logic Accuflex Pro, Model 16 to 639; 
AMG Medical, Montreal, QC, Canada) inserted to a standard-
ized depth of 6 cm. Thermometer accuracy was checked using 
a water bath and compared with a calibrated thermometer. Skin 
temperature, measured at the lateral surface of the elbow and 
stifle (right thoracic and pelvic limb), was recorded immediately 
before entry and after removal from the warming chamber. 
Rectal temperature, which remains a commonly used proxy 
for core temperature, was compared to the core temperature 
measured by telemetry. Skin temperatures were recorded to 
assess the effects of prewarming on reducing the temperature 
gradient between the periphery and core.

Active warming systems evaluation. As part of a separate audit, 
every active warming blanket available within our facilities 
was evaluated in terms of surface temperature output (n = 21). 
Warming blankets were set at 38 °C, a temperature marked on 
the control dial and were allowed to heat for 30 min before meas-
urements were taken with a calibrated infrared thermometer. 
The entire length of the blanket was divided in 3 equal parts 
(top, middle, bottom). A total of 3 measures were taken from 
each of the parts to obtain a mean temperature for top, middle, 
and bottom sections.

Statistical analysis. Data were analyzed with commercial 
software (Prism 8.1.2, GraphPad Software, La Jolla, CA, and 
MedCalc Software 18.5, Ostend, Belgium). All data approximat-
ed a normal distribution according to the D’Agostino-Pearson 
Omnibus normality test. Time to hypothermia (based on the 
individually calculated hypothermia threshold) was assessed 
with a paired t test. The effectiveness of the 2 treatments was as-
sessed by calculating the area under the curve. Two curves were 
defined for analysis: 1) start of anesthesia to end of anesthesia 
(time 0 to 30 mins) and 2) 30 min after the end of anesthesia (time 
30 to 60 mins). Areas under the curves were compared between 
groups with a 1-way ANOVA (posthoc Tukey test). Comparisons 
between core and rectal temperatures were performed with a 
2-way ANOVA of repeated measures and posthoc Bonferroni 
test. P values of < 0.05 were considered significant. Data are 
presented as mean ± SD in the text and mean ± SEM in the fig-
ures. Data supporting the results are available in an electronic 
repository (https://doi.org/10.7910/DVN/XKHR7N).
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Results
None of the rats were excluded from the experiment (n = 8 

per group). A transitory reduction in body weight occurred 
in 2 different animals; one rat lost 5% body weight after pas-
sive warming, and another lost 1% after active warming. The 
mean core temperature of all rats during baseline was 37.2 ± 
0.3 °C with a derived hypothermia threshold of 36.6 °C (mean 
temperature – 2 SD). Prewarming increased core temperature 
to the targeted 1% over baseline (median; 0.4 °C, range; 0.4 to 
0.5 °C). The time to achieve the 1% increase was 16.7 ± 4.3 min. 
Prewarming increased skin temperature by 4.9 ± 0.5 °C for the 
passive warming group and 5.1 ± 0.6 °C for the active warming 
group. The core body temperatures of all rats decreased after 
induction of general anesthesia (time 0 to 30 min, Figure 1).

Prewarming followed by active heating prevents hypothermia. 
Significant differences in the areas under the curve occurred be-
tween the 2 treatment groups during both the 30 min of general 
anesthesia and the 30 min recovery period. Core temperature 
was better maintained in the active heating group than the pas-
sive heating group both during anesthesia (P = 0.008 [95%CI 
3.2 to 20.4]) and after anesthesia (P = 0.002 [95%CI 4.2 to 17.7]) 
anesthesia (Figure 1).

Heat distribution after prewarming and during general an-
esthesia. Prewarming raised both the core temperature and 
the peripheral (skin) temperature. This resulted in a smaller 
difference between core and rectal temperatures during the 30 
min of anesthesia in the active warming group (Figure 2 A). In 
contrast, differences of up to 0.7 °C were recorded between sites 
in the passive warming group (Figure 2 B). These differences 
were smaller during the 30 min anesthesia period for the active 
warming group (Figure 2 A)

During the 30 min general anesthesia period for the active 
group, rectal and core temperature differed significantly at T10 
(P = 0.002, 95% CI -0.55 to -0.10), T15 (P = 0.017, 95% CI -0.49 

to -0.03) and T30 (P = 0.017, 95% CI -0.50 to -0.03). There were 
no significant differences at the other time points: T0 (P = 1.0, 
95% CI -0.13 to 0.33), T5 (P = 0.057, 95% CI, -0.45 to 0.004), T20 
(P = 0.13, 95% CI -0.43 to 0.03) and T25 (P = 0.057, 95% CI -0.45 
to 0.004).

During the 30 min general anesthesia period for the passive 
group, rectal and core temperatures differed significantly at 
T5 (P < 0.0001, 95% CI -0.92 to -0.38), T10 (P < 0.0001, 95% CI 
-0.92 to -0.38), T15 (P = 0.0001, 95% CI -0.73 to -0.19) and T20 
(P = 0.014, 95% CI -0.58 to -0.04). There were no significant 
differences at other times: T0 (P = 1, 95% CI -0.26 to 0.28), 
T25 (P = 0.12, 95% CI -0.51 to 0.03) and T30 (P = 0.67, 95% CI 
-0.43 to 0.11).

Active warming system evaluation. Despite being set at the 
same target temperature, major discrepancies were identified 
for all warming blankets. The most impressive difference was 
found between blanket no. 1 (bottom area) and no. 21 (middle 
area), the latter being 18.2 °C higher. Considerable differences 
were also found within individual blankets. For example, blan-
ket no. 18 had a difference of 7.7 °C between the middle and 
top area (Table 1). The highest difference in surface temperature 
was identified between the different sections for all individual 
blankets, and results were pooled. This highlighted the areas 
were heterogeneous in their recorded surface temperature, with 
a pooled mean difference of 1.6 ± 1.5 °C (mean ± SD).

Discussion
This study had 3 main findings. First, prewarming to a 

targeted 1% increase over baseline core temperature was suc-
cessfully achieved. Second, prewarming followed by active 
warming prevented hypothermia during general anesthesia. 
Third, prewarming followed by passive warming delayed the 
onset of hypothermia but did not prevent it from occurring 
during the recovery period.

Figure 1. Area under the curve of core temperature changes in rats prewarmed to 1% above individual baseline temperature before induction of 
general anesthesia. Core temperature was recorded: 1) during 30 min of anesthesia (n = 8) and during 30 min of recovery (postanesthesia, n = 8). 
Time taken to reach hypothermia threshold (36.6 °C, horizontal dotted line) was 30 min in the passive group. Hypothermia did not occur in the 
active heating group. Data presented as mean ± SEM.
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These results show that prewarming followed by active 
warming is superior to passive warming in maintaining nor-
mothermia in anesthetized rats. Rats in the passive warming 
group showed a near linear decline in core temperature over the 
course of the 30 min anesthetic period, becoming hypothermic 
at around 30 min, and remaining so during the 30 min period 
after anesthesia. This decline in core temperature during general 
anesthesia highlights the limited effect of passive warming at 
prolonging normothermia after the prewarming period. While 
this may be acceptable for procedures lasting less than 30 min, 
even for such short procedures, body temperature should be 
closely monitored, and active heating provided during recovery, 
as temperatures may continue to fall after anesthesia.31,42 In 
addition, the duration of normothermia will vary according to 
local factors such as environmental temperature, the invasive-
ness of procedure, and the animal’s health status.

The benefits of maintaining normothermia are better estab-
lished in humans than in animals. In humans, a reduction in core 
temperature of 1 °C is sufficient to cause numerous adverse out-
comes, including myocardial ischemia, coagulopathy, significant 
thermal discomfort, delayed recovery, and increased surgical 

site infection, among others.15,30,34 Hypothermia in animals 
has been linked to cardiovascular compromise, coagulopathy, 
increased data variability in biomedical research, and longer 
recoveries from anesthesia.18,22,23,31,35,38

Hypothermia is a well-recognized and extremely frequent 
anesthetic complication in animals, affecting as much as 84% to 
97% of dogs and cats undergoing surgical procedures.24,25,27 The 
rapid onset of hypothermia in anesthetized laboratory rodents 
suggests that a high incidence of hypothermia is likely if active 
warming is not provided.2,6,31,36 Even when active warming is 
available, the temperature output of different devices can vary 
considerably, emphasizing the importance of temperature moni-
toring.6,21,36,42 This variability was highlighted during our audit 
of the active warming blankets available in our institution. We 
found substantial differences in surface temperature between 
blankets, despite them all being programmed to deliver the 
same heat output.

Thermoregulation is normally tightly regulated in mammals, 
but this regulation is disrupted by general anesthesia with either 
inhaled or injected agents.3,4,13,19,41 This disruption of thermoreg-
ulation allows a major redistribution of heat between the core 

Figure 2. Core and rectal temperature profile under the 30 min general anesthesia period of Sprague–Dawley rats (n = 8). (A) Rats were subjected 
to active thermal support (heat pad) or (B) passive thermal support (fleece draping) following a prewarming phase to increase baseline core 
temperature by 1%.
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and peripheral compartments, accounting for 80% of heat loss 
during the first hour of general anesthesia.20 Recognition of this 
problem of heat redistribution after induction of general anes-
thesia has lead to the development of prewarming as a strategy 
to delay hypothermia.9 Prewarming is based on the principle of 
decreasing the normal temperature gradient between the core 
and peripheral compartments, so that when thermoregulation 
is disrupted by the onset of anesthesia, minimal heat redistri-
bution will occur. Reducing heat redistribution will thus slow 
heat loss to the environment, maintaining normothermia until 
reduced metabolic heat production causes body temperature to 
decrease.37 This principle was illustrated in rats in this study 
by the observation that skin, core, and rectal temperatures all 
increased with prewarming.

Prewarming is known to be effective at maintaining normo-
thermia in humans during general and spinal anesthesia.5,7,9 
However, the duration of effect in laboratory rats appears to 
be short.28 In rodents, the limited literature available on tem-
perature support during anesthesia focuses predominantly on 
the period after anesthesia has been induced. Compared with 
rats, differences in body mass and relative surface area may 
mean that mice become hypothermic more quickly but are 
also easier to warm and maintain in normothermia if active 
warming is provided.6 In rats, active warming appears to be 
effective in limiting temperature loss during anesthesia, but 
does not prevent the initial drop in temperature associated 
with anesthetic induction or during the initial postanesthetic 
recovery period.2,31 However, prewarming can be effective in 
preventing this initial fall in temperature.31 Prewarming rats 
for 10 min (chamber temperature ranging from 35.7 to 37.5 °C) 
before transferring on to a heat pad (surface temperature, 36.9 

°C) prevented hypothermia in rats during 40 min of general 
anesthesia and into the recovery period.31

The study reported here builds on this previous work by 
showing that passive warming, combined with prewarming, 
can delay the onset of hypothermia by approximately 30 min. 
The 1% prewarming target was less aggressive than that used 
previously,28 and was based on evidence that rats prefer to face 
away from the incoming warmed air.28 A drawback of passive 
warming is the possibility of hypothermia during recovery, as 
was observed here. Recovery from general anesthesia is not 
typically associated with a rapid return to normothermia31 and 
active warming may be beneficial.42

This study has several limitations. First, although a negative 
control group (no prewarming, no passive warming) was not 
included for comparison, the development of hypothermia 
during general anesthesia (usually within 10 min of induction) 
is well established.31,36 Second, recent work showed that the 
duration of normothermia after prewarming to a 1% target 
increase in core temperature may be limited to approximately 
10 min.28 This suggests that passive warming after prewarm-
ing does have a beneficial effect. The anesthetic and recovery 
periods in our study were limited to 30 min each. Thirty 
minutes was sufficient for the anesthetic period, as the data 
show core temperatures decreasing to a hypothermic level in 
the passive warming group, but a longer observation period 
after anesthesia would have been useful to establish the time 
required to return to baseline temperatures. Finally, all animals 
in the study were healthy, and no invasive procedures were 
performed. These considerations limit generalization of our 
findings to other situations; the larger surface area and direct 
exposure of the core to the environment during invasive 
procedures could result in a greater temperature reduction 
without active warming.

In conclusion, this study shows that a brief period of pre-
warming to increase of core body temperature to 1% above 
baseline, followed by passive warming with a fleece blanket is 
minimally effective in maintaining normothermia and does not 
prevent hypothermia during recovery. More effective tempera-
ture management can be achieved by using an active warming 
system after prewarming, potentially avoiding hypothermia in 
during anesthesia recovery period.
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The funders had no role in study design, data collection, and analysis, 
decision to publish, or preparation of the manuscript.

References
	 1.	Aarnes TK, Bednarski RM, Lerche P, Hubbell JAE. 2017. Effect 

of pre-warming on perioperative hypothermia and anesthetic 
recovery in small breed dogs undergoing ovariohysterectomy. 
Can Vet J 58:175–179.

	 2.	Albrecht M, Henke J, Tacke S, Markert M, Guth B. 2014. Effects 
of isoflurane, ketamine-xylazine and a combination of medeto-
midine, midazolam and fentanyl on physiological variables 
continuously measured by telemetry in Wistar rats. BMC Vet Res 
10:1–14. https://doi.org/10.1186/s12917-014-0198-3.

	 3.	Annadata R, Sessler DI, Tayefeh F, Kurz A, Dechert M. 1995. 
Desflurane slightly increases the sweating threshold but pro-
duces marked, nonlinear decreases in the vasoconstriction and 
shivering thresholds. Anesthesiology 83:1205–1211. https://doi.
org/10.1097/00000542-199512000-00011.

	 4.	Bissonnette B, Sessler DI. 1992. Thermoregulatory thresh-
olds for vasoconstriction in pediatric patients anesthetized 
with halothane or halothane and caudal bupivacaine. 

Table 1. Temperature recordings of the active warming systems (warm-
ing blankets)

Active  
warming device

Average temperature recorded for  
each section (°C)

Top Middle Bottom

1 22.7 ± 0.4 22.5 ± 0.4 22.1 ± 0.2
2 29.8 ± 0.2 29.2 ± 1.0 31.6 ± 1.4
3 36.1 ± 0.1 35.5 ± 0.2 36.9 ± 0.2
4 36 ± 0.2 35.5 ± 0.1 34.2 ± 0.2
5 36.2 ± 0.1 36.3 ± 0.1 36.4 ± 0.1
6 36.8 ± 0.6 35.6 ± 0.4 35.4 ± 0.2
7 37.6 ± 0.3 36.6 ± 0.7 36 ± 0.1
8 38.2 ± 0 37.1 ± 0.12 36.6 ± 0.1
9 34.8 ± 0.1 34.4 ± 0.1 34.2 ± 0.1
10 37.3 ± 0.2 36.3 ± 0.2 35.5 ± 0.3
11 33.7 ± 0.1 33.2 ± 0.1 32.9 ± 0.1
12 32.9 ± 0.1 32.4 ± 0.1 31.9 ± 0.1
13 34.3 ± 0.3 33.8 ± 0.1 33.4 ± 0.1
14 37.4 ± 0.3 36.3 ± 0.2 36 ± 0.2
15 37.2 ± 0.5 35.4 ± 0.1 35.0 ± 0.1
16 37.2 ± 0.2 36 ± 0.1 35.4 ± 0.2
17 37 ± 0.1 38.2 ± 0.3 38.4 ± 0.3
18 29.6 ± 0.4 37.3 ± 0.1 35.7 ± 0.3
19 37.1 ± 0.3 37.1 ± 0.3 36.6 ± 0.4
20 36.3 ± 0.2 37.2 ± 0.1 36.3 ± 0.2
21 39.1 ± 0.1 40.3 ± 0.4 38.7 ± 0.3

Recordings of the surface temperature of all active warming systems 
(warming blankets) that were available in our facilities. Data presented 
as mean ± SD.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



382

Vol 59, No 4
Journal of the American Association for Laboratory Animal Science
July 2020

Anesthesiology 76:387–392. https://doi.org/10.1097/00000542-
199203000-00011.

	 5.	Camus Y, Delva E, Sessler DI, Lienhart A. 1995. Pre-induction skin-
surface warming minimizes intraoperative core hypothermia. J Clin 
Anesth 7:384–388. https://doi.org/10.1016/0952-8180(95)00051-I.

	 6.	Caro AC, Hankenson FC, Marx JO. 2013. Comparison of ther-
moregulatory devices used during anesthesia of C57BL/6 mice 
and correlations between body temperature and physiologic 
parameters. J Am Assoc Lab Anim Sci 52:577–583.

	 7.	Glosten B, Hynson J, Sessler DI, McGuire J. 1993. Preanes-
thetic skin-surface warming reduces redistribution hypothermia 
caused by epidural block. Anesth Analg 77:488–493. https://doi.
org/10.1213/00000539-199309000-00012.

	 8.	Hynson JM, Sessler DI. 1992. Intraoperative warming therapies: 
a comparison of three devices. J Clin Anesth 4:194–199. https://
doi.org/10.1016/0952-8180(92)90064-8.

	 9.	Hynson JM, Sessler DI, Moayeri A, McGuire J, Schroeder 
M. 1993. The effects of preinduction warming on temperature 
and blood pressure during propofol/nitrous oxide anesthesia. 
Anesthesiology 79:219–228, discussion 221A–222A. https://doi.
org/10.1097/00000542-199308000-00005.

	 10.	Kakitsuba N, Mekjavic IB, Katsuura T. 2007. Individual vari-
ability in the peripheral and core interthreshold zones. J Physiol 
Anthropol 26:403–408. https://doi.org/10.2114/jpa2.26.403.

	 11.	Kim JY, Shinn H, Oh YJ, Hong YW, Kwak HJ, Kwak YL. 2006. The 
effect of skin surface warming during anesthesia preparation on 
preventing redistribution hypothermia in the early operative peri-
od of off-pump coronary artery bypass surgery. Eur J Cardiothorac 
Surg 29:343–347. https://doi.org/10.1016/j.ejcts.2005.12.020.

	 12.	Kurz A. 2008. Physiology of thermoregulation. Best Pract 
Res Clin Anaesthesiol 22:627–644. https://doi.org/10.1016/j.
bpa.2008.06.004.

	 13.	Kurz A, Go JC, Sessler DI, Kaer K, Larson MD, Bjorksten AR. 
1995. Alfentanil slightly increases the sweating threshold and 
markedly reduces the vasoconstriction and shivering thresholds. 
Anesthesiology 83:293–299. https://doi.org/10.1097/00000542-
199508000-00009.

	 14.	Kurz A, Sessler DI, Lenhardt R. 1996. Perioperative normo-
thermia to reduce the incidence of surgical-wound infection and 
shorten hospitalization. N Engl J Med 334:1209–1215. https://doi.
org/10.1056/NEJM199605093341901.

	 15.	Kurz A, Sessler DI, Narzt E, Bekar A, Lenhardt R, Huemer G, 
Lackner F. 1995. Postoperative hemodynamic and thermoregu-
latory consequences of intraoperative core hypothermia. J Clin 
Anesth 7:359–366. https://doi.org/10.1016/0952-8180(95)00028-G.

	 16.	Lenhardt R, Marker E, Goll V, Tschernich H, Kurz A, Sessler 
DI, Narzt E, Lackner F. 1997. Mild intraoperative hypothermia 
prolongs postanesthetic recovery. Anesthesiology 87:1318–1323. 
https://doi.org/10.1097/00000542-199712000-00009.

	 17.	Liu M, Hu X, Liu J. 2001. The effect of hypothermia on isoflu-
rane MAC in children. Anesthesiology 94:429–432. https://doi.
org/10.1097/00000542-200103000-00011.

	 18.	Marschner JA, Schȁfer H, Holderied A, Anders HJ. 2016. Optimiz-
ing mouse surgery with online rectal temperature monitoring and 
preoperative heat supply. effects on post-ischemic acute kidney injury. 
PLoS One 11:1–16. https://doi.org/10.1371/journal.pone.0149489.

	 19.	Matsukawa T, Kurz A, Sessler DI, Bjorksten AR, Merrifield B, 
Cheng C. 1995. Propofol linearly reduces the vasoconstriction and 
shivering thresholds. Anesthesiology 82:1169–1180. https://doi.
org/10.1097/00000542-199505000-00012.

	 20.	Matsukawa T, Sessler DI, Sessler AM, Schroeder M, Ozaki M, 
Kurz A, Cheng C. 1995. Heat flow and distribution during induc-
tion of general anesthesia. Anesthesiology 82:662–673. https://doi.
org/10.1097/00000542-199503000-00008.

	 21.	McCarthy D, Matz B, Wright J, Moore L. 2018. Investigation of the 
hotdog patient warming system: detection of thermal gradients. J 
Small Anim Pract 59:298–304. https://doi.org/10.1111/jsap.12816.

	 22.	Palo M, Lauri T, Timisjarvi J. 2000. Effects on dogs of surface-
induced hypothermia and rewarming on the right heart function 
and pulmonary circulation. Eur J Appl Physiol 81:391–396. https://
doi.org/10.1007/s004210050059.

	 23.	Pottie RG, Dart CM, Perkins NR, Hodgson DR. 2007. Effect of 
hypothermia on recovery from general anaesthesia in the dog. Aust 
Vet J 85:158–162. https://doi.org/10.1111/j.1751-0813.2007.00128.x.

	 24.	Redondo JI, Suesta P, Gil L, Soler G, Serra I, Soler C. 2011. 
Retrospective study of the prevalence of postanaesthetic hypo-
thermia in cats. Vet Rec 170:206–209. https://doi.org/10.1136/
vr.100184.

	 25.	Redondo JI, Suesta P, Serra I, Soler C, Soler G, Gil L, Gómez-
Villamandos RJ. 2012. Retrospective study of the prevalence of 
postanaesthetic hypothermia in dogs. Vet Rec 171:374–379. https://
doi.org/10.1136/vr.100476.

	 26.	Rigotti CF, Jolliffe CT, Leece EA. 2015. Effect of prewarming on 
the body temperature of small dogs undergoing inhalation anes-
thesia. J Am Vet Med Assoc 247:765–770. https://doi.org/10.2460/
javma.247.7.765.

	 27.	Rose N, Kwong GPS, Pang DSJ. 2016. A clinical audit cycle of post-
operative hypothermia in dogs. J Small Anim Pract 57:447–452. 
https://doi.org/10.1111/jsap.12547.

	 28.	Rufiange M, Leung V, Simpson K, Pang D. 2019. Pre-warming 
before general anesthesia with isoflurane delays the onset of hy-
pothermia in rats. PLoS One 15:1–16. https://doi.org/10.1371/
journal.pone.0219722. 

	 29.	Satinoff E. 1978. Neural organization and evolution of thermal reg-
ulation in mammals. Science 201:16–22. https://doi.org/10.1126/
science.351802.

	 30.	Schmied H, Kurz A, Sessler DI, Kozek S, Reiter A. 1996. Mild 
hypothermia increases blood loss and transfusion requirements 
during total hip arthroplasty. Lancet 347:289–292. https://doi.
org/10.1016/S0140-6736(96)90466-3.

	 31.	Schuster  CJ,  Pang  DSJ.  2017. Forced-air pre-warming 
prevents peri-anaesthetic hypothermia and shortens re-
covery in adult rats. Lab Anim 52:142–151. https://doi.
org/10.1177/0023677217712539.

	 32.	Sessler DI. 2000. Perioperative heat balance. Anesthesiology 
92:578–596. https://doi.org/10.1097/00000542-200002000-00042.

	 33.	Sessler DI. 2001. Complications and treatment of mild hypothermia. 
Anesthesiology 95:531–543. https://doi.org/10.1097/00000542-
200108000-00040.

	 34.	Sessler DI, Rubinstein EH, Moayeri A. 1991. Physiologic 
responses to mild perianesthetic hypothermia in humans. 
Anesthesiology 75:594–610. https://doi.org/10.1097/00000542-
199110000-00009.

	 35.	Taggart R, Austin B, Hans E, Hogan D. 2012. In vitro evaluation 
of the effect of hypothermia on coagulation in dogs via throm-
boelastography. J Vet Emerg Crit Care (San Antonio) 22:219–224. 
https://doi.org/10.1111/j.1476-4431.2012.00729.x.

	 36.	Taylor DK. 2007. Study of two devices used to maintain normo-
thermia in rats and mice during general anesthesia. J Am Assoc 
Lab Anim Sci 46:37–41.

	 37.	Torossian A. 2008. Thermal management during anaesthesia 
and thermoregulation standards for the prevention of inadvert-
ent perioperative hypothermia. Best Pract Res Clin Anaesthesiol 
22:659–668. https://doi.org/10.1016/j.bpa.2008.07.006.

	 38.	van der Linde HJ, Van Deuren B, Teisman A, Towart R, Gallacher 
DJ. 2008. The effect of changes in core body temperature on the QT 
interval in beagle dogs: a previously ignored phenomenon, with 
a method for correction. Br J Pharmacol 154:1474–1481. https://
doi.org/10.1038/bjp.2008.265.

	 39.	Vanni SM, Braz JR, Modolo NS, Amorim RB, Rodrigues GR 
Jr. 2003. Preoperative combined with intraoperative skin-surface 
warming avoids hypothermia caused by general anesthesia and 
surgery. J Clin Anesth 15:119–125. https://doi.org/10.1016/S0952-
8180(02)00512-3.

	 40.	Waterman A. 1975. Accidental hypothermia during anaesthesia 
in dogs and cats. Vet Rec 96:308–313. https://doi.org/10.1136/
vr.96.14.308.

	 41.	Xiong J, Kurz A, Sessler DI, Plattner O, Christensen R, Dechert 
M, Ikeda T. 1996. Isoflurane produces marked and nonlin-
ear decreases in the vasoconstriction and shivering thresholds. 
Anesthesiology 85:240–245. https://doi.org/10.1097/00000542-
199608000-00003.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



383

Prewarming in rats and hypothermia

	 42.	Zhang EQ, Knight CG, Pang DS. 2017. Heating pad performance 
and efficacy of 2 durations of warming after isoflurane anesthesia 
of Sprague–Dawley rats (Rattus norvegicus). J Am Assoc Lab Anim 
Sci 56:786–791.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25


