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Non-pharmacologic Prevention of Surgical

Wound Infection
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Wound infections are serious and relatively common postoperative compli-

cations. They are generally detected 5 to 9 days after surgery and are usually

attributed, even by surgeons, to poor surgical technique or failure to maintain ste-

rility. However, it has been known for decades that all wounds become con-

taminated, often by bacteria from the skin or within the patient, and that it is

host defense mechanisms that prevent most contamination from developing into

clinical infections. Host defense is especially important during the initial hours

following contamination, the immediate postoperative period.

As might thus be expected, factors that improve host defense reduce infection

risk. Many of these are under the direct control of anesthesiologists and are at

least as important as the appropriate use of prophylactic antibiotics, which halve

infection risk [1]. This article reviews non-pharmacologic methods of reducing

infection risk, and emphasizes methods available to anesthesiologists.
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Background

Wound infections are among the most common serious complications of

anesthesia and surgery [2–4]. For example, a study by the Center for Disease

Control and Prevention (CDC) reports that the wound infection risk in patients

who undergo colon surgery ranges from 9% to 27%, and depends on the duration

of surgery, degree of contamination of the wound, and number of underlying

diseases [5]. On average, the wound infection rate after a colon resection pro-

cedure that lasts longer than 2 hours is reported to be about 15% in most hospitals

[5]. More recent values are somewhat lower, but the risk of infection remains

distressingly high.

The morbidity (and related cost) associated with surgical infections is con-

siderable; estimates of prolonged hospitalization vary from 5 to 20 days per

infection [2,5,6]. Moreover, after-hospital costs are higher because patients who

have experienced wound infections are usually discharged before the wound

closes entirely and, therefore, require dressing changes two to three times daily.

The required supplies are costly, and home-nursing visits may be necessary.

Despite the substantial reduction in wound infection rates that result from the

universal implementation of sterile technique and prophylactic antibiotics, the

incidence of perioperative wound infections remains so high, and so costly, that

interventions which produce even small decreases in the infection rate must be

considered seriously.

Various factors influence development of wound infections, including (1) char-

acter and magnitude of contamination; (2) effects of hemostasis, foreign bodies,

and damaged tissues on the local milieu; (3) wound perfusion, which delivers

immune components such as oxygen, inflammatory cells, growth factors, cyto-

kines, and nutritional components including amino acids, glucose, and insulin;

(4) antibiotic administration; and (5) immune function [7,8]. Non-specific or

natural immunity is the most important host defense after acute bacterial contami-

nation, particularly when battling the most common surgical pathogens, includ-

ing S. Aureus, Klebsiella, E coli, Candida, and Enterococcus [2,3]. Non-specific

immune responses include opsonization of bacteria, granulocyte demargination,

diapedesis, phagocytosis, and both oxygen-dependent and non-oxidative bacterial

killing [9]. Among these, oxidative killing by neutrophils dominates.

The first few hours after bacterial contamination constitute a decisive period

during which infection is established [10]. The effects of antibiotic adminis-

tration and of hypoperfusion are especially important during this period. For

example, antibiotics limit infection when given within 3 hours of bacterial

inoculation but are ineffective when given more than 3 hours after inoculation

[7,11]. Similarly, wound hypoperfusion (achieved by epinephrine infiltration

or dehydration shock) aggravates test infections when induced up to 2.5 hours

after the inoculation, but has no effect when induced later [10]. Techniques to

improve resistance to surgical wound infections are most likely to succeed if

implemented during the decisive period. It is because the decisive period is

so important that interventions restricted to the perioperative period influence
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wound infection risk, even though infections are usually detected clinically

5–10 days after surgery.
Maintaining normothermia

Perioperative thermal homeostasis

General [12] and neuraxial [13] anesthesia profoundly impairs thermoregu-

latory control. Consequently, nearly all unwarmed surgical patients become

hypothermic. Hypothermia results initially from a rapid core-to-peripheral redis-

tribution of body heat [14,15] and is followed by a linear reduction in core

temperature which results from heat loss that exceeds heat production. Even mild

perioperative hypothermia has been causally linked to numerous severe com-

plications including increased blood loss [16] and transfusion requirement [17],

morbid myocardial outcomes [18], prolonged post-anesthetic recovery [19] and

hospitalization [6], negative nitrogen balance [20], post-anesthetic shivering

[21–23], and thermal discomfort [24]. Hypothermia also increases the risk of

surgical wound infection.

Hypothermia reduces host defense

Hypothermia may facilitate perioperative wound infections in two ways.

First, sufficient intraoperative hypothermia triggers thermoregulatory vasocon-

striction [25,26]. Furthermore, vasoconstriction during recovery is universal in

hypothermic patients because brain anesthetic concentration decreases rapidly,

which facilitates re-emergence of thermoregulatory responses [27]. Thermoregu-

latory vasoconstriction decreases subcutaneous oxygen tension in humans [28],

and the risk of wound infection correlates with subcutaneous oxygen tension

[29,30].

Second, considerable evidence indicates that mild core hypothermia directly

impairs immune function including T-cell-mediated antibody production [31,32]

and non-specific oxidative bacterial killing by neutrophils [8]. Bacterial killing

by neutrophils is apparently reduced as temperature decreases from 418C to

268C [33,34], although in vitro results depend critically on the model used [35].

Decreased killing results at least in part because production of oxygen and

nitroso free radicals is oxygen-dependent within the range of oxygen partial

pressures that are found in wounds [36,37].

Patients who have an initial postoperative temperature near 34.58C—a typical

core temperature in unwarmed patients who undergo major surgery [25,26,38]—

require several hours to restore core normothermia. Bacterial fixation (ie, the

conversion of contamination into an infection), will typically occur when un-

warmed patients remain hypothermic. Perioperative hypothermia may contribute

to surgical wound infections even though the infections are not usually detected
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until days after surgery. In contrast, it is unlikely that exaggerated bacterial

growth aggravates infections in hypothermic patients because the small differ-

ences among in vitro growth rates within the tested temperature range would

decrease bacterial growth during hypothermia [39].

Normothermia reduces infection risk

Taken together, these in vitro results suggest that hypothermia may directly

impair neutrophil function, or impair it indirectly by triggering subcutaneous

vasoconstriction and subsequent tissue hypoxia. Consistent with this theory,

mild hypothermia reduces resistance to test infections in animals [40,41]. More

importantly, 1.98C core hypothermia (core temperature of 34.78C) triples the

incidence of surgical wound infection after colon resection [6]. These infec-

tions were clinically important as indicated by the fact that infected patients, on

average, were hospitalized 1 week longer than the uninfected patients.

A subsequent, uncontrolled, retrospective trial failed to identify a correlation

between temperature and infection [42]. This study, though, suffered such serious

methodological flaws that it is difficult to interpret [43]. In contrast, a subsequent

randomized trial confirmed that both local and systemic warming reduces

infection risk—although this may be the only thermoregulatory trial ever pub-

lished in which core temperature is not reported [44].

Interestingly, hypothermia also increases the duration of hospitalization by

20% even when infected patients are excluded from the analysis—apparently

because healing per se was significantly impaired (Table 1) [6]. This result is

consistent with studies by Carli and colleagues [6] which showed that mild

hypothermia aggravates postoperative protein wasting [20] and mild hypothermia

reduces collagen deposition (scar formation).

Excluding brain injury, the major causes of morbidity and mortality in trauma

patients are coagulopathy and infection. Since both coagulation [16,17] and re-

sistance to infection [6,44] are profoundly influenced by hypothermia, it is not

surprising that outcome would be improved in normothermic trauma patients

[45]. The difficulty with this study, however, is that it is a retrospective analysis.

This is a grave limitation because the most seriously injured patients are likely to

become the most hypothermic. It is difficult to be sure that adverse outcomes

result from hypothermia per se rather than underlying injury. Nonetheless, the

result is consistent with known effects of hypothermia.
Table 1

Maintaining perioperative normothermia reduces wound infection risk and shortens hospitalization

Normothermic Hypothermic P

Number 104 96

Temperature (8C) 36.6 F 0.5 34.7 F 0.6 b.001

Infection (%) 6 19 b.01

Hospitalization (days) 12.1 F 4.4 14.7 F 6.5 .001
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Supplemental oxygen

Tissue oxygenation

Oxidative killing of pathogenic bacteria by neutrophils is the most important

immune defense against surgical pathogens [46]. Oxidative killing depends on

the production of bactericidal superoxide radicals from molecular oxygen. The

rate of this reaction, catalyzed by the NADPH (nicotinamide adenine dinucleo-

tide phosphate)-linked oxygenase, is PO2 (partial pressure, oxygen)-dependent.

Our studies indicate that neutrophil superoxide production has a Km for oxy-

gen of the NADPH-linked oxygenase of at least 60 mmHg [47]. Consistent

with this observation, oxidative killing is oxygen-dependent from 0 mmHg to

�150 mmHg [48].

Inadequate tissue oxygen also impairs tissue repair. Scar formation requires

hydroxylation of abundant proline and lysine residues [49]. The prolyl and lysyl

hydroxylases that catalyze this reaction depend on the substrate oxygen [49]. The

Michaelis constant (Km) for O2 of prolyl hydroxylase has been variously esti-

mated at 20, 25, and 100 mmHg [50–52]. Even using the most conservative

estimate, proline hydroxylation of collagen will be PO2-dependent through the

range of 0 to at least 200 mmHg; 90% of the effect will occur by 90 mmHg.

Consistent with this estimate, hydroxyproline deposition is proportional to ar-

terial PO2 in rabbits [53] and surgical patients [54].

Partial pressure of oxygen in wounds also has a regulatory component [55,56].

For example, it has been known since the 1980s that oxygen regulates

angiogenesis [57,58]. Angiogenesis is mediated by micromolar concentrations

of H2O2 and other reactive oxygen species that activate vascular endothelial

growth factor [59,60].

The partial pressure of oxygen in subcutaneous tissues varies widely, even in

patients whose arterial hemoglobin is fully saturated. Many factors are known to

influence tissue oxygen tension, including systemic and local temperature [28],

smoking [61], anemia [62], perioperative fluid management [54], and uncon-

trolled surgical pain [63]. But as might be expected, one of the most effective

(and least expensive) ways to increase tissue oxygenation is to simply augment

inspired oxygen concentration (Fig. 1) [29].

Supplemental oxygen reduces infection risk

The concept that oxygen is an antibiotic was developed by Knighton and

colleagues [64,65] in a series of in vitro and animal studies in the 1980s.

That tissue oxygenation might have a clinically important effect on wound

infection risk was first identified by Hopf and coworkers [30]. In an observa-

tional study, they found that infection risk was inversely proportional to post-

operative tissue oxygenation. As a natural consequence of its observational

design, this study was confounded by the possibility that tissue oxygenation

was worse in sicker patients who had the largest operations, and therefore the
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Fig. 1. Subcutaneous oxygen tension, the primary determinant of wound infection risk, during surgery

and in the postoperative care unit. Asterisks (*) indicate P b.01. Tissue oxygenation was measured in a

surrogate wound on the upper arm. Intraoperative tissue oxygen partial pressure was doubled by

supplemental oxygen (FiO2=80% versus 30%); the effect was less during the postoperative period.

Results are expressed as meanF SD. PsqO2, tissue oxygen pressure; PACU, post-anesthesia care unit.
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greatest infection risk, but that there might not be a causal link between the

two observations.

The first randomized trial of supplemental oxygen and wound infection risk by

Greif and colleagues [29] involved 500 patients who underwent elective colon

resection and who were randomly assigned to an inspired oxygen concentration

of 30% (n=246) or 80% (n=254) intraoperatively and for 2 hours after surgery.

Wounds were evaluated daily by blinded investigators; both pus and a positive

culture were required for diagnosis of infection. Wound scores [66] were 5 F
9 for the patients who were given 30% oxygen and 3 F 7 for those who were

given 80%, P =.019. (All results are expressed as mean F SD.). There were

13 surgical wound infections in the patients who received 80% oxygen and

28 in those who received 30% (P = .01). Supplemental oxygen halved the

infection risk.

In contrast, a subsequent report by Pryor and colleagues [67] that included

only 160 patients, reported that supplemental oxygen increases the risk of

infection. It is worth considering why the results of Pryor and coworkers differ so

markedly from those of Greif and coworkers [29]. Pryor and coworkers [67] did

not specify the baseline infection rate they used, which makes it impossible to

confirm their estimate that 300 patients would be required to detect a 40%

reduction in the infection rate. But to have an 80% power to detect the 40% risk

reduction that they specified from 25% (our baseline) or from 11% (baseline from

Greif and coworkers [29]) would require 540 or 651 patients, respectively; to

detect a 40% increase would require 698 or 930 patients, respectively. The study
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appears to have been underpowered and then stopped after only 160 patients

were randomized. The authors specify that 160 patients was an a priori stopping

point, although 53.3% of the anticipated sample size is a curious a priori stopping

point [68].

A second factor is that in the study by Pryor and colleagues [67], treatment

groups were not homogeneous. For example, patients who received 80% oxy-

gen weighed more and were more than twice as likely to have a body-mass index

that exceeded 30 kg/m2. Patients assigned to 80% oxygen also had longer

operations, lost significantly more blood, and required significantly more fluid

replacement. Furthermore, Pryor and colleagues failed to control many variables

believed to influence infection risk, including anesthetic, fluid, antibiotic, and

pain management. A third limitation of Pryor’s study is that wound infections

were determined by retrospective chart review; a review that was apparently

conducted by unblinded investigators. This insensitive methodology contrasts

markedly with the daily wound evaluations by blinded investigators used by

Greif and colleagues. It is possible that these methodological problems con-

tributed to a result that is inconsistent with considerable in vitro, in vivo, and

clinical data [69].

The most recent randomized trial of supplemental oxygen by Belda and

colleagues [70] involved 300 patients who underwent colon resection and who

were randomly assigned to 30% or 80% FiO2 (fraction of inspired oxygen) intra-

operatively and 6 hours postoperatively. Blinded investigators diagnosed all

wound infections and used CDC criteria. Baseline patient characteristics, anes-

thetic management, and potential confounding factors were recorded. Wound

infection rates were compared by chi-square analysis. Logistic regression was

used to assess the contribution of potential confounding factors. Surgical wound

infection occurred in 24.4% of the patients who received 30% oxygen, but only

14.9% of those patients who received 80% oxygen (P = .04). After adjustment,

the relative risk of infection for patients given supplemental oxygen was 0.46

(P = .04). Supplemental inspired oxygen reduced wound infection risk by roughly

a factor of two.

The most recent trial related to supplemental oxygen and wound infection was

conducted by Myles and colleagues [71] and evaluated the effect when sup-

plemental oxygen (80%) was substituted for 70% nitrous oxide in 30% oxygen.

Infection risk for the patients given supplemental oxygen was reduced by

about 25%. This study differs from previous ones because both nitrous oxide

and oxygen concentration varied. It is impossible to determine from the results

of Myles and colleagues whether the observed reduction in infection risk

resulted from avoidance of nitrous oxide or the beneficial effects of supple-

mental oxygen.

There are at least three reasons why nitrous oxide might increase infection risk

and the authors’ hypothesis was that nitrous oxide would reduce host resistance.

However, another recent outcome trial by Fleishmann and colleagues [72],

specifically compared infection risk in more than 400 patients who were ran-

domly assigned to 65% nitrous oxide or 65% nitrogen; there was no significant
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difference between the groups. It seems likely, therefore, that reduced infection

risk demonstrated in the study by Myles and colleagues [71] results from sup-

plemental oxygen rather than nitrous oxide toxicity per se. This trial provides

additional support for the antibiotic effect of supplemental oxygen.

There have now been three randomized trials that specifically evaluate the

effect of supplemental oxygen on surgical wound infection. Two trials, a total of

800 patients, each found that 80% FiO2 reduced infection risk by a factor of two.

In contrast, one small study that included only 160 patients and had substantial

methodological problems, found just the opposite. Furthermore, an additional

study with 2000 patients that found that substituting supplemental oxygen for

nitrous oxide significantly reduces infection risk [71]. Because nitrous oxide, per

se, does not increase infection risk [72], it is reasonable to consider this study as

additional confirmation that supplemental oxygen reduces infection risk. Sup-

plemental oxygen should be provided when practical (Table 2).

In each trial, supplemental oxygen was provided intraoperatively; however,

postoperative treatments differed. In the studies by Greif and colleagues [29] and

Pryor and colleagues [67] postoperative supplemental oxygen was continued for

2 hours. In contrast, postoperative oxygen was continued for 6 hours in the study

by Belda and colleagues [70] and was restricted to the intraoperative period in the

study by Myles and coworkers [71]. There is currently no study that directly

compares intraoperative oxygen only, with the combination of intraoperative and

postoperative oxygen. The extent to which supplemental postoperative oxygen

contributes to reduced infection risk thus remains unclear.

Supplemental oxygen is safe

The major complication associated with brief periods of oxygen adminis-

tration is pulmonary atelectasis. Concern about atelectasis is appropriate be-

cause it occurs in up to 85% of patients who undergo lower abdominal surgery

and is thought by some to be an important cause of morbidity [73–75]. Two

mechanisms contribute to perioperative atelectasis: compression and absorp-

tion. Compression results from cephalad displacement of diaphragm, decreased

compliance, and reduced functional residual capacity [76]. To some extent, these

factors contribute with any anesthetic technique. Absorption, in contrast, is

defined by uptake of oxygen from isolated alveoli and results from administration

of high oxygen partial pressures. Administration of 100% oxygen, even for a few
Table 2

Randomized trials evaluating the effect of supplemental oxygen on wound infection risk

Source Number

FiO2=30%

(% infected)

FiO2=80%

(% infected) P

Greif et al. [29] 500 11 5.0 .01

Pryor et al. [67] 160 11 25.0 .02

Belda et al. [70] 300 24 15.0 .04

Myles et al. [71] 2000 10 7.7 .03
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minutes, causes significant postoperative atelectasis by way of this mechanism

[74,77].

It is important, though, to distinguish between 100% intraoperative oxygen,

which does produce atelectasis, and 80% oxygen, which does not [78]. Akça, and

colleagues [69] have shown that 80% perioperative oxygen does not cause

atelectasis. Atelectasis was evaluated by computerized tomography the morning

after open colon resection. Relatively small amounts of pulmonary atelectasis

were observed on the CT scans, and the percentages did not differ significantly in

the patients who were given 30% oxygen (2.5 F 3.2%) or 80% oxygen (3.0 F
1.8%, Fig. 2). Pulmonary function was virtually identical in the two groups.

Hyperoxia causes peripheral vasoconstriction, reduced cardiac output, and

slight bradycardia [79], a response that is not sympathetically mediated [80]. In

contrast, hypoxia (of a magnitude that is probably common in postoperative

patients) is associated with cardiac rhythm disturbances [81] that are prevented by

supplemental oxygen [82].

Surgery, anesthesia, cardiopulmonary bypass, and mechanical ventilation

each independently impair pulmonary immune defenses [83–85]. Hyperoxia, in

contrast, provokes pulmonary expression of inflammatory cytokines, which in

turn helps maintain phagocytosis and oxidative killing by alveolar macrophages

(Fig. 3) [86]. It is likely that this response helps patients resist pneumonia, but

could well become harmful over long periods of time or in the context of other

factors promoting pulmonary inflammation.

Operating room fires can result in substantial injury to the patient and health

care providers. In United States, there are approximately 2260 reported hospital
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Fig. 2. Relatively small amounts of pulmonary atelectasis were observed on the CT scans, and the

percentages did not differ significantly in the patients given 30% oxygen (2.5F 3.2%) or 80% oxygen

(3.0 F 1.8%). Results are shown for individual patients, along with the group means and SDs. These

data provided a 99% chance of detecting a 2% difference in atelectasis volume at an alpha level of

0.05. Poorly aerated regions were also comparable between the groups (9.5 F 4.4% in the pa-

tients given 30% oxygen versus 10.3 F 4.2% in the patients given 80% oxygen). (From Akça O,

Podolsky A, Eisenhuber E, et al. Comparable postoperative pulmonary atelectasis in patients given

30% or 80% oxygen during and for two hours after colon resection. Anesthesiology 1999;91:997.)



U
no

ps
on

iz
ed

(%
)

O
ps

on
iz

ed
(%

)

Elapsed Time (h)
0 2 4 6 End

40

60

80

100

50

60

70

80

90

100

#

# #

#
#

#

Fig. 3. The fraction of alveolar macrophages that ingest opsonized and non-opsonized particles during

anesthesia with 100% (n=30, circles) and 30% (n=30, squares) inspired oxygen. Asterisks (*) indicate

statistically significant differences (P b .05) from elapsed time zero in each group; pound signs (#)

identify significant differences (P b .01) between the two groups. Data are expressed as mean F SD.

(From Kotani N, Hashimoto H, Sessler DI, et al. Supplemental intraoperative oxygen augments

antimicrobial and proinflammatory responses of alveolar macrophages. Anesthesiology

2000;93(1):22.)

sessler288
fires per year that result in 1 death and 130 injuries. But among these, fewer than

100 occur in operating rooms and of those, only a small fraction result in injury.

As might be expected, oxygen facilitates ignition of flammable material, such

as operating room draping, and speeds propagation of fire once ignited. However,

oxygen is normally contained within an anesthesia circuit or well-away from

ignition sources such as electrocautery devices. Concerns about operating room

fire should thus not normally prevent clinicians from providing supplemental

oxygen, and especially not in patients at risk for wound infection because infec-

tions are much more common than fires. Even open oxygen (such as provided by

nasal prongs) dissipates in less than 10 cm and is unlikely to contribute to fire risk

unless the ignition source is immediately proximate to the oxygen source [87].
Surgical site preparation

It is widely believed that hair removal at the operative site reduces con-

tamination and, therefore, infection risk. It remains routine to shave surgical sites.

In fact, it is well established that infection rates are lower after clean operations
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when hair is not removed or when depilatories are used rather than shaving [88].

Furthermore, infection rates are reduced when hair is clipped rather than shaved,

even when hair is removed on the day of surgery [89]. The reason, presumably, is

that shaving injures skin, and surface bacteria can penetrate. If hair removal at the

incision site is considered necessary, it should be removed with clippers during

the immediate preoperative period. A corollary is that patients can be warned

not to shave their operative sites before surgery, as some shave in an effort to

be helpful.
Smoking

Two European studies, published in 1993 and 1996, each showed that

smokers have a markedly increased risk of surgical wound infection. These re-

sults were not surprising because smoking a single cigarette markedly reduces

tissue oxygenation for 1 hour [61]; tissues are nearly always hypoxic in pack-a-

day smokers.

Interestingly, though, three subsequent large trials published in 2000 and later,

again from Europe, show no relationship between smoking and infection risk

(Table 3) [29,70,72]. The reason, presumably, is that smoking is no longer per-

mitted in hospitals. Although smoking obviously produces numerous adverse

effects, it no longer appears to be a specific risk factor for development of sur-

gical wound infection.
Glucose control

Patients who have diabetes are at increased risk for all kinds of infectious

complications and have two-to-three times the risk of surgical wound infection as

patients who do not have diabetes after cardiac operations. For patients who have

diabetes and who undergo gastrointestinal or cardiac operations, hyperglycemia

(blood glucose exceeding either 200 or 220 mg/dL) is associated with wound

infection risk [90,91]. However, it is important to distinguish the long-term

peripheral micro-vascular disease of diabetes (which cannot be acutely reversed)

with the immediate effects of perioperative hyperglycemia.
Table 3

Smoking and wound infection risk

Source Year

Non-smokers

(% infected/n)

Smokers

(% infected/n) P

Kurz et al. [6] 1996 7/148 22/76 b .001

Greif et al. [29] 2000 8/283 8/122 NS

Fleishmann et al. [72] 2005 16/335 17/81 NS

Belda et al. [70] 2005 22/187 30/46 NS



sessler290
There are nonetheless reasons to believe that hyperglycemia per se increases

infection risk. For example, the risk of surgical site infection for patients who do

and do not have diabetes is doubled in cardiac surgical patients when blood

glucose exceeds 200 mg/dL in the first 48 hours. Interestingly, half of the

observed hyperglycemic episodes occurred in nondiabetic patients [92].

In an observational trial, Furnary and colleagues [93] demonstrated a sig-

nificant reduction in deep sternal wound infections when perioperative insulin

management was switched from subcutaneous administration using a sliding

scale to a continuous insulin infusion. Rigorous postoperative glucose control

using an aggressive insulin infusion protocol has also been shown to reduce

multiple organ failure, sepsis, and mortality in critical care patients [94]. This

study, though, is the only published prospective evidence that tight

perioperative glucose control improves outcome, and the study focused on

cardiac surgical patients who were admitted to a critical care unit. Whether

this finding can be extrapolated to other surgical patients remains to be

determined.

It is worth noting, though, that glucose control differs from the other

interventions discussed in this article. The others are all simple-to-implement,

inexpensive, and pose little or no risk. Tight glucose control, in contrast, requires

critical care with all the expense that implies, and includes a distinct risk of

hypoglycemia. Further study will be required to determine which patients benefit

from tight glucose control and whether outcomes improve sufficiently to justify

the difficulty and expense.
Potential interventions

Vascular volume

Mild-to-moderate reductions in vascular volume trigger peripheral vaso-

constriction to maintain nearly normal blood pressure. However, well-maintained

arterial pressure and central organ perfusion comes at the expense of peripheral

perfusion, which can be reduced substantially by even small volume deficits.

Blood pressure (and urine output) is thus a poor indicator of peripheral per-

fusion [95].

As might thus be expected, peripheral perfusion and oxygenation were better

in surgical patients who were given 16–18 mLd kg�1d h�1 than in those who were

given 8 mLd kg�1d h�1. The tissue oxygen tension was greater in the high-volume

group in both the intraoperative (81 F 26 mmHg versus 67F 18 mmHg, P = .03)

and postoperative periods (77 F 26 mmHg versus 59 F 15 mmHg, P = .03).

These results suggest that providing supplemental fluid might reduce infection

risk. There is also evidence that titrating perioperative hydration to tissue

oxygenation results in more fluid administration and better wound healing [96].

Unfortunately, the results of a subsequent clinical outcome study were less

encouraging [97]. Patients who underwent open colon resection were randomly
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assigned to small- (8 mLd kg�1d h�1) or large-volume (16–18 mLd kg�1d h�1)

fluid management. Infection rates were nearly identical and the study was

stopped on a futility basis after about 250 patients were enrolled. It is important to

recognize, though, that this study was underpowered and a clinically important

effect of fluid management on infection risk remains possible. Other studies

identify either improved [98,99] or worsened [100] composite complication rates

for patients who were given larger fluid volumes. It is thus unclear from the

available literature how fluids should be managed to minimize infection risk.

Furthermore, the results are likely to vary as a function of type of surgery, type of

fluid, or by dosing scheme (ie, goal-directed versus mL/kg).

Pain relief

Postoperative pain provokes an autonomic response that markedly increases

adrenergic nerve activity and plasma catecholamine concentrations [101]. A con-

sequence is arteriolar vasoconstriction. Reduced peripheral perfusion, in turn,

would be expected to decrease tissue oxygen partial pressure.

In fact, this theory was confirmed by Akça and colleagues [63] who showed

that tissue oxygen partial pressures were 25 mmHg greater in patients who had

knee arthroplasty when their pain was aggressively treated (Fig. 4). Whether this

translates into lower infection risk has yet to be demonstrated, although a 25-mm

increase is probably clinically important [30]. Of course, patients deserve ade-

quate analgesia even if pain relief proves not to reduce infection risk.
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differed significantly between the two groups; data are presented as meanF SD. VAS, visual analogue

scale. (Reprinted from Akça O, Melischek M, Scheck T, et al. Postoperative pain and subcutaneous

oxygen tension. Lancet 1999;354:41, Copyright (1999), with permission.)
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Hypercapnia

The primary determinants of tissue oxygen availability are arterial oxygen

content, cardiac output, and local perfusion [102–104]. An important, but often

overlooked, influence on cardiac output is arterial carbon dioxide partial pressure

[105]. For example, hyperventilation and hypocapnia decrease cardiac output,

which in turn decreases blood flow and oxygen tension in brain and splanchnic

organs [106–108]. Hypocapnia also shifts the oxyhemoglobin curve leftward and

restricts oxygen unloading at the tissue level.

Hypercapnia, in contrast, increases cardiac output, apparently by way of sym-

pathetic nervous system activation, and also improves oxygen extraction. Con-

sequently, hypercapnia increases oxygen availability to tissue [109]. Because

hypercapnia during cardiopulmonary bypass does increase tissue oxygenation

(O. Akça, et al., unpublished data, 2005), the increase observed in volunteers and

routine surgical patients presumably results largely from an increase in cardiac

output, rather than primary vasodilation per se.

Hypercapnia also causes a complex interaction between altered cardiac output,

hypoxic pulmonary vasoconstriction, and intrapulmonary shunt, which results in

a net increase in PaO2 (partial pressure of oxygen in arterial blood) at a given

inspired oxygen concentration [110]. But even at a given PaO2, there is a lin-

ear relationship between arterial carbon dioxide tension and cardiac output

and subcutaneous oxygenation. In fact, each mmHg increase in arterial carbon

dioxide resulted in a 0.8 mmHg increase in subcutaneous oxygenation in vol-

unteers [111]. The increase was even more impressive in surgical patients: sub-

cutaneous oxygenation increased from 63 F 14 at a PaCO2 of 30 mmHg to

89 F 19 at a PaCO2 of 45 mmHg (Fig. 5) [112]. These data suggest that main-
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Fig. 5. A study of subcutaneous tissue oxygen as a function of end-tidal PCO2 in patients who

underwent major surgery. Measurements were made on the lateral aspect of the upper arm with a

polargraphic electrode system. The mean oxygen tension in the group given 45 mmHg C02 was

significantly greater (P = .014) than it was in the group given 30 mmHg CO2. Results are presented

as mean F SD. (From Akça O, Liem E, Suleman MI, et al. Effect of intra-operative end-tidal carbon

dioxide partial pressure on tissue oxygenation. Anaesthesia 2003;58(6):539.)
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taining slight hypercapnia, a simple and inexpensive maneuver, may reduce

infection risk. This theory, however, has yet to be confirmed.
Summary

Surgical site infections are among the most common serious perioperative

complications. Infections are established during a decisive period that lasts a few

hours after contamination. Adequacy of host immune defenses is the primary

factor that determines whether inevitably wound contamination progresses into a

clinical infection. As it turns out, many determinants of infection risk are under

the direct control of anesthesiologists; factors that are at least as important as

prophylactic antibiotics.

Major outcome studies demonstrate that the risk of surgical wound infection is

reduced threefold simply by keeping patients normothermic. Infection risk is

reduced by an additional factor of two by if supplemental oxygen is provided

(80% versus 30%) during surgery and for the initial hours after surgery. The

contribution, if any, of other factors including, tight glucose control, fluid

management, and mild hypercapnia have yet to be suitably tested.
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