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tion.2 Thus, excessive acidification leading to “acid
stress” has many potential adverse effects on the
lung.

So, with this in mind, does antireflux therapy
improve asthma outcomes? Previous trials have
shown that antireflux therapy improves asthma
symptoms in approximately 70% of asthmatic pa-
tients with GER.10,11 However, these trials had
major design flaws, including small patient popula-
tions, inadequate asthma outcome analyses, and the
use of a placebo crossover design in many of the
proton pump inhibitor trials. Another important
finding is that pulmonary function improvement
does not always follow asthma symptom improve-
ment.10,11 The Cochrane Airways Group Registry12

examined randomized controlled trials of children
and adults who had been treated with medical or
surgical antireflux therapy, identifying 328 subjects
and finding that seven of nine studies had at least
one significantly improved asthma outcome. There
are hints in large cohort studies that GER may
impact asthma. GER was noted to be a risk factor for
asthma hospitalization in asthmatic patients over the
age of 19.13 Also, in a retrospective cross-sectional
analysis of 10,959 asthmatic patients,14 GER was
predictive for higher numbers of oral steroid bursts
and asthma hospitalizations. So GER may be an
important asthma trigger in selected asthmatic pa-
tients, however, a definitive outcomes study has not
been published to date.

A problem with our current state of knowledge is
that we do not know which asthmatic patients would
benefit from GER therapy. Many asthmatic patients
have GER without GER actually being a trigger of
their asthma. Potential predictors of asthma re-
sponse include the presence of regurgitation, noc-
turnal asthma, nonallergic asthma, difficult-to-
control asthma, a history of reflux-associated
respiratory symptoms, and a high body mass index.1
These predictors have not been validated in larger
studies, so currently it is up to the clinician to
determine whether GER is indeed a trigger of their
individual patient’s asthma. A 3-month empiric trial
of aggressive acid suppression utilizing a proton
pump inhibitor could be used to identify these
asthmatic patients.1 Hopefully, future investigations
will allow clinicians to target those asthmatic patients
who have acid stress.
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The Oximeter
Boon or Bane?

T he patient needed to undergo a closed reduction
of a dislocated shoulder in the emergency de-

partment where I was training. And, because the
patient had been “fall-down drunk” at the time, the
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orthopedic surgeon decided to forego analgesia. This
vignette took place fully 40 years ago, near the
beginning of my training, but I still recall quite
vividly how I reacted. I was horrified, initially believ-
ing that the decision to withhold anesthesia was
designed as a punitive measure. Perhaps you, dear
reader, can remember the first time you were in-
volved in a situation such as this. Eventually, how-
ever, I came to appreciate the wisdom of this
approach. Although analgesia would have undoubt-
edly secured the short-term advantage of pain relief,
it would have done so at the expense of altering the
patient’s sensorium. To be sure, a patient’s comfort is
important, but his/her safety must necessarily take
priority. Skilled practitioners administer drugs spar-
ingly, or even not at all, in certain clinical situations,
lest we incur the risk of masking a patient’s symp-
toms.

When I initially reviewed the paper by Fu and
colleagues appearing elsewhere in this issue of
CHEST (see page 1552), I was puzzled. The authors
of this piece inveigh against the routine administra-
tion of oxygen in postoperative patients, pointing out
that the presence of an oxygen-enriched breathing
mixture is likely to abolish the emergence of arterial
desaturation. To the extent that desaturation epi-
sodes might occur, those events would presumably
be detected by means of pulse oximetry. At the
outset, their argument appeared to be specious. Why
criticize the practice of oxygen administration if and
when it succeeds in preventing hypoxemia? Isn’t that
the very point of administering oxygen in the first
place? Admittedly, we can’t possibly detect an event
(hypoxemia) that never happened (because of ante-
cedent oxygen delivery), but why condemn a practice
because of its virtues? A more careful reading of the
article, however, brought their point home. The
routine administration of inspired gases that have
been only mildly supplemented (to an oxygen con-
centration of 25% or 30%) is likely to mask the
emergence of ventilatory abnormalities, the pres-
ence of which can be crucially important to detect.

At first blush, some readers might be inclined to
resist the suggestion by Fu and coworkers that
supplemental oxygen should be routinely withheld
from patients in the postanesthesia care unit. After
all, oxygen is readily available in that environment,
and, like Sir Edmund Hillary, shouldn’t we use it
“because it is there”? The answer, of course, is “not
necessarily.” To the extent that we might be
prompted to administer oxygen to a patient who has
demonstrated a prior indication for it, oxygen deliv-
ery is both useful and intelligent. For example, it is
commonplace to deliver oxygen-enriched breathing
mixtures at night to hospitalized patients with a
previous diagnosis of peripheral sleep apnea syn-

drome. This constitutes prophylactic oxygen use in a
patient whose diagnosis has already been deter-
mined. But the reflex delivery of oxygen in the
postanesthesia care unit to patients whose respira-
tory drive might be blunted as a result of the residual
effects of anesthesia is quite a different story. I
suspect that clinicians who adhere to this practice
might have mistakenly assumed, as I did, that clini-
cally important cases of ventilatory depression would
be detectable by pulse oximetry, provided that the
gas mixture delivered to those patients was only
mildly elevated in oxygen. If this were the case,
applying oxygen sparingly in this setting would allow
us to discriminate between transient and clinically
unimportant episodes of hypoventilation and more
ominous cases of ventilatory dysfunction that we
need to identify and treat. However, we are indebted
to Fu et al for convincingly demonstrating that this is
not the case. They make it abundantly clear that
inspired oxygen concentrations of only 25% and 30%
are capable of rendering hypoventilation undetect-
able in the face of continuous oximetry. Thus, they
persuasively argue that the routine application of
oxygen in this setting is tantamount to burying our
head in the sand.

In a larger sense, this article might be used as
evidence that pulse oximetry can sometimes conceal
more than it reveals. No one can deny that the
emergence of pulse oximetry as “the fifth vital sign”
represents a boon to caregivers in most situations.
Unfortunately, it is possible to become excessively,
even slavishly, dependent on the digital readout
displayed on the face of the pulse oximeter, to the
exclusion of information supplied to us by other
methods. Allow me to illustrate this point by describ-
ing a case drawn from my own experience. Several
years ago, a patient in the ICU of a hospital that shall
remain nameless was assigned to me. The practitio-
ner from whom I received report noted that an
arterial blood gas determination had not been per-
formed, notwithstanding the fact that this was stan-
dard practice in that ICU. The patient, a 33-year-old
woman, had been intubated and received ventilation
for treatment of a drug overdose. An indwelling
arterial line had not been placed, because it was
anticipated that the patient’s course of mechanical
ventilation would be brief. The senior resident who
was supervising the clinical team opined that a
percutaneous arterial puncture was unnecessary, ow-
ing to the fact that the pulse oximeter readings were
consistently ! 95%. By the time that an analysis was
finally performed, some 36 h after the initial arterial
blood gas, the Paco2 was reported to be in the teens!
This prompted the attending physician to roundly
scold her resident, to reduce the ventilator respira-
tory rate by 50%, and to order a repeat arterial blood
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gas approximately 2 h later. Lo and behold, the
Paco2 appearing on the subsequent report was
virtually identical. At some length, it became obvious
to us what had occurred here. Because the patient
had been hyperventilated for a protracted time
period, carbon dioxide had been washed out of body
stores, which are capacious (approximately 28 L in
an adult patient of normal size). With the subsequent
onset of hypoventilation, the Paco2 did not rise
promptly as we had expected. Instead, the hypoven-
tilatory state elicited a gradual replenishment of the
carbon dioxide in the patient’s whole-body stores.
Finally, some 7 h later, the Paco2 rose to the
mid-forties. I must admit that this case taught all of
us in attendance that day a valuable lesson about the
kinetics of carbon dioxide excretion. Nevertheless, it
might certainly have been better for that patient if
excessive confidence had not been placed in the
pulse oximeter. In the final analysis (no pun in-
tended), the article by Fu and coworkers teaches us
that clinical tools are only as powerful as the judge-
ment of the practitioner(s) applying and observing
them.
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Ventilator-Associated
Pneumonia in Institutionalized
Elders
Are Teeth a Reservoir For
Respiratory Pathogens?

P neumonia and influenza are currently the sev-
enth leading cause of death in the United States,

with approximately 65,984 deaths occurring in 2002,
for an overall death rate of 22.9 per 100,000 popu-
lation.1 In the elderly, defined as age ! 65 years,
pneumonia and influenza are the fifth leading cause
of death, with 59,235 deaths and an overall death
rate of 166.4 per 100,000. In other words, approxi-
mately 90% of deaths related to this disease combi-
nation occur at ! 65 years of age. More than 98% of
these deaths are secondary to pneumonia, with a
minor contribution from influenza.

Hospital-acquired pneumonia, a pneumonia sub-

type defined as occurring ! 48 to 72 h after admis-
sion to the hospital, can be divided into ventilator-
associated pneumonia (VAP) and nonventilator-
associated types. It occurs in anywhere from 0.5 to
5% of hospitalized patients,2 and is the second most
common hospital-acquired infection in elderly pa-
tients after the urinary tract. It is the leading cause of
death from nosocomial infections, with an approxi-
mate mortality of 16% in the elderly population.3
Nosocomial pneumonia narrowed down to VAP,
defined as pneumonia developing at least 48 h after
intubation, has an even higher mortality, varying
from 17 to at least 50%,4,5 with an attributable cost
when matched to other ventilator patients without
pneumonia of $11,897 per event.5 Given an aging
population and the expense that will only climb with
improved technology, understanding the pathophys-
iology of this type of pneumonia for prevention
purposes will help to markedly reduce cost and
improve health outcomes.

Currently it is believed that bacterial colonization
of the upper respiratory tract, including the normally
sterile trachea and endotracheal tube in intubated
patients, is a precursor to aspiration of organisms
into the distal lung with the subsequent occurrence
of VAP. As the severity of illness increases and the
time in a critical care environment adds up the degree
of colonization with respiratory pathogens, including
Staphylococcus aureus, Streptococcus pneumoniae, and
Gram-negative rods (especially Haemophilus influen-
zae, Enterobacteriaceae, Pseudomonas aeruginosa,
and Acinetobacter baumanii) increases to ! 70%.6–8

Many studies8–10 have revealed similar organisms in
the distal airway of pneumonia patients and the
trachea and oropharynx. In particular, one study11

compared the chromosomal DNA pattern of oropha-
ryngeal samples in patients receiving mechanical
ventilation prior to the development of VAP and
bronchoscopically derived samples after the devel-
opment of VAP, and found identical genetic matches
in 17 of 18 cases in those with acquired pneumonia.
This study validates the predominant theory that
most but not all cases of VAP are probably secondary
to colonization of the trachea or oropharynx with
subsequent aspiration, defined as exogenous bacte-
rial colonization. Some bacteria, such as the Enter-
obacteriaceae, can either reflux from the GI tract
(endogenous colonization), colonize the upper air-
way or trachea, and then develop a subsequent
aspiration or start in the trachea or oropharynx and
aspirate; both occurred in this study.11 However, the
predominant mode of distal lung infection is be-
lieved to be exogenous, as occurred in this study.11

Two studies12,13 in ICU patients have suggested
that dental plaque can harbor respiratory pathogens.
The first study12 found respiratory pathogens present
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Supplemental Oxygen Impairs Detection
of Hypoventilation by Pulse Oximetry*
Eugene S. Fu, MD; John B. Downs, MD, FCCP;
John W. Schweiger, MD, FCCP; Rafael V. Miguel, MD; and
Robert A. Smith, PhD, RRT

Study objective: This two-part study was designed to determine the effect of supplemental oxygen
on the detection of hypoventilation, evidenced by a decline in oxygen saturation (SpO2) with pulse
oximetry.
Design: Phase 1 was a prospective, patient-controlled, clinical trial. Phase 2 was a prospective,
randomized, clinical trial.
Setting: Phase 1 took place in the operating room. Phase 2 took place in the postanesthesia care
unit (PACU).
Patients: In phase 1, 45 patients underwent abdominal, gynecologic, urologic, and lower-
extremity vascular operations. In phase 2, 288 patients were recovering from anesthesia.
Interventions: In phase 1, modeling of deliberate hypoventilation entailed decreasing by 50% the
minute ventilation of patients receiving general anesthesia. Patients breathing a fraction of
inspired oxygen (FIO2) of 0.21 (n ! 25) underwent hypoventilation for up to 5 min. Patients with
an FIO2 of 0.25 (n ! 10) or 0.30 (n ! 10) underwent hypoventilation for 10 min. In phase 2,
spontaneously breathing patients were randomized to breathe room air (n ! 155) or to receive
supplemental oxygen (n ! 133) on arrival in the PACU.
Measurements and results: In phase 1, end-tidal carbon dioxide and SpO2 were measured during
deliberate hypoventilation. A decrease in SpO2 occurred only in patients who breathed room air.
No decline occurred in patients with FIO2 levels of 0.25 and 0.30. In phase 2, SpO2 was recorded
every min for up to 40 min in the PACU. Arterial desaturation (SpO2 < 90%) was fourfold higher
in patients who breathed room air than in patients who breathed supplemental oxygen (9.0% vs
2.3%, p ! 0.02).
Conclusion: Hypoventilation can be detected reliably by pulse oximetry only when patients
breathe room air. In patients with spontaneous ventilation, supplemental oxygen often masked
the ability to detect abnormalities in respiratory function in the PACU. Without the need for
capnography and arterial blood gas analysis, pulse oximetry is a useful tool to assess ventilatory
abnormalities, but only in the absence of supplemental inspired oxygen.

(CHEST 2004; 126:1552–1558)

Key words: hypoventilation; pulse oximetry; supplemental oxygen

Abbreviations: Fio2 ! fraction of inspired oxygen; HR ! heart rate; Paco2 ! alveolar carbon dioxide tension;
PACU ! postanesthesia care unit; Pao2 ! alveolar oxygen tension; Petco2 ! end-tidal carbon dioxide;
RR ! respiratory rate; Spo2 ! oxygen saturation; V̇e ! minute ventilation; V̇/Q̇ ! ventilation-perfusion; Vt ! tidal
volume

A lthough the physiologic consequences of moder-
ate hypoventilation have not been clearly eluci-

dated, profound hypoventilation with the develop-
ment of carbon dioxide narcosis can cause coma,
respiratory arrest, and circulatory failure.1,2 Various

studies2–5 have reported the difficulty in detecting
hypoventilation in patients undergoing sedation for
GI, dental, and other endoscopic procedures. More-
over, several reports6,7 have discussed the failure to
diagnose severe hypoventilation in the perioperative
period.
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The early postoperative period may be associated
with hypoventilation caused by respiratory depres-
sion and inability to maintain an adequate airway.8,9

In addition, ventilation-perfusion (V̇/Q̇) mismatch

For editorial comment see page 1399

also may occur secondary to atelectasis. Currently,
accurate measurement of Paco2 or end-tidal carbon
dioxide (Petco2) to assess the adequacy of ventila-
tion is not routine outside of the operating room
environment, or in patients not intubated.10 Al-
though pulse oximetry is used widely to monitor
arterial blood oxygenation, it is possible that pulse
oximetry can be used to detect abnormalities in
ventilation, by quantifying changes in oxygen satura-
tion (Spo2).10,11 The objective of this study was to
determine if pulse oximetry would indicate a de-
crease in ventilation, with and without administering
supplemental oxygen.

Materials and Methods

The Institutional Review Board of the University of South
Florida College of Medicine, Tampa, approved the study proto-
col, and consent was obtained in patients scheduled to undergo
surgical procedures.

Phase 1

Forty-five patients gave informed consent to undergo a trial of
controlled deliberate hypoventilation receiving general anesthe-
sia and mechanical ventilation. Patients underwent abdominal,
gynecologic, urologic, and lower-extremity vascular operations.
We used a pulse oximeter, capnograph, arterial catheter, and
ECG to measure Spo2, Petco2, BP, heart rate (HR), and arterial
blood gas data. General anesthesia was induced with thiopental,
3 to 5 mg/kg IV. IV administration of succinylcholine chloride, 1
mg/kg, or vecuronium bromide, 0.1 mg/kg, facilitated tracheal
intubation. Anesthesia was maintained with isoflurane using a
semiclosed-circle absorber system. IV vecuronium bromide was
administered to maintain muscle relaxation.

Patients received mechanical ventilation with a tidal volume
(Vt) of 8 mL/kg and a respiratory rate (RR) sufficient to produce
an Petco2 of 30 to 40 mm Hg before initial data collection. Data
collection started 10 min after administering the desired fraction
of inspired oxygen (Fio2). Fio2 was determined by measurement
of the inspired oxygen concentration on the oxygram. Three
patient groups with Fio2 levels of 0.21, 0.25, or 0.30, respectively,
were studied. We recorded HR, BP, Spo2, Petco2, RR, and Vt.
Minute ventilation (V̇e) was determined as the product of RR
and Vt. Hypoventilation was instituted by reducing RR to
decrease the V̇e by 50%. Patients breathing room air (Fio2 of
0.21) underwent induced hypoventilation for up to 5 min, or until
Spo2 was " 90%. Patients with Fio2 levels of 0.25 or 0.30
underwent hypoventilation for up to 10 min.

Intraoperative data were collected each minute until the end of
the hypoventilation trial, or until Spo2 fell below 90%, whichever
occurred first. Arterial blood was sampled to measure pH, Pao2,
and Paco2 before hypoventilation and during final data collec-
tion. Intraoperative data were summarized as mean # SD and

evaluated with Student t test for paired observations, or with
analysis of variance for repeated measurements and Scheffé test,
when appropriate. A Pearson $2 test with Yates correction for
continuity was used to determine probability under the null
hypothesis of increase or decrease from initial to final value of
Spo2, arterial pH, Paco2, and Petco2.

Phase 2

Patients gave informed consent to be randomized to breathe
room air, or to receive supplemental oxygen on arrival to the
postanesthesia care unit (PACU). All surgical patients except
those undergoing thoracotomy were eligible for participation.
Baseline Spo2 measurements were recorded preoperatively in all
patients breathing room air, prior to entering the operating room.
Patients who received general anesthesia, regional anesthesia, or
monitored anesthesia care were included in the study. Patients
who received general anesthesia and who were not extubated in
the operating room were excluded from the study. On leaving the
operating room, patients with Spo2 ! 90% breathing room air
were transported to the recovery room without supplemental
oxygen. On arrival in the PACU, while breathing room air,
patients with Spo2 ! 90% were randomized to continue to
breathe room air, or to receive 30% oxygen with a facemask.
Patients who experienced Spo2 " 90% before or on arrival to the
PACU were administered supplemental oxygen and discontinued
from the study.

In the PACU, Spo2 measurements were recorded every
minute. Patients who experienced Spo2 " 90% for 2 consecutive
min in the PACU received a “stir-up” regimen consisting of
verbal and tactile stimulation. Patients in the supplemental
oxygen group received a stir-up regimen, in addition to receiving
oxygen by facemask. Patients in the room-air group initially
received a stir-up regimen, without oxygen administration. If the
Spo2 did not increase to ! 90% within 2 min, patients then were
administered supplemental oxygen with a facemask. Patients who
initially breathed room air and subsequently received oxygen
were classified as room-air dropouts. However, data collected
until the time of dropout were recorded. Logistic regression
analysis was used to study the effects of age, gender, and weight.
Intergroup comparisons of the incidence of desaturation, use of
intraoperative narcotics and muscle relaxants, and use of narcot-
ics in the PACU were made with a Pearson $2 test.

Results
Phase 1

There were no intergroup differences in age or
weight (Table 1). There were no differences be-
tween the Vt measured at the start of the hypoven-
tilation trial (initial) and the Vt measured at the end
of the trial (final). The final RR and V̇e were
approximately 50% of initial values. Initial and final
arterial blood analysis data collected during induced
hypoventilation are shown in Tables 2–4. Every
patient had an increase in Paco2 and Petco2 and a
decrease in arterial pH and Pao2 (p " 0.001). Pa-
tients with an Fio2 of 0.21 had a significant decrease
in Spo2 when initial and final Spo2 values were
compared (97 # 2% vs 91 # 3%, p " 0.001). All
patients with an Fio2 of 0.21 had an immediate
decrease in mean Spo2 and increase in mean
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Petco2 during hypoventilation (p " 0.001) [Fig 1].
Over half of these patients had Spo2 " 90% within 5
min of hypoventilation, which accounts for the vari-
able number of patients after 3 min of hypoventila-
tion. Nine of 10 patients with an Fio2 of 0.25
maintained Spo2 % 90% throughout the 10-min
study period. Every patient with an Fio2 of 0.30
maintained Spo2 % 90% throughout the study.
Changes in Spo2 during hypoventilation in patients
with Fio2 levels of 0.25 or 0.30 were insignificant
(Fig 1).

Phase 2

Three hundred eleven surgical patients consented
to participate in this phase of the study. Six patients
had cancellation of the operation, or were trans-
ported to the ICU postoperatively and were not
included. Another 16 patients were not able to
participate in the study because they remained intu-

bated (n ! 8) or received supplemental oxygen
(n ! 8) on arrival to the PACU. The thoracic sur-
geon would not permit inclusion of his patients in the
study. Of the 289 eligible patients, 155 patients were
randomized to breathe room air and 134 patients
were randomized to receive supplemental oxygen.
One patient who was randomized to receive supple-
mental oxygen was dropped from the study due to
noncompliance and refusal to wear the oxygen mask.

There were no intergroup differences in age,
gender, use of intraoperative narcotics or muscle
relaxants, and the use of narcotics in the PACU
(Tables 5, 6). There was an intergroup difference in
weight. There were no intergroup differences in
preoperative Spo2 (98 # 2%) or in the Spo2 mea-
surement on arrival to the PACU (97 # 3%). Seven-
teen of 289 patients experienced episodes of Spo2
" 90% (5.9%). Fourteen of 155 patients who
breathed room air had episodes of Spo2 " 90%
compared to 3 of 133 patients who breathed 30%

Table 2—Variables Reflecting Gas Exchange and
Cardiovascular Function for Patients Breathing an

FIO2 of 0.21*

Variables Initial Data† Final Data‡

Spo2, % 97 # 2 91 # 3§
Petco2, mm Hg 35 # 3 41 # 3§
Arterial pH 7.37 # 0.06 7.34 # 0.06§
Paco2 (range), mm Hg 38.5 # 3.9 (30–48) 43.5 # 3.8§ (37–52)
Pao2 (range), mm Hg 89 # 15 (63–113) 62 # 12§ (47–94)
HR, beats/min 85 # 14 84 # 13
Mean arterial pressure,

mm Hg
87 # 19 87 # 18

*Data are summarized as mean # 1 SD (n ! 25) unless otherwise
indicated.

†Initial data were collected before induction of hypoventilation.
‡Final data were collected 5 min after hypoventilation or when Spo2

became " 90%, whichever occurred first.
§p " 0.001 compared to initial value.

Table 3—Variables Reflecting Gas Exchange and
Cardiovascular Function for Patients Breathing an

FIO2 of 0.25*

Variables Initial Data† Final Data‡

Spo2, % 97 # 2 95 # 3
Petco2, mm Hg 34 # 2 44 # 3§
Arterial pH 7.40 # 0.07 7.35 # 0.05§
Paco2 (range), mm Hg 34.7 # 5.0 (23–42) 42.0 # 3.3§ (36–50)
Pao2 (range), mm Hg 105 # 26 (73–49) 90 # 27§ (59–130)
HR, beats/min 85 # 15 87 # 18
Mean arterial pressure,

mm Hg
93 # 14 94 # 17

*Data are summarized as mean # SD (n ! 10) unless otherwise
indicated.

†Initial data were collected before induction of hypoventilation.
‡Final data were collected 10 min after hypoventilation.
§p " 0.001 compared to initial value.

Table 4—Variables Reflecting Gas Exchange and
Cardiovascular Function for Patients Breathing an

FIO2 of 0.30*

Variables Initial Data† Final Data‡

Spo2, % 98 # 2 97 # 2
Petco2, mm Hg 36 # 2 45 # 2§
Arterial pH 7.38 # 0.03 7.32 # 0.04§
Paco2 (range), mm Hg 39.2 # 3.9 (36–44) 46.7 # 3.8§ (41–53)
Pao2 (range), mm Hg 112 # 25 (68–153) 100 # 17§ (76–126)
HR, beats/min 82 # 20 82 # 19
Mean arterial pressure,

mm Hg
86 # 14 87 # 13

*Data are summarized as mean # SD (n ! 10) unless otherwise
indicated.

†Initial data were collected before induction of hypoventilation.
‡Final data were collected 10 min after hypoventilation.
§p " 0.001 compared to initial value.

Table 1—Demographic and Ventilatory Data in
Patients Undergoing Induced Hypoventilation Under

General Endotracheal Anesthesia*

Variables

Fio2

0.21 0.25 0.30

Patients, No. 25 10 10
Age, yr 56 # 19 65 # 12 68 # 10
Weight, kg 68 # 17 71 # 17 77 # 13
Initial Vt, mL 664 # 210 599 # 153 744 # 101
Final Vt, mL 644 # 155 613 # 145 752 # 102
Initial RR, breaths/min 7 # 1 7 # 1 7 # 1
Final RR, breaths/min 4 # 1† 4 # 1† 4 # 1†
Initial V̇e, L/min 4.6 # 1.6 4.4 # 1.6 5.2 # 1.4
Final V̇e, L/min 2.4 # 0.9* 2.3 # 0.7* 2.7 # 0.7*

*Data are summarized as mean # SD unless otherwise indicated.
†p " 0.001 compared to initial value.
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oxygen (p ! 0.02). The three patients who experi-
enced Spo2 " 90% while receiving supplemental
oxygen had immediate restoration of Spo2 ! 90%
with the stir-up regimen. Of the 14 patients who
inhaled room air and experienced desaturation, 9
patients had an immediate increase in Spo2 with the
stir-up regimen. The other five patients received
supplemental oxygen to restore Spo2 ! 90%. All
patients ultimately had Spo2 ! 90% (Table 7).

Discussion

In the phase 1, the effect of hypoventilation
on Spo2 was modeled in patients under general

anesthesia and mechanical ventilation. Increases
in Petco2 and Paco2 occurred in every patient
who underwent deliberate hypoventilation. These
changes were accompanied by an immediate de-
crease in Spo2 in patients with Fio2 of 0.21, but not
in patients with Fio2 levels of 0.25 or 0.30. Although
a significant decrease in mean Pao2 occurred during
10 min of hypoventilation in patients with Fio2 levels
of 0.25 or 0.30, mean Pao2 remained sufficiently
elevated to prevent a detectable decrease in Spo2.
When such a decline in Spo2 occurred, it was not
consistent or sufficient to detect a significant change.

Table 5—Patient Demographics*

Variables Age, yr Weight, kg
Male/Female
Gender, No.

Air group (n ! 155) 57 # 15 75 # 18 106/49
Oxygen group (n ! 133) 57 # 13 80 # 19 87/46

*Data are summarized as mean # SD unless otherwise indicated.
Using Student t test, there was no significant intergroup difference
in age (p ! 0.63), but there was a significant intergroup difference
in weight (p ! 0.02). Using the Pearson $2 test, there was no
significant intergroup difference in sex distribution (p ! 0.59).

Table 7—Summary of Patients Who Experienced
SpO2 < 90% in the PACU*

Patients

Stir-up
With

Oxygen
General

Anesthetic
Intraoperative

Narcotic
Muscle

Relaxant
PACU

Narcotic

Oxygen group
1 Yes† Yes Yes Yes Yes

88 Yes† Yes Yes No No
119 Yes† Yes Yes Yes Yes

Room air group
30 Yes‡ Yes Yes Yes Yes
98 No Yes Yes No Yes

111 No Yes Yes No No
126 Yes‡ Yes Yes Yes Yes
134 No Yes Yes Yes Yes
150 No Yes Yes Yes No
152 No Yes Yes No Yes
203 Yes‡ Yes Yes Yes No
211 No Yes Yes Yes No
215 Yes‡ Yes Yes No No
246 Yes‡ Yes Yes Yes No
270 No Yes Yes Yes Yes
292 No Yes Yes No Yes
303 No Yes No Yes Yes

*Nine of 14 patients who experienced Spo2 " 90% breathing room
air had a stir-up maneuver without oxygen administration, resulting
in immediate restoration of Spo2 to % 90%.

†Patients who were randomized to receive supplemental oxygen by
facemask upon arrival to the PACU (Fio2 ! 0.30).

‡Patients randomized to room air initially, but who received supple-
mental oxygen via nasal cannula by PACU nursing staff, all of whom
sustained Spo2 % 90%.

Figure 1. Changes in Spo2 (closed circles) and Petco2 (open
circles) during hypoventilation in patients receiving Fio2 concen-
trations of 0.21, 0.25, and 0.30. Baseline values were measured at
time ! zero minutes. Data are presented as mean # SD. Data
points are connected for clarity. n ! No. of patients at each data
collection point.

Table 6—Intergroup Contrasts of Administered
Pharmaceuticals*

Variables

Intraoperative
Narcotic

Muscle
Relaxant

PACU
Narcotic

Yes No Yes No Yes No

Air group (n ! 155) 129 26 61 94 81 74
Oxygen group (n ! 133) 112 21 70 63 69 64

*Data are presented as No. Using a Pearson $2 test, there were no
significant intergroup differences in the use of intraoperative nar-
cotics (p ! 0.22) and muscle relaxants (p ! 0.14) or PACU narcotics
(p ! 0.42).

www.chestjournal.org CHEST / 126 / 5 / NOVEMBER, 2004 1555

 © 2004 American College of Chest Physicians
 by guest on September 24, 2009www.chestjournal.orgDownloaded from 

http://www.chestjournal.org/


Thus, administration of even small amounts of sup-
plemental oxygen masked our ability to detect hy-
poventilation with pulse oximetry in anesthetized
patients receiving mechanical ventilation.

In healthy volunteers, Paco2 has been shown to
rise at a logarithmic rate of 8 to 25 mm Hg/min after
the onset of apnea.12 A decrease in alveolar ventila-
tion of at least 50%, such as we produced, caused a
small, but significant increase in Paco2 during the
brief period of data collection. Given sufficient time
for equilibrium, Paco2 would have doubled, at least.
In contrast, Pao2 fell relatively precipitously. Acute
hypoventilation is known to decrease the volume of
oxygen delivered to gas-exchanging lung units. How-
ever, the rate at which oxygen is removed from the
lung by pulmonary capillary blood proceeds at a
normal rate. During hypoventilation with room air,
the disequilibrium between oxygen extracted from
the alveoli and oxygen delivered to the alveoli causes
a concentrating effect of nitrogen and carbon diox-
ide, which further exaggerates the decrease in alve-
olar oxygen tension (Pao2). This sequence explains
why, during hypoventilation with room air, mean
Pao2 fell rapidly and markedly by 30 mm Hg while
mean Paco2 increased only 5 mm Hg. The differ-
ences in the rate of change of Pao2, Pao2, and Paco2
during hypoventilation have clinical importance. The
rate of decline in Pao2 and Spo2 is greater than the
increase in Paco2. Therefore, changes in oxygen-
ation, as measured by pulse oximetry, will provide an
earlier indication of hypoventilation than will cap-
nography, but only when breathing room air.11

Changes in oxygenation during hypoventilation
may be further clarified by examining the equation
used to estimate alveolar gas content:

Pao2 ! Pio2 & Paco2 [(Fio2 ' (1 & Fio2)/R)]

where Pio2 is the product of Fio2 and barometric
pressure minus water vapor pressure, and R is the
respiratory gas exchange ratio. This ratio results
when the amount of carbon dioxide eliminated by
alveolar ventilation is divided by the amount of
oxygen taken up by the pulmonary capillary blood,
which, under normal metabolic and ventilatory con-
ditions, is typically 0.8. As indicated by the alveolar
gas equation, Pao2 will decrease in response to
increasing Paco2. During hypoventilation, elimina-
tion of carbon dioxide decreases transiently, causing
a rapid and significant increase in the volume of
oxygen removed relative to the volume of carbon
dioxide eliminated. Pao2 varies directly with Pao2.
Under unsteady-state conditions, there is a tempo-
rary decrease in the respiratory gas exchange ratio to
produce a marked fall in Pao2 accompanied by a
modest rise in Paco2.11

When supplemental oxygen is administered, hy-
poventilation will have a similar, but far less signifi-
cant effect on Pao2 and Pao2. As we observed, only
small increases in inspired oxygen are needed to
alleviate any desaturation that might occur secondary
to hypoventilation. With supplemental oxygen, rela-
tively less nitrogen in the alveolar gas mixture par-
tially negates the concentrating effect of nitrogen
and carbon dioxide in the alveoli, as oxygen is
consumed. The effect of supplemental oxygen on
masking hypoventilation can be demonstrated fur-
ther with mathematical modeling of Pao2 and Pco2
as a function of alveolar ventilation and varying Fio2
(Fig 2). With an Fio2 of 0.30, Pao2 is approximately
100 mm Hg (point a) when alveolar carbon dioxide
tension (Paco2) approaches 90 mm Hg (point b),
thereby making detection of profound hypoventila-
tion impossible with pulse oximetry. But with an
Fio2 of 0.21, as Paco2 rises % 65 mm Hg (point c),
Pao2 will decrease to " 60 mm Hg (point d),
resulting in a Spo2 " 90%. While breathing room
air, a patient cannot hypoventilate sufficiently to
elevate Paco2 % 70 mm Hg without a pulse oximeter
reading " 90%, thus precluding the possibility of
carbon dioxide narcosis and undetected apnea.1 With
supplemental inspired oxygen as low as 0.25, Paco2
could be nearly 100 mm Hg (point e) when Pao2
approaches 60 mm Hg (point f). Supplementation of
inspired oxygen with an Fio2 % 0.25 could put a
patient at risk for carbon dioxide narcosis, before
Spo2 would fall below 90%.

Figure 2 Mathematical modeling of Pao2 (closed circles) and
Paco2 (solid line, open circles) as a function of alveolar ventila-
tion with varied Fio2. This model assumes a respiratory gas
exchange quotient of 0.8, no physiologic shunting of blood, and a
steady state. With an Fio2 of 0.3, Pao2 is still 100 mm Hg (point
a) when Paco2 is 90 mm Hg (point b). With an Fio2 of 0.21, by
the time Paco2 has increased to 65 mm Hg (point c), Pao2 has
decreased to 60 mm Hg (point d). With an Fio2 of 0.25, Paco2
can rise to 100 mm Hg (point e) before Pao2 decreases to 60 mm
Hg (point f).
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In phase 1, all patients with an Fio2 of 0.30
maintained Spo2 % 90% throughout 10 min of hy-
poventilation during general anesthesia. In addition,
9 of 10 patients with an Fio2 of 0.25 maintained
Spo2 % 90%. Based on our modeling of induced
hypoventilation in anesthetized patients receiving
mechanical ventilation, we hypothesized that in
spontaneously breathing patients, the detection of
hypoventilation with Spo2 monitoring may be inef-
fective when patients are administered supplemental
oxygen. Prior publications support this concept.2,5

The clinical applicability of using pulse oximetry to
detect hypoventilation has been limited by the use of
supplemental oxygen.10,13,14 Therefore, in the second
phase of the study, we sought to evaluate the clinical
utility of pulse oximetry to detect hypoventilation in
spontaneously breathing patients in the PACU, with
and without administering supplemental oxygen.

Patients who were able to maintain Spo2 ! 90%
during room-air breathing on arrival to the PACU
were randomized for further data collection. There
was an intergroup difference in mean body weight
that was small but statistically significant. It is un-
likely that this difference confers any clinical signif-
icance. The vast majority of the patients who
breathed room air did not experience Spo2 " 90%,
yet the administration of supplemental oxygen did
not maintain Spo2 ! 90% in all patients. The inci-
dence of Spo2 " 90% was four times higher in
patients who breathed room air (9.0% vs 2.3%). All
but a few patients who breathed room air had
immediate restoration of Spo2 following the stir-up
regimen, suggesting that hypoventilation may be an
etiologic factor in the decline in Spo2.

Measurements to confirm hypoventilation with
the presence of hypercarbia during episodes of
desaturation in the PACU were not undertaken.
Drawing arterial blood to measure Paco2 would
have been impractical from a clinical standpoint,
since episodes of desaturation were transient. Other
methods that quantify carbon dioxide, such as cap-
nography or transcutaneous carbon dioxide, also are
fraught with difficulties in the PACU setting.3,4 Since
all other variables and anesthetic management were
equivalent, we surmise that respiratory depression
and hypoventilation occurred with equivalent fre-
quency in both groups of patients. However, the
lower incidence of desaturation in the group of
patients who received supplemental oxygen likely
was due to a masking effect by the increased Fio2. In
all patients, the transient decrease in Spo2 easily was
managed.

There are six physiologic/pathologic conditions
that may lead to arterial oxyhemoglobin desatura-
tion: (1) Fio2 " 0.21; (2) diffusion defect; (3) baro-

metric pressure " 760 mm Hg; (4) right-to-left
intrapulmonary shunting of blood; (5) low, but finite,
V̇/Q̇ ratio; and (6) hypoventilation. In our investiga-
tion, only the last three are potential etiologies of
Spo2 " 90%. Since arterial desaturation was tran-
sient and reversed by either a stir-up regimen, or an
increase in Fio2, it is unlikely that right-to-left
intrapulmonary shunting was a significant cause.
Only by analysis of an arterial blood sample could we
verify hypoventilation, rather than decreased V̇/Q̇
ratio, as the source of arterial desaturation. Never-
theless, increase in Fio2 to 0.25 or 0.3 will increase
Pao2 and Spo2, thereby masking the detection of
respiratory abnormalities, either hypoventilation or
low V̇/Q̇. Thus, whether the decrease in Spo2 is
secondary to low V̇/Q̇ ratio, a form of “regional
hypoventilation,” or global hypoventilation resulting
in hypercarbia, pulse oximetry monitoring during
room air breathing will permit earlier detection of
gas exchange abnormalities.

Our findings concur with others6,13 who have
reported the limitation of pulse oximetry in monitor-
ing ventilatory status when supplemental oxygen is
administered. Hypercarbia secondary to respiratory
depression and not reliably detected by pulse oxim-
etry has been reported during GI endoscopy and
bronchoscopy.2,5 One case report7 describes a pa-
tient receiving morphine patient-controlled anesthe-
sia with high-flow oxygen administration by facemask
in whom carbon dioxide narcosis and apnea devel-
oped. Pulse oximetry readings between 92% and
95% were recorded, despite a Paco2 of 102 mm Hg
and an arterial pH of 7.08. The authors7 concluded
that pulse oximetry failed to permit detection of
opioid-induced respiratory depression, in the pres-
ence of supplemental oxygen.

Based on our findings, we advocate the application
of supplemental oxygen only in patients who are
unable to maintain an acceptable Spo2 while breath-
ing room air. In patients able to maintain Spo2
% 90% on an Fio2 of 0.21, pulse oximetry monitor-
ing during room air breathing is a useful tool to
assess ventilation, without the need for capnography
or arterial blood gas analysis. While our data were
obtained in the operating room and PACU setting, our
results suggest that this type of monitoring also could
be utilized in any environment where monitoring of
ventilation is needed, such as procedural suites for
bronchoscopy and GI endoscopy, where sedation is
utilized. Pulse oximetry during room-air breathing also
will be useful in guiding and/or limiting the adminis-
tration of opioids and other respiratory-depressant
drugs. Assessment of ventilatory abnormalities in pa-
tients receiving epidural, intrathecal, and IV patient-
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controlled anesthesia narcotics could be achieved with
pulse oximetry, but only during room-air breathing.

Historically, an Spo2 " 90% has been used to
define “arterial hypoxemia.”15,16 Accordingly, clini-
cians often will administer supplemental oxygen out
of habit to ensure “adequate” oxygenation and to
avoid reaching the 90% threshold.15 But is this
clinical practice warranted? Currently, there is no
consensus in the literature regarding recommenda-
tions on the prophylactic administration of supple-
mental oxygen to all postoperative patients, and
some communications have stressed the dangers of
masking severe hypoventilation with supplemental
oxygen.6,7,13 We suggest that the decision to admin-
ister supplemental oxygen not be based on routine,
but should entail consideration of the risk of masking
undetected hypoventilation, or mismatching of ven-
tilation and perfusion, in accordance with the pa-
tient’s need for increased Spo2. If persistent, de-
creased Spo2 may indicate the need for arterial
blood analysis to determine if the arterial hypoxemia
is due to hypoventilation, or mismatching of ventila-
tion and pulmonary perfusion. Then, appropriate
treatment may be administered.

Sedation may cause profound respiratory depres-
sion and hypoventilation. Thus, accurate monitoring
of ventilatory status of sedated patients is desirable.
Methods to detect hypoventilation in the spon-
taneously breathing patients receiving respiratory-
depressant drugs are limited. Pulse oximetry primar-
ily has been used to assess oxygenation, but not
ventilation. A decline in Spo2 during room-air
breathing appears to be a reliable indicator of ven-
tilatory abnormalities, whether occurring at a global
or regional level; the presence of such abnormalities
will go undetected in the presence of supplemental
oxygen. Without the need for capnography and
arterial blood gas analysis, pulse oximetry is a useful
tool to assess ventilation in the absence of supple-
mental inspired oxygen.
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