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Cigarette Smoking Decreases Tissue Oxygen
J. Arthur Jensen, MD; William H. Goodson, MD; Harriet Williams Hopf, MD; Thomas K. Hunt, MD

\s=b\Subcutaneous wound-tissue oxygen (Psqo2) tension in
eight volunteers fell rapidly and significantly in response to
smoking, and remained low for 30 to 50 minutes. Sham
"smoking" had no effect. These data suggest that a typical
"pack-per-day" smoker experiences tissue hypoxia during a

significant portion of each day. The degree of hypoxia found
in these subjects has been associated with poor wound
healing in animal and human studies. The onset and dura-
tion of tissue hypoxia paralleled the well-established plasma
pharmacokinetics of nicotine. This suggests that peripheral
vasoconstriction, induced by the adrenergic effects of nic-
otine, may contribute to the observed decrease in Psqo2.

(Arch Surg. 1991;126:1131-1134)

Surgeons have long noted a relationship between
smoking and defective repair. Smokers are at in¬

creased risk of abdominal wound dehiscence,1 skin-flap
necrosis,2"5 and poor healing of peripheral ulcers.6 In a

study of test wounds of diabetic patients, Goodson et al7
found collagen deposition depressed in smokers. Poor
healing of peripheral ulcers has been attributed to the
atherogenic effects of smoking, but atherogenicity does
not explain their tendency to heal when smoking is
stopped.6 The vasoconstrictive effects of smoking, which
are mainly due to nicotine, have been known for some
time,8 and several investigators have postulated that it
may be related to poor wound healing.

Wound healing and resistance to infection have been
shown to depend in part on the oxygen content or Po2 in
tissue.919 The rates of collagen deposition, epithelization,
and angiogenesis have been clearly related to arterial and
tissue Po2 in animals and, more recently, in humans. Data
indicating that smoking significantly decreases tissue Po2
would provide evidence of the mechanism by which
smoking has its well-documented adverse effects on
healing. We sought that evidence in this study.

MATERIALS AND METHODS
Oxygen tension was measured in subcutaneous tissue (Psqo2)

as previously described.20·21 A tonometer (internal diameter,
0.8 mm; external diameter, 1.0 mm) (Silastic, Dow-Corning,
Midland, Mich) was placed in the subcutaneous tissue of the
lateral aspect of the upper arm 1 day before the experiment. At

the time of measurement a platinum electrode (Diamond Elec-
trotech, Ann Arbor, Mich) was inserted into one end of the
tonometer. Into the other was inserted a modified three-way
stopcock containing a silver-silver chloride electrode and a sy¬
ringe containing normal saline.

The saline was then injected through the Silastic tubing,
establishing a salt bridge between the platinum oxygen electrode
and the silver-silver chloride reference electrode. The current
flow, which is proportional to oxygen tension in the voltage
range used (-0.68 V), was recorded on a dedicated tissue oxime-
ter (Biogenesis Ine, San Francisco, Calif). The oxygen electrode
was calibrated in a chamber consisting of a Silastic tube im¬
mersed in water at 350 Two-point calibration was obtained by
equilibrating the chamber with room air (150 mm Hg) and 100%
nitrogen (0 mm Hg).

Eight volunteers (five female and three male smokers) ab¬
stained from drinking coffee or smoking cigarettes for 12 hours
before the study. They remained seated for the duration of the
experiment. No attempt was made to control room temperature.
Patients remained fully clothed and stayed comfortably warm.
Blood was drawn for nicotine assays from four volunteers
15 minutes before placement of the electrodes. The electrodes
were then placed in the Silastic tubing. A thermistor was taped
on the adjacent skin surface. Approximately 15 minutes were al¬
lowed to elapse for all instruments to equilibrate and for the vol¬
unteer to accommodate to the setting.

Participants were asked to think about smoking and to take
puffs from unlighted cigarettes. Some volunteers responded to
this request more enthusiastically than others. Psqo2 was then
monitored for 30 minutes. Participants then smoked at their ac¬
customed rate for 10 minutes. Measurements were taken for
50 minutes afterward. Blood was again drawn from four volun¬
teers for nicotine assay. The tonometers were removed after the
study, and no complications developed.

To determine whether a component of cigarette smoke might
"poison" the platinum electrode, cigarette smoke was drawn
through the fluid in the calibration chamber, which had equili¬
brated at room air. No effect on electrode output was observed.
This study was approved by the Committee on Human Research
at the University of California, San Francisco.

RESULTS
Mean (±SD) baseline Psqo2 was 65 ±7 mm Hg. In no

participant did the Psqo2 change during sham "smoking."
However, after cigarette smoking commenced, Psqo2 de¬
creased in all subjects to 60 ± 6 mm Hg 10 minutes later (Fig
1). No subject smoked after the initial 10-minute period,
but Psqo2 continued to decrease, stabilizing at 44 ±3 mm

Hg after 30 minutes. The range of decline at 30 minutes
was 22% to 48%. All values returned to within 5% of
baseline 1 hour after subjects began to smoke (50 minutes
after no further smoking was allowed). This pattern of

Accepted for publication May 19, 1991.
From the Departments of Surgery (Drs Jensen, Goodson, and

Hunt), and Anesthesia (Dr Hopf), University of California, San Fran-
cisco. Dr Jensen is now with the Breast Center, Van Nuys, Calif.

Reprint requests to the Department of Surgery, University of
California, San Francisco, San Francisco, CA 94143-0522 (Dr Hunt).

Downloaded From:  by a University of Utah User  on 10/09/2017



Minutes After Starting Smoking
Fig 1. —Mean (±SD) wound-tissue oxygen tension (Psqo2) in the
upper arms of eight volunteers during and after a 10-minute period
of smoking lighted (circles) and unlighted (squares) cigarettes.

response to cigarette smoking was statistically significant
using repeated measures of analysis of variance (P< .001).

Cutaneous temperature decreased slightly from a mean

(±SD) baseline of 31.8±0.3°C to 31.5±0.3°C 25 minutes
after subjects began smoking. After 30 minutes, temper¬
atures increased. By the end ofthe experiment, cutaneous
temperature had returned to baseline values. These
changes were not statistically significant.

Mean (±SD) nicotine levels increased from 4.32±2.64
ng/mL before the experiment to 11.08 ±1.98 ng/mL at its
end approximately 2 hours later (P<.01 with paired Stu¬
dent's t test).

COMMENT
The device used for these measurements was placed in

a needle wound. Therefore, measurements are best
described as Psqo2. Previous studies from this laboratory
and those done in surgical patients have shown that this
quantity correlates with tissue oxygen tension within in-
cisional wounds, although it is always approximately
10 mm Hg higher.22

There are many possible mechanisms by which smok¬
ing may depress tissue oxygen tension. These include the
vasoconstrictive effects of nicotine, arterial hypoxia, and
other mechanisms, such as carbon monoxide, which in¬
terferes with oxygen transport by hemoglobin. Cigarette
smoke contains more than 250 components, among which
the adrenergic activator and vasoconstrictive substance
nicotine is the best known.23"25 Activation of adrenergic
receptors with exogenous epinephrine has been shown
by this laboratory to reduce oxygen tension in test
wounds in human volunteers.26 It is reasonable to expect
that nicotine has a similar effect, but its magnitude and
duration are not reasonably predictable.

In the present study, the duration of the decrement in
Psqo2 relates best to the blood level of nicotine. Nicotine
levels in blood after smoking are already well docu¬
mented. Benowitz27 showed an initial sharp increase in
blood nicotine levels after 9 minutes of smoking (peak
level at 10 minutes), with a gradual decline in nicotine
levels over 30 to 60 minutes, to lower "steady-state" lev¬
els (assuming the patient smokes at least one cigarette per
hour) (Fig 2).

Fig 2. —Mean (±SEM) blood concentrations of nicotine in 10
subjects who smoked cigarettes for 9 minutes (7% cigarettes).
Reprinted with permission from Clinical Pharmacology and Thera¬
peutics (1988;44:24).

In this study, Psqo2 began to decline approximately
10 minutes after subjects started smoking (presumably
because of vasoconstriction), corresponding with the peak
blood level of nicotine. The delay in reaching the full decre¬
ment of Po2 relates to the low oxygen consumption in sub¬
cutaneous tissue. Even during tourniquet-induced is¬
chemia, Psqo2 falls to 0 only after 30 minutes. The peak effect
on Psqo2 was at 30 minutes, with levels returning to base¬
line (presumably because of return to baseline flow) within
1 hour, corresponding to the return of nicotine levels to the
lower steady-state levels. The fact that steady-state nicotine
levels increased from 4.3 to 11.1 ng/mL in our subjects be¬
tween the beginning and end of this study is a reflection of
the abstinence from cigarettes for at least 12 hours. The sec¬
ond value is more representative of usual steady-state val¬
ues in subjects who smoke.

Interestingly, gum containing nicotine did not reduce
Psqo2 in one hospitalized smoker (who was part of an on¬

going study of Psqo2 and wound healing in hospitalized
patients) who chewed it rather than smoking during his
hospitalization. After a baseline was established (55 mm

Hg), the patient chewed two pieces of nicotine gum for
half an hour, with no change in Psqo2. Nicotine gum use,
however, does not result in a high peak blood level. In
fact, it never raises the blood nicotine level above steady-
state levels measured in smokers.27"29 Psqo2 is unlikely to
be affected by chewing nicotine gum, since Psqo2 in
smokers returned to baseline by the time blood nicotine
reached this steady-state level. This suggests that the high
peak concentration of nicotine reached during smoking
leads to peripheral vasoconstriction. This, combined with
an acute increase in carboxyhemoglobin content, proba¬
bly explains most of the decrement in Psqo2 seen in sub¬
jects in the present study.

Smokers have a slight increase in basal energy expen¬
diture, and this also may contribute to their decreased
Psqo2.30'31 However, the dramatic fall and rise seen in this
study were most likely due to a reduction in supply rather
than an increase in demand.

Any decrease in Pao2 with smoking would lead to a de¬
crease in Psqo2 as well, but the effects of smoking on Pao2
tend to be more chronic than acute.32-33 Chronic pulmo¬
nary disease with a decreased Pao2 could also lead to a
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decreased baseline Psqo2 in smokers. Vasoconstriction due
to nicotine intake in patients with an already decreasedP-
sqo2 due to chronic pulmonary disease would compound
the problem.

Gottrup et al34 and Hopf et al35 have used Fick's princi¬ple to estimate relative rates of subcutaneous perfusion
using Psqo2, Pao2, hematocrit values, subcutaneous tem¬
perature, and Paco2. Assuming a constant hematocrit,
Pao2, and Paco2, the decline in Psqo2 with smoking repre¬
sents about a 70% decrease in perfusion of the subcuta¬
neous tissue. This is probably an overestimate since
inhalation of carbon monoxide in cigarette smoke de¬
creases arterial oxygen content by 3% to 15% in heavy
smokers.30 The subjects in this study had not smoked for
12 hours. Therefore, the decrease in their oxygen-carrying
capacity was probably in the range of 5%. Taking this into
account, subcutaneous blood flow decreased about 50%
after smoking.

Several components of wound healing, including col¬
lagen deposition, angiogenesis, and epithelization, are
responsive to changes in oxygen tension both above and
below normal levels.611 The decrement in Psqo2 produced
by smoking is clearly in the range in which healing is af¬
fected.11 A constant reduction of Psqo2 in animals by 30%
reduces collagen deposition by about 30% to 50%.n Mod¬
erate smoking, with its periodic hypoxia, has depressed
collagen deposition in test wounds in normal humans by
10% to 24% 7 No estimate is available for the effect on ep¬
ithelization or other parameters of wound healing.

Resistance of wounds to infection is also dependent on
the availability of oxygen to leukocytes. Hypoxic animals
are exceptionally vulnerable to wound infections.36 This
effect may be more important to surgical patients than
healing. As judged by existing studies on animals, the
decrement measured for this study is capable of seriously
impairing resistance to infection in tissue that is already
marginally hypoxic.36The results of this study indicate that the adverse effects
of smoking on healing may be mediated in major part
through activation of the adrenergic system, vasocon¬
striction, and decreased Psqo2. Smoking for 10 minutes
decreases tissue oxygen tension for approximately 1 hour.
A typical pack-a-day smoker would thus be expected to
remain tissue hypoxic for most of each day except for the
period lasting from 1 hour after the last cigarette of the day
is smoked until the first cigarette of the next day is
smoked, or up to 15 to 20 hours each day. Some investi¬
gators37,38 have used  -adrenergic blockade to overcome
the adrenergic effects of nicotine, including coronary ar¬

tery vasospasm.38 Therefore,  -adrenergic blockade may
be clinically useful when wound healing must be ensured
in patients who are unwilling to stop smoking.

This study was supported in part by GM 27345 from the National
Institute of General Medical Sciences, the National Institutes of
Health.
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Invited Commentary

This study of tissue hypoxia from cigarette smoking is el¬
egant in its simplicity of concept and method. The results are

straightforward, credible, and presumably reproducible.
They are particularly agreeable to me. With the late Alton
Ochsner, MD, and Richard Overholt, MD, I was appalled and
illuminated when the findings of medical student Ernest
Wynder (now consultant to the American Health Foundation
of New York, NY) showed us in 1949 that our patients with
lung cancer were about 17 times as likely to be two-pack-a-day
smokers as our patients without cancer. With this fact trying
to tell us something, we observed more postoperative com¬

plications in our smokers. We then joined forces, and in lay
and professional channels opposed cigarette smoking. We
even testified against the tobacco companies on behalf of
plaintiff patients with lung cancer (with notable lack of suc¬

cess).
Surgeon General Luther Terry's 1964 report and, later,

Surgeon General Everett Koop's support were boons to our
efforts. Also, the young Columbia Law School graduate, John
Banzhaf III, became a rallying point. He gained access to the
airwaves for "substantial rebuttal time" to follow cigarette
advertising. We were able to enlist much support for Banz-
haf's Action on Smoking and Health from prestigious people,
eg, Franz Ingelfinger, MD, editor of the New England journal
of Medicine, and famed cardiologist Paul Dudley White, MD.
An early Action on Smoking and Health objective was to have
cigarette advertisements off the air by January 1, 1971. We
made it! This was followed by restricted areas in public
buildings, airlines, etc. This battle against the greatest pre¬
ventable cause of death in our country is snowballing.

Dwight E. Harken, MD
Boston, Mass
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