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A B S T R A C T Diaphragm activity during carbon diox-
ide breathing and total chest compliance during dia-
phragm relaxation were measured in eight obese subjects:
four with normal blood gases and four with hypercap-
nia and hypoxemia. Whereas there were no significant
differences in the values of total chest compliance be-
tween the two groups, there were marked differences in
diaphragm activity. The increase in integrated electrical
activity in the diaphragm, per millimeter increment in
carbon dioxide tension in the arterial blood, averaged
66 units (range: 48-90) in the obese-normal subjects
and 17 units (range: 12-22) in the obese-hypoventilation
subjects. These results suggest that an incapacity to in-
crease the activity in the respiratory muscles, to levels
necessary to overcome the load caused by obesity, plays
a major role in the genesis of respiratory failure in obese
subjects.

INTRODUCTION
Respiratory failure appears in certain obese subjects
producing the obesity-hypoventilation or Pickwickian
syndrome (1, 2). It is generally accepted that increased
mass loading of the ventilatory apparatus (chest wall and
lungs) plays a role in the genesis of respiratory failure
by causing either an insurmountable load to the respira-
tory muscles (3) or significant ventilation-perfusion
inequalities (4). However, other factors must also be
important since not all subjects with unusually large
body weight have respiratory failure (5 a), and reduc-
tion in weight is not always accompanied by a parallel
improvement of the failure (6). Therefore, it has been
speculated (5 a, b, 6) that the ability of the respiratory
centers to increase the nervous drive of the respiratory
muscles to overcome the abnormal mechanical load also
plays a role.

The present study is an attempt to define the roles of
the increased load on the ventilatory apparatus and of
the drive to the respiratory muscles in the production of
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respiratory failure in obesity. For this purpose, total
chest compliance and electrical activity in the diaphragm
were measured in subjects with similar degrees of
obesity, but differentiated by the presence or absence of
respiratory failure.

Furthermore, the results were compared with those
obtained in chronic obstructive lung disease, a condition
in which mechanical abnormalities of the ventilatory ap-
paratus of a different type from those found in obesity
play a role in the establishment of respiratory failure
(7).

METHODS
Eight subjects weighing at least 300 lb. and .without clinical
or radiological evidence of bronchopulmonary disease were
studied. Four subjects had normal arterial blood gases
(group I) and four had abnormally low oxygen and abnor-
mally high carbon dioxide tensions (group II).

Physical characteristics and respiratory function data are
summarized in Table I. Total lung and vital capacities were
slightly reduced in the majority of subjects. Forced expira-
tory volume was within normal limits in all subjects. Single
breath diffusing capacity was normal in all subjects but
one (M. S.), in whom it was slightly decreased. There were
no significant differences between values of respiratory
function obtained in patients with normal and abnormal
arterial blood gases.

The design of our study included measurements of minute
ventilation, diaphragm activity, and total chest compliance.

Minute ventilation and diaphragm activity were measured
in all subjects during rebreathing. The subjects were con-
nected to a closed circuit consisting of a pneumotachograph'
connected to a 13 liter balloon half filled with 100% oxygen.
Tidal volume, diaphragmatic electromyogram, and integrated
electrical activity were recorded continuously on an oscillo-
scope recording apparatus.!

Tidal volume was obtained by electrical integration of the
flow signal from a differential strain gauge8 connected to the
pneumotachograph. The diaphragmatic electromyogram was
recorded with a bipolar lead introduced, under fluoroscopy,
via the esophagus to the level of the diaphragm (8). The

'Adult Model, Electronics for Medicine, Inc., White
Plains, N. Y.

'Model DR8, Electronics for Medicine, Inc., White
Plains, N. Y.

'Model PM5, 0.2-350, Statham Transducers, Inc., Hato
Rey, Puerto Rico.
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TABLE I
Physical Characteristics and Respiratory Function in Eight Obese Subjects*

Diffusing
Forced expiratory capacity

volume
Total lung Vital Single

Subject Sex Age Height Weight capacity capacity 1 sec 3 sec breath

ml/min/
yr. in. lb. liters liters %VC %VC mmHg

Group I Obese-Normal
M. A. M 38 69 377 7.56 5.36 73 93 27.5

(6.70) (4.70) (30.0)
S. C. M 39 67 360 5.06 3.70 72 92 26.8

(6.22) (4.38) (27.9)
J. N. F 55 63 303 4.26 2.82 77 96 18.6

(4.56) (2.96) (16.5)
M. F. F 50 61 308 3.99) 3.08 70 93 19.3

(4.23) (2.79) (15.8)

Group II Obese-Hypoventilation
G. G. M 47 70 353 7.06 4.55 81 99 31.9

(6.81) (4.61) (29.0)
M. S. F 47 64 315 4.31 2.77 73 95 15.8

(4.86) (3.25) (20.2)
L. D. M 41 71 325 6.70 4.52 75 97 29.5

(7.15) (4.98) (32.1)
R. F. M 44 65 320 4.70 3.85 77 96 26.3

(5.68) (3.90) (24.1)

VC, vital capacity.
* Predicted normal values for the respiratory function tests (5 b) are indicated in parentheses.

signal was amplified in a differential amplifier ' and inte-
grated in a feedback integrator. As the resulting integrated
activity included a cardiac as well as a diaphragmatic com-
ponent, the former was subtracted (9).

Determinations of pH, oxygen, and carbon dioxide ten-
sions were obtained from brachial artery samples collected
at rest and at 90, 180, and 270 sec of the rebreathing
period. Minute ventilation and diaphragm activity per minute
were calculated by multiplying the rate of breathing by the
average tidal volume and by the average integrated electrical
activity per breath, respectively. The values obtained during
the sampling of arterial blood (30-60 sec) in the rebreathing
period were used for the determination of ventilatory and
diaphragmatic responses. For the purpose of this paper,
ventilatory response is defined as the increment in minute
ventilation (in liters per minute) caused by 1 mmchange
in- arterial blood carbon dioxide tension, and diaphragmatic
response, as the increment in integrated electrical activity in
the diaphragm (in millivolts-seconds per minute) by 1 mm
of change in arterial blood carbon dioxide tension. Each ven-
tilatory and diaphragmatic response shown in Table II
represents the average of two values obtained on the same
day (7).

Total chest compliance was measured by the relaxation
method (10) with simultaneous monitoring of diaphragm

'Model EEP8, Electronics for Medicine, Inc., White
Plains, N. Y.

' Model ID2, Electronics for Medicine, Inc., White Plains,
N. Y.

activity (11). For this purpose, a bipolar lead was incorpo-
rated in a catheter used for the measurement of intra-
esophageal pressure. The catheter was introduced, via one
nostril, through the esophagus until the electrodes reached
the level of the diaphragm, and a distinctive electromyo-
gram, corresponding to inspiration, was recorded. In every
subject a minimum of 10 relaxation coordinates was obtained
from the functional residual capacity to 1500 ml of inspira-
tory capacity. This measurement was attempted in all sub-
jects, but in two (J. N. and M. F.) diaphragm relaxation
was not obtained and, therefore a reliable determination
was not possible.

RESULTS

The results are summarized in Table II.
The values of arterial blood oxygen and carbon dioxide

tensions and pH collected at rest during room air breath-
ing were normal in all subjects of group I. In the four
group II subjects, oxygen tension was abnormally low
and carbon dioxide tension abnormally high; the values
of pH were moderately decreased below normal in two
subjects (M. S. and L. D.) and normal in the other
two.

Chest wall compliance was lower than normal (11) in
all subjects. The values obtained in two obese subjects
with normal blood gases were not significantly different
from those found in four patients with respiratory fail-
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TABLE II
Arterial Blood Gases, Total Chest Compliance, and Ventilatory and Dsaphragmatic Responses

to Carbon Dioxide Breathing in Eight Obese Subjects

Arterial blood*

Carbon Diaphrag-
Oxygen dioxide Chest Ventilatory matic re-

Subject tension tension pH compliance responses sponses

mv-sec/mini
mmHg mmHg liers/cm H liters/min/mm Hg mmHg

Group I Obese-Normal
M. A. 83 41 7.39 0.092 1.70 90
S. C. 89 36 7.42 0.135 1.92 72
J. N. 76 42 7.41 2.13 48
M. F. 82 38 7.40 1.85 52

Average 83 39 7.40 0.114 1.90 66

Group II Obese-Hypoventilation
G. G. 67 47 7.38 0.123 1.25 18
M. S. 44 51 7.35 0.056 0.91 22
L. D. 49 60 7.30 0.103 0.66 14
R. F. 65 55 7.37 0.084 0.82 12

Average 56 53 7.35 0.092 0.91 17

* Sampled at rest during room air breathing.

ure. The shape of the compliance curves was similar in
all subjects.

The ventilatory responses were smaller in group II
patients (average: 0.91 liters/min per mmHg; range,
0.66-1.25) than in group I patients (average: 1.90;
range, 1.70-2.13). However, in both groups the values
were generally lower than those previously found in
normals by the same method (7).

The diaphragmatic responses were markedly larger in
the obese-normal subjects (average: 66 mv-sec/min per
mmHg; range, 48-90) than in those with hypoventila-
tion (average: 17; range, 12-22). The values obtained in
group I were significantly larger than those reported in
normal nonobese subjects (7); the values for group II
did not differ significantly from normal.

In Fig. 1 the diaphragmatic responses are plotted
against the carbon dioxide tension in the arterial blood
sampled at rest during room air breathing; the values
obtained in obese subjects are compared with the re-
sults previously obtained in 13 patients with chronic ob-
structive lung disease (with and without hypercapnia)
and nine normal subjects (7); also shown are the values
for one patient with diffuse pulmonary fibrosis and an-
other with alveolar hypoventilation due to brain stem
lesion induced by radiotherapy. The diaphragmatic re-
sponses were markedly larger in the four obese subjects
with eucapnia than in all other subjects, except for the
patient with pulmonary fibrosis. By contrast, the values

in the obese subjects with abnormally high carbon diox-
ide tensions did not differ significantly from those ob-
tained in normal subjects and in patients with obstruc-
tive lung disease and eucapnia. Patients with obstruc-
tive lung disease and hypercapnia and the patient with
alveolar hypoventilation of central origin showed the
smallest increments in diaphragmatic activity per min-
ute increment in arterial blood carbon dioxide tension.
In general, there was, in the patients studied, an in-
verse correlation between the diaphragmatic response
and the values of resting arterial blood carbon dioxide
tension.

The diaphragmatic activity per unit change in minute
ventilation (Fig. 2) was significantly increased above
normal in all obese subjects; this abnormality was more
evident in the subjects with eucapnia than in those with
hypercapnia.

DISCUSSION
The results suggest that the incapacity to increase the
activity of the respiratory muscles, to a level necessary
to overcome the increased load brought upon the ven-
tilatory apparatus, plays an important role in the es-
tablishment of the obese-hypoventilation syndrome. By
contrast, the degree of impairment of chest wall compli-
ance does not seem to be the determining factor in the
respiratory failure of certain obese subjects.

Other authors (12) have reported lower values of total
chest compliance in obese subjects with hypoventilation
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FIGURE 1 Increments in the electrical activity in the diaphragm obtained during
carbon dioxide breathing in obese subjects (0), normal subjects (X), and in patients
with chronic obstructive lung disease (0), diffuse pulmonary fibrosis (v), and
brain stem lesion (A).

than in those with normal blood gases and have inter-
preted such findings as indicative of the importance of
the mass loading of the ventilatory apparatus in the
production of respiratory failure. The present number of
measurements is too small to make a similar type of
analysis; but our findings of abnormally low compliance
in two patients without hypoventilation and of subjects
with marked obesity and normal blood gases indicate that
the increased mechanical load caused by obesity is not
the sole factor in the production of hypoventilation.
Furthermore, the frequent presence in other studies 6
(13) of subjects with abnormally low chest compliance
in the absence of respiratory failure, agrees with this
hypothesis. Another possibility would be that mechani-
cal disadvantages, not shown in the chest compliance
measurements, might be present and cause an insur-
mountable load in certain obese subjects (those with
hypoventilation). If this were the case it would be
logical to find larger diaphragmatic responses in these
patients than in the obese-normal subjects; however,
the opposite was true.

As demonstrated in Fig. 1, the increment in diaphragm
activity per unit change in carbon dioxide tension in the
arterial blood was above normal in the obese-normal
subjects and normal in the obese-hypoventilation sub-
jects. It seem unlikely that the positioning of the bipolar
lead contributed to the differences in diaphragm activity.
The same technique was used for all subjects, the re-
sults were reproducible after reintroduction of the lead,
and the physical characteristics of the two groups were
similar. Also, there is no evidence that morphological
abnormalities in the diaphragm, which might explain an
unusual pickup of electrical activity in certain obese

6Sharp, J. T. Personal communication.

subjects, exist. Instead, the observed disparities in
diaphragm activity may be due to differences in the
number of nervous impulses coming from the central
nervous system through the phrenic nerve (14). In ad-
dition, there were no significant differences (in body
weight, pulmonary function, and chest wall compliance)
in the two groups which could justify disparities in the
allocation of the nervous output of the respiratory cen-
ters between intercostals and the diaphragm. There-
fore, the differences in diaphragm activity probably
represent dissimilarities in respiratory center output
between obese subjects with and without respiratory
failure.

The abnormally high increments in the diaphragmatic
activity are conceivably necessary to maintain an ade-
quate alveolar ventilation in the presence of the abnor-
mally low chest compliance. Although the exact mecha-
nism of the increase is not known, it is possible that
reflexes coming from the ventilatory apparatus, similar
to those described in experimental conditions of in-
creased airway resistance (14), are involved.

The presence, in group II, of diaphragmatic responses
similar to those found previously in normal nonobese
subjects (7), suggests that the obese-hypoventilation
subjects are not capable of augmenting the activity of
the diaphragm when the abnormal mechanical load ne-
cessitates an increased drive of the respiratory appara-
tus to maintain adequate alveolar ventilation. It is un-
likely that the respiratory centers of the obese-hypo-
ventilation subjects receive less input stimulation from
the lungs and(or) chest wall than obese-normals, since
there were no significant differences in the ventilatory
performance of the two groups. Also, variations in other
nervous stimuli reaching the respiratory centers, al-
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FIGURE 2 Changes in diaphragm activity per liter increment in ventilation
in obese (0) and normal subjects (X).

though possible, have not been demonstrated in obese
subjects. Lastly, hypoxia, present only in group II sub-
jects, cannot be the cause of their lesser diaphragmatic
response, for it would tend to potentiate the carbon diox-
ide stimulus and not decrease it. Instead, the incapacity
to increase diaphragm activity may be secondary to a
low sensitivity of the respiratory centers that is known
to exist in persons who are otherwise normal (15, 16).
It is conceivable that, in these persons, the respiratory
centers are incapable of increasing their output at the
rate demonstrated by obese-normals and by some patients
with diffuse pulmonary fibrosis (17), both of whom
demonstrate abnormalities of the ventilatory apparatus
unaccompanied by alveolar hypoventilation.

An alternative explanation of the respiratory failure
and the lesser diaphragmatic responses in patients with
Pickwickian syndrome might be that an increased bi-
carbonate concentration, secondary to chronic hyper-
capnia, would decrease the responsiveness to carbon
dioxide at the level of the central chemoreceptors, in a
way similar to that postulated for patients with chronic
obstructive lung disease (7). In fact, as shown in Fig. 1,
and previously reported in both obstructive lung disease
and obesity (7, 18), the diaphragmatic response to carbon
dioxide breathing is inversely correlated to the level of
chronic hypercapnia present. It is possible that this ab-
normally high bicarbonate concentration plays a role in
the perpetuation of the respiratory failure once an ini-
tial carbon dioxide retention is produced. However, in
order to explain the initial hypercapnia, without incrimi-
nating the respiratory centers, it would be necessary to
theorize that differences in either the distribution of the
mass load or in the intrinsic mechanical characteristics

of the lungs or chest wall exist between the two groups
of obese subjects. These differences would cause varia-
tions in the degree of ventilation-perfusion inequality
present, justifying the appearance of carbon dioxide
retention only in certain patients. However, there is no
evidence of such differences, and the number of obese
subjects with hypoventilation seems to be smaller, by
far, than that of those with abnormal ventilation and
perfusion distributions (4). Moreover, not only are
there cases of respiratory failure in obese subjects who
lack significant abnormalities in these distributions,
but there are also obese-normals with abnormal ventila-
tion-perfusion ratios (4).

Finally, in order to produce the same amount of ven-
tilation, obese subjects needed more diaphragmatic ac-

tivity than normal subjects (see Fig. 2). This observa-
tion is in agreement with the findings of other authors
of an augmented oxygen cost of breathing in obese sub-
jects (19). It is possible that the inordinate drive to the
diaphragm, present in obese-normals, makes more ap-
parent the mechanical deficiency of the ventilatory ap-
paratus, brought on by obesity. This theory would ex-
plain why the group I subjects demonstrated a larger dia-
phragmatic activity-ventilation ratio than the group II
subjects.
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