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Diaphragm Function during Anesthesia: Still Crazy
after All These Years
CHRONIC obstructive pulmonary disease (COPD) im-
pairs lung gas exchange. General anesthesia also inter-
feres with gas exchange, even in patients with healthy
lungs. Both processes are associated with alterations in
the structure of chest wall components such as the
diaphragm. Structural abnormalities such as the “flatten-
ing” of diaphragm that accompanies lung hyperinflation
have attracted considerable recent attention as an impor-
tant part of the pathophysiology of the severe COPD.1,2

Indeed, one of the presumed benefits of lung volume
reduction surgery for COPD is a reduction of chronic
hyperinflation, which produces more normal chest wall
configuration. Anesthesia also changes the shape and
motion of the chest wall. Given the potential for this
“double whammy,” one would thus expect (and conven-
tional wisdom holds) that patients with COPD would
poorly tolerate general anesthesia. For example, most
anesthesiologists have seen recommendations from their
medical colleagues that a patient with COPD could safely
receive regional, but not general, anesthesia. Although
COPD is certainly a risk factor for perioperative pulmo-
nary complications, most of these patients actually do
quite well with general anesthesia, usually maintaining
adequate gas exchange both intraoperatively and post-
operatively.3–8 In this issue of ANESTHESIOLOGY, Kleinman
et al.9 revive a venerable experimental method to inves-
tigate why this occurs. Consideration of their results also
provides a good excuse to review what we know about
how anesthesia affects the function of the diaphragm,
arguably the most important skeletal muscle in the body.
The last editorial in ANESTHESIOLOGY on the subject, thir-
teen years ago, rightly characterized the diaphragm as
the “elusive muscle.”10 Although we haven’t caught it
yet, the pursuit continues to be instructive.

Almost 30 yr have passed since Froese and Bryan11

provided the first direct measurements of how anesthe-
sia affects the shape and motion of the normal human
diaphragm. They described how the silhouette of the
diaphragm created by fluoroscopy moved during breath-
ing before and after the induction of anesthesia. Based

on their interpretation of their results and subsequent
studies by others,12 the following scenario evolved (and
has been adopted by many anesthesia texts). Anesthesia,
with or without pharmacologic paralysis, produces a
cephalad (headward) shift of the end-expiratory position
of the diaphragm by reducing normal end-expiratory
muscle tone. This shift in the diaphragm reduces the
functional residual capacity (FRC) and compresses lung
parenchyma in dependent regions, causing atelectasis.
This atelectasis significantly contributes to intraopera-
tive gas exchange abnormalities by increasing shunt and
may persist into the postoperative period13 (especially
after surgeries that invade the thorax or abdomen), per-
haps leading to morbidity such as pneumonia.

Although atelectasis is not the sole cause of abnormal
gas exchange during anesthesia, subsequent studies have
confirmed its significance.14 Atelectasis has been ob-
served consistently in nearly every group of anesthetized
patients, with one fascinating exception. Gunnarsson et
al.8 studied patients with moderate to severe COPD and
found that most developed no atelectasis at all during
anesthesia. Consistent with this observation, anesthesia
did not increase shunt in these patients. They also found
that, contrary to earlier observations in normal patients
made by this group of investigators, that anesthesia did
not affect the end-expiratory position of the diaphragm.
They postulated that the hyperinflation accompanying
COPD in some way protected these patients from ceph-
alad diaphragm displacement and thus contributed to
the relative maintenance of gas exchange.

Although appealing, some aspects of this scenario have
been challenged by subsequent studies, now including
that of Kleinman et al. Consider the effect of anesthesia
on end-expiratory chest wall configuration in normal
patients. It is little appreciated that Froese and Bryan
reported the end-expiratory position of the diaphragm of
only two normal subjects, who in fact behaved some-
what differently. The most dependent (i.e., posterior in a
supine subject) region of the diaphragm moved cepha-
lad with the induction of anesthesia in both subjects.
However, the nondependent region (i.e., anterior) actu-
ally moved in the opposite direction (caudad) in one
subject, and cephalad in the other. Subsequent studies
by several investigators have also found that although
anesthesia produces a consistent cephalad shift of de-
pendent diaphragm regions, it causes either no change
in position or an actual caudal shift of nondependent
regions.15–20 Kleinman et al. noted a similar pattern of
results in their normal subjects, although none of the
shifts were statistically significant because of consider-
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able variation among subjects. Thus, they confirm that
decreases in FRC produced by anesthesia in normal sub-
jects cannot be attributed primarily to changes in dia-
phragm position. Furthermore, if atelectasis is caused by
compression of lung parenchyma by a cephalad displace-
ment of the dependent diaphragm, the greater the dis-
placement, the greater should be the amount of atelec-
tasis. Alas, there is no such correlation.19,21 Thus,
although there is little doubt that atelectasis is caused by
anesthesia-induced changes in chest wall shape, the
cause is not as simple as a cephalad shift of the dia-
phragm. For example, anesthesia increases the curvature
of the spine,18,20 which provides an anchor for all other
chest wall structures and thus may affect diaphragm and
rib cage configuration. Such secondary effects probably
explain any changes in diaphragm shape produced by
anesthesia, because there is currently little evidence that
there is “normal” end-expiratory muscle tone in the
diaphragm of awake subjects.22

So much for healthy patients; what about the effects of
anesthesia on chest wall configuration in patients with
COPD? The most striking feature of Kleinman et al.’s
data is that the overall effects of anesthesia on the posi-
tion and motion of the diaphragm were remarkably sim-
ilar in healthy patients and those with COPD (albeit with
substantial variability among patients), despite the signif-
icant hyperinflation present in the latter. Although other
chest wall components such as the rib cage were not
studied, it appears that at least the diaphragm of patients
with COPD adapts to provide a relatively normal pattern
of displacement during active contraction. Further, the
regional compliances of the passive diaphragm also ap-
pear to be relatively normal in these patients, as evi-
denced by an unchanged pattern of displacement during
positive pressure ventilation. To be sure, there are defi-
nite limits to the ability of fluoroscopy to image the
complex three-dimensional structure of the diaphragm.
However, it appears that any differences in the tendency
of normals and patients with COPD to develop atelecta-
sis and shunt with the induction of anesthesia cannot be
attributed to striking differences in diaphragm position
and motion, as postulated by Gunnarsson et al.

What then accounts for the apparent lack of atelectasis
formation and relative preservation of gas exchange in
patients with COPD? We still don’t know, but specula-
tion is one of the privileges of the editorialist. First,
airflow obstruction often creates intrinsic positive end-
expiratory pressure in patients with COPD, and this may
help maintain end-expiratory lung volumes during anes-
thesia. Second, the pattern of respiratory muscle activa-
tion is altered in patients with COPD compared with
patients with healthy lungs. In particular, abdominal
muscles actively assist expiration in many COPD patient
in the supine position, unlike in healthy patients.23 Re-
moval of this activity by anesthesia with pharmacologic
paralysis may promote maintenance of FRC during anes-

thesia.20 Finally, it is now apparent that high alveolar
oxygen concentrations (presumably used during the in-
duction of anesthesia by Kleinman et al., although this is
not specified) promote the development of atelectasis
during anesthesia,24 and it is possible that the ventila-
tion/perfusion mismatch characteristic of COPD or me-
chanical changes in the lung parenchyma may affect this
process. All of these mechanisms could (and should) be
evaluated in future studies.

Apart from these insights into applied respiratory phys-
iology, the article of Kleinman et al. serves as a reminder
that despite the recent (and well-deserved) enthusiasm
for the promise of genetic and molecular techniques in
science, there are still many interesting questions re-
maining in patient-oriented research that are amenable
to study by readily-applied techniques such as fluoros-
copy. Requirements for such studies remain the same as
always: intellectual curiosity, the knack for asking the
right questions, and the tenacity required to conduct
research in clinical settings. Congratulations to these
authors for continuing the chase of the elusive muscle.

David O. Warner, M.D. Professor of Anesthesiology, Mayo Medical
School, Mayo Clinic, Rochester, Minnesota. warner.david@mayo.edu
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