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Small changes in core temperature profoundly alter cutaneous blood flow, a major factor influencing 
resistance to wound infection. Furthermore, when measured in uitro, various immune functions are temperature 
dependent in the physiological range. Accordingly, we tested the hypothesis that mild hypothermia impairs 
and mild hyperthermia improves resistance to dermal infections. Thirty-two guinea pigs were anesthetized 
for 6 h using 1.5% (1.25 MAC) inspired isoflurane. Their core temperatures were maintained at either 39°C 
(normal for guinea pigs, n =  1 I ) ,  36°C ( n =  12), or 41°C (n=9) .  One h after induction of anesthesia, 2 x IOU 
E. coli were injected intradermally with a 26-g needle at eight sites on each animal’s back. Core temperatures 
were not controlled after recovery from anesthesia, and animals in each group were maintained in the same 
environment. Twenty-four h after injection, the area of induration surrounding each injection site was 
measured. This is a standard test of resistance to wound infection. Values were compared using one-way 
ANOVA and Scheffb’s S tests. Results are presented as means f standard deviations; differences were con- 
sidered significant when P< 0.05. Areas of inflammation on the hypothermic animals were significantly larger 
( 4 8 i  10 mm‘) than those on normothermic (36k  10 mm’) or hyperthermic (37 k 6 mm‘) animals. These 
data suggest that mild hypothermia during anesthesia significantly impairs resistance to dermal infection. In 
contrast, mild hyperthermia does not appear to be protective. 
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Wound infections are among the most common serious 
complications of anesthesia and surgery ( 1-6). Simi- 
larly, mild perioperative hypothermia (e.g. 3°C below 
normal core temperature) is common (7-lo), though 
preventable (1 1-1 3). There are at least two reasons to 
suspect that hypothermia facilitates development of 
postoperative wound infections. 

First, normal core body temperature is maintained 
by thermoregulatory responses, including cutaneous 
vasoconstriction (14), which decreases skin oxygen de- 
livery. Low tissue oxygen values are associated with 
impaired resistance to infection ( 15) ,§ and thermoregu- 
latory vasoconstriction decreases P,,02 in humans (16). 
Second, mild hypothermia impairs various immune 
functions, including leukocyte mobility and phago- 

Unpublished data. Hopf H W, et al. Departments of Anesthesia 
and Surgery, University of California, San Francisco, 941 14-0648, 
USA. 

cytosis (1 7). Hyperthermia improves both cutaneous 
blood flow and immune function, and thus might be 
expected to improve resistance to wound infections. 

Postoperative infections most often result from 
wound contamination at the time of surgery. Infections 
are established during a “decisive period” lasting ap- 
proximately 3 h after introduction of bacteria into 
wounds (18). During this period, the wound is most 
susceptible to decreased blood flow (18) and inter- 
ventions, such as prophylactic antibiotics, are most 
effective (19, 20). 

Core temperatures, even in patients becoming hypo- 
thermic during surgery, usually return quickly to 
nearly normal values (2 1, 22). Nonetheless, hypother- 
mia-induced facilitation of bacterial fixation during 
the decisive period may contribute to surgical wound 
infections which, typically, are not detected until days 
after surgery. E. coli is among the most common wound 
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pathogens. Accordingly, we tested the hypothesis that 
during isoflurane anesthesia, mild hypothermia im- 
pairs and mild hyperthermia augments resistance to 
E.  coli dermal infections. 

METHODS 
All studies were conducted with approval of the University of Califor- 
nia, Sail Francisco Committee on Animal Care, and carried out in 
compliance with the National Research Council's criteria for humane 
care as outlined in the Guide for the care and use of laboratov animals 
published by the National Institutes of Health. 

We studied 32 female Hartley guinea pigs (Chuia Porcellus) weighing 
330-450 g that we obtained from Siomensen Vendors (Gilroy, CA). 
The animals were briefly anesthetized by inhalation of isoflurane. 
A temperature-dependent radio-frequency transmitter (Mini Mitter 
Co., Inc. Sun River, OR)  was then inserted into the peritoneum of 
each guinea pig uia a small incision, which subsequently was sutured 
shut. Core temperature and body weight were recorded for the next 
two days; similarly, the incision site was inspected daily to insure full 
recovery of the animals. 

Three days after the intraperitoneal thermometers were inserted, 
the guinea pigs were anesthetized with 1.5% (1.25 M,4C) inspired 
isoflurane (Capnomac 11, Datex Medical Instrumentation, Inc., 
Tewksbury, MA) (23). Anesthesia was maintained by spontaneous 
ventilation of the same isoflurane concentration in 50% oxygen within 
a closed chamber. An intraperitoneal catheter was inserted, and 
saline infused at a rate of 2.5 ml/h to maintain adequate hydration 
during anesthesia. Typically, two animals were studied simul- 
taneously; arterial saturation was rrcorded on one using a pulse 
oximeter transducer placed on a shaved hind leg (Nellcor N-200, 
Hayward, CA). 

After induction of anesthesia, the animals were randomly assigned 
to one of three temperature study groups. Target temperatures were 
sustained with an infrared heating lamp positioned over the closed 
anesthetic administration chamber: normothermic animals were 
maintained at a colonic temperature of 39°C ( n =  12), hypothermic 
animals at 36°C ( n =  1 I ) ,  and hyperthermic ones at 41°C ( n = 9 ) .  

In preparation for bacterial injection, the animal's backs were 
shaved, from the scapula to the thigh, ~6 cm bilaterally from mid- 
line. Hair removal cream (Surgex, Livermore, CA) was applied to 
the shaved area for 7 min, then removed with warm water, leaving 
smooth, hairless skin. The skin was then cleansed with tincture of 
iodine solution. 

E.  coli (American Type Culture Collection #25922, Rockville, MD) 
was grown in tryptase-soy broth for 18 h, washed, and re-suspended 
in saline to obtain solutions containing approximately 2 x 10' organ- 
isms per 0.1 ml as determined from the optical density at 500 nm. 
One h after induction of anesthesia, 0.1-ml aliquots of E. coli were 
injected intradermally with a 26-g needle at eight sites on each 
animal's back. 

Actual injected concentrations were subsequently determined by 
standard diluting and plating techniques to be (2.1 ?r 0.9) x 10" in 
the normal group, (1.5 kO.5) x 10' in the hypothermic group, and 
(2.2 f 0.8) x 10' in the hyperthermic group (P= NS). ( In  preliminary 
studies, we injected greater numbers of bacteria, but found that 
such doses often produced overwhelming infection, with induration 
covering areas so large they could not accurately be evaluated). The 
investigator preparing the bacteria solutions, subscquently assaying 
their concentration, and performing the inoculations was aware of 
the target core temperatures. 

After 6 h ofanesthesia, core temperatures no longer were controlled 
and the animals in each group placed for two h in a recovery chamber 
with an Fro, of 0.5 and an ambient temperature of ~ 2 4 . 5 % .  They 

subsequently were returned to the animal care facility in which 
ambient temperature was controlled to 22°C. 

Core trmperature before and after anesthesia was recorded using 
the radio-frequency transmitter. Temperatures during anesthesia 
were recorded both via the radio-frequency transmitter and by a 
thermistor (Respiratory Support Products, Irvine, CA) probe in- 
serted 5 cm into the colon. Temperatures recorded from the two 
devices rarely differed by more a 0.2"C. 

Twenty-four h after injection, induration and necrosis surrounding 
the injection sites were measured in two perpendicular dimensions 
using a 7-fold magnified scale loupe. The area of induration of each 

lesion was calculated as x , where d ,  and d, are the perpen- 

dicular diameters of the lesion. Area of induration for the eight 
injection sites in each animal were averaged, producing a mean value 
for each animal. Average areas of necrosis were similarly calculated. 
This is a standard model for evaluating resistance to infection (18). 
Lesion sizes were not measured by a blinded investigator. However, 
about half the lesions also were independently measured by a blinded 
assistant and there was an excellent concordance between the two. 
Furthermore, we previously have demonstrated a consistent rrlation- 
ship between lesion size at 24 elapsed h and bacteria recovered at 4 
days (24). 

Induction of anesthesia was considered elapsed time zero. Average 
temperatures during anesthesia and lesion sizes at 24 elapsed h were 
compared using one-way ANOVA and Scheffe's S tests. Results arc 
presented as means k standard deviations; differences were considered 
significant when P< 0.05. 

(3 (9 

RESULTS 
The guinea pigs in each group had comparable 
wcights. Oxygen saturation was statistically significant- 
ly less in the hypothermic and hyperthermic groups 
than in the normothermic animals; however, the differ- 
ences ( x 1 %) probably were not clinically important 
(Table 1) .  

Target colonic temperatures were achieved within 
2 h of anesthetic induction and maintained for the 
duration of anesthesia (Fig. 1 ) .  Core temperatures 
rapidly returned to within 1°C of normal values when 
anesthesia was discontinued. 

The area of induration 24 h after bacterial injection 
was significantly larger on the hypothermic animals 

Table I 
Morphometric and physiological data, and lesion sizes, 

36°C 39°C 41°C 

Wt (9) 382 k I5 380 f 26 382 & 25 
AWt (8) 2 k 5  O k 4  - 2 k 4  
P,o, ('YO) 97.6 f 1.6 98.9 f 0.3* 96.9 k 0.6 
Induration (mm') 48 f 10* 36k 10 3 7 + 6  
Necrosis (mm') 9 k 2 t  7 5 3  6 k 2  

Initial weights (Wt), change in weight during anesthesia (AWT), 
oxygen saturation (P,o,) during anesthesia (time weighted average) 
and area of induration and necrosis in the hypothermic (36"C), 
normothermic (39"C), and hyperthermic (41°C) groups. Values are 
presented as means f s.d.; asterisks (*)  indicate statistically significant 
differences from both other groups; the cross ( 7 )  indicates a statisti- 
cally significant difference from the hyperthermic group. 
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Fig. I .  Core temperatures in the hypothermic (n = I l ) ,  normothermic 
(n = 12), and hyperthermic (n = 9) groups. Core temperatures rapidly 
returned to within 1°C of normal values when anesthesia was discon- 
tinued; by 24 elapsed h, all the animals were normothermic. 
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Fig. 2. The areas of induration 24 h after bacterial injection were 
significantly larger 011 the hypothermic animals (48 10 mm2) than 
those on normothermic (36 & 10 mm’) or hyperthermic (37 6 mm‘) 
ones. 

(48 f 10 mm’) than those on normothermic (36 k 10 
mm’) or hyperthermic (37 k 6 mm’) ones (Fig. 2 ) .  The 
areas of necrosis were far smaller, but the area was 
significantly larger in the hypothermic group than in 
the hyperthermic animals (Table 1 ) .  

DISCUSSION 
Development of wound infections is influenced by vari- 
ous factors including: 

1) character and magnitude of contamination; 
2) effects of hemostasis, foreign bodies, damaged 

tissues, etc.; on the local milieu; 

3) wound perfusion, which delivers (and in some 
cases disperses) immune components such as oxygen, 
inflammatory cells, growth factors, cytokines, etc.; 

5) antibiotic administration; and 
6) immune function. 
Non-specific or “natural” immunity probably is the 

most important host defense following acute bacterial 
contamination ( 17). Non-specific immune responses 
include granulocyte demargination, diapedesis, phago- 
cytosis, and both oxygen-dependent bacterial killing 
and non-oxidative killing. 

The first few h following bacterial contamination 
constitute a decisive period during which infection is 
established (18). The effects of antibiotic administra- 
tion and of hypoperfusion are especially important 
during this period. For example, antibiotics limit infec- 
tion when given within 1.3 h of bacterial inoculation 
but are ineffective when given later (20). Similarly, 
wound hypoperfusion (achieved by epinephrine infil- 
tration or “dehydration shock”) aggravates test infec- 
tion when induced up to 2.5 h after the inoculation, 
but subsequently has no effect (18). Consequently, if 
core hypothermia alters resistance to surgical wound 
infections, it most likely does so during the decisive 
period. 

The relation between body temperature and resist- 
ance to infection is fairly well established during hyper- 
thermia. The classic studies of Kluger, et al. demon- 
strated that following bacterial injection, lizards 
allowed to behaviorally increase body temperature (by 
moving under a heat lamp) experienced lower mor- 
tality than those denied heat (25). Subsequent studies 
showed that fever also was protective in mammals 
(26-28). The benefits of fever apparently are at least 
partially mediated by endogenous pyrogens (29), in- 
cluding interleukin- 1, that activate T- and B-lympho- 
cytes, enhance neutrophil chemotaxis and macrophage 
phagocytosis, and facilitate secretion of reactive oxy- 
gen intermediates (30-33). 

Our study differed from previous ones in that we 
investigated passive hyperthermia, rather than fever. 
Fever differs from hyperthermia in being maintained 
by endogenous pyrogens, including interleukin- 1,  tu- 
mor necrosis factor, macrophage inflammatory pro- 
tein- 1, and interferon-alpha (29). Endogenous pyro- 
gens are well known to have peripheral actions (such 
as immune stimulation) in addition to their central 
action (increasing body temperature). It is likely that 
elevated core temperature was not beneficial in this 
study specifically because the hyperthermia was pass- 
ive and not mediated by endogenous pyrogens. 

The effect of hypothermia on infection has proven 
difficult to study in vivo because hypothermia in un- 
anesthetized mammals produces potentially stressful 
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thermoregulatory responses (including vasoconstric- 
tion, shivering, and an increase in plasma catechol- 
amine concentrations) (22, 34). Since stress, per se al- 
ters immune function (35), interpretation of studies 
under such circumstances requires considerable cau- 
tion. To minimize the potentially confounding effects 
of stress associated with cold or heat exposure in pre- 
vious models (25, 36, 37), we induced hypothermia 
and hyperthermia during isoflurane anesthesia. Iso- 
flurane anesthesia inhibits thermoregulatory re- 
sponses (38, 39), thus limiting the stress response to 
cold exposure. The magnitude and duration of the 
hypothermia were comparable to that experienced 
by many surgical patients in whom the combination 
of anesthetic-induced thermoregulatory impairment 
(40, 41) and exposure to a cold operating room en- 
vironment produces 1~4°C of core hypothermia (9, 

Although hypothermia produced statistically signifi- 
cant impairment of resistance to E. coli inoculation, 
the magnitude of the effect was not large. Nonetheless, 
the incidence of perioperative wound infections is so 
high, and so costly, that interventions producing even 
small benefits must be seriously considered. Simply 
maintaining intraoperative normothermia clearly will 
not prevent all wound infections. The benefits of 
prophylactic antibiotics (20) and oxygen administra- 
tion (42), for example, are likely to be much greater. 
However, a small factor such as temperature may shift 
the response curve for other interventions into the 
effective range. With appropriate warming, it usually 
is easy to maintain intraoperative normothermia 
( 1  1-13). Normothermia usually is desirable in any 
case because it prevents other complications including 
prolongation of drug action (43), platelet dysfunction 
(44), negative postoperative nitrogen balance (45), 
and postanesthetic shivering (23, 34). 

Although general anesthesia impairs neutrophil 
function (46, 47), isoflurane concentrations were simi- 
lar in the two groups, suggesting that the observed 
differences in lesion size resulted specifically from the 
differences in core temperatures. It is unlikely that 
exaggerated bacterial growth caused larger lesions in 
the hypothermic guinea pigs; the small differences in in 
vitro growth rates within the tested temperature range 
would decrease bacterial growth during hypothermia 
(48). Similarly, oxygen saturation was significantly 
greater in the normothermic animals than in either of 
the other two groups. However, the difference ( % 1 YO) 
was not clinically important. 

In  summary, these data indicate that mild hypother- 
mia during anesthesia significantly impairs resistance 
to dermal infection, while hyperthermia had no bene- 
fit. Increased propensity to wound infections provides 

10). 

an additional reason to maintain intraoperative norm- 
othermia in most patients. 
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