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2558, 1993.—To investigate the impact of expiratory flow limi-
tation (FL) on breathing pattern and end-expiratory lung vol-
ume (EELV), we imposed a small expiratory threshold load for
a few breaths during exercise in nine volunteers (29-62 yr): six
were healthy and three had mild-to-moderate airflow obstruc-
tion (67-71% predicted forced expiratory volume in 1 s). Six
subjects showed evidence of FL, i.e., tidal expiratory flow im-
pinging on maximal forced expiratory flow, at one or more ex-
ercise levels. Whenever an expiratory threshold load was im-
posed, mean expiratory flow decreased (P < 0.02) in association
with an increased expiratory time (TE; P < 0.05). When the
load was imposed during non-FL conditions, TE increased less
than expiratory flow decreased and EELV tended to increase.
In contrast, during FL, with the load, TE increased more than
expiratory flow decreased, subjects did not achieve maximal
expiratory flow until a lower volume, and EELV decreased (P <
0.001). Under both FL and no-FL conditions, unloading re-
versed the changes associated with loading. These data indicate
that the increase in EELV during exercise is linked to the occur-
rence of FL. We suggest that compression of airways down-
stream from the flow-limiting segment may elicit a reflex mech-
anism that influences breathing pattern by terminating expira-
tion prematurely, thus increasing EELV.

exercise hyperpnea; breathing pattern; dynamic airway com-
pression; transpulmonary pressure; expiratory threshold load

THE INCREASE in minute ventilation (VE) during exercise
is obtained in normal subjects through an increase of
both respiratory rate (f) and tidal volume (VT). The in-
crease in VT is generally achieved by increasing end-in-
spiratory lung volume (EILV) and reducing end-expira-
tory lung volume (EELV), so that subjects breathe
around resting functional residual capacity (FRC) (1, 8
13, 25). In contrast, an increase of EELV has been ob-
served occasionally in healthy subjects at exceptionally
high levels of exercise when maximal expiratory flow is
approached (2, 6, 9, 19) and in highly fit older individuals
(10, 21). A marked increase in EELV is found in subjects
with chronic obstructive pulmonary disease, even during
low-intensity exercise (3, 5, 7, 12, 20, 22, 24). Even though
the available data suggest that the increase in EELV
during exercise is associated with achieving maximal ex-
piratory flow over a large portion of VT (2, 9, 10), the
underlying mechanisms have not been clarified.
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When expiratory flow during tidal breathing is in-
creased to levels at which flow limitation (FL) occurs and
if the pymrafnrv muscles generate a transnulmonarv
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pressure (Ptp, the dlfference between esophageal and
airway opening pressure) that exceeds the minimal pres-

n
sure necessary to produce maximal flow (Pecrit), then the

airways downstream from the flow-limiting segment un-
aergo dynamic compression (19). This dynamic com-
pression, which may cause discomfort and dyspnea (17,
18, 23), may elicit reflexes that change breathing pattern
and terminate expiration prematurely (11), thus increas-
ing EELV.

To explore whether dynamic compression has an ef-
fect on breathing pattern and regulation of EELV during
exercise, we attempted to change Ptp and expiratory flow
by using an expiratory threshold load in subjects with
and without FL. We reasoned that if achieving maximal
flow had important effects on ventilatory patterns, then
the response of subjects with FL to an expiratory thresh-
old load would be different from the response of subjects
without FL. For example, in subjects without FL, if ex-
piratory effort is not increased to completely compensate
for the sudden imposition of an expiratory threshold
load, then the load will reduce expiratory flow and Ptp.
The lower flow rate would allow less volume to be expired
before the initiation of inspiration, and EELV might be
shifted to a higher lung volume. Subjects who achieve
maximal flow during expiration would already be at a
higher EELV than they would have been in the absence
of FL and an expiratory threshold load that reduces flow
would delay the onset of achieving maximal expiratory
flow and shift EELV to a lower lung volume.

METHODS

Subjects. Nine male volunteers, whose anthropometric
and lung function data are presented in Table 1, partici-
pated in the study. Six subjects had normal lung function
and considered themselves to be healthy. Four of these
subjects were nonsmokers, and two were mild smokers;
five subjects were physically active in recreational activi-
ties, and one subject was sedentary. Three subjects had
mild-to-moderate airflow obstruction with a forced ex-
piratory volume in 1 s (FEV,) between 67 and 71% of
predicted or a percentage of forced vital capacity expired
in 1 s of <70 (FEV,/FVC). These subjects were current
smokers. The project was approved by the Institutional
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TABLE 1. Subjects’ physical characteristics, pulmonary function, and maximal exercise performance

Subj No.
1 2 3 4 5 6 7 8 9

Age, yr 61 47 62 38 52 29 56 36 49
Height, cm 178 178 178 183 188 178 183 182 178
vC

liters 3.7 4.2 4.4 6.0 5.7 5.6 6.2 6.5 5.2

%pred 84 84 93 109 106 104 126 115 109
TLC

liters 7.1 6.8 8.5 8.0 7.8 7.0 9.6 8.8 7.6

%pred 104 100 124 110 103 101 133 129 112
RV/TLC, % 40 33 38 26 27 14 29 26 25
FEV,

liters 2.3 2.8 2.6 4.2 4.0 4.5 4.3 5.4 5.2

%pred 67 69 7 93 97 101 108 116 109
FEV,/FVC, % 63 66 59 70 72 80 70 83 86
Ptp,g0 Trc, ¢mH,0 18 23 16 38 26 32 18 28 30
MVV, I/min 122 140 145 196 159 193 163 217 208
VO, max» ml- kg™ - min ! 20 24 21 26 33 35 36 23
VEax, |/min 59 125 69 85 114 114 113 113

VC, vital capacity; TLC, total lung capacity; RV, residual volume; FEV,, forced expiratory volume in 1s; FVC, forced vital capacity; Ptp,go rrc,
transpulmonary pressure at TLC; MVV, maximal voluntary ventilation; VO, ,.,,, maximal O, uptake; VE,,,, maximal minute ventilation.

Review Board, and written consent was obtained from
each subject before participation.

Measurements of lung function and exercise capacity.
Standard spirometry and electrocardiograms were ob-
tained before subjects were admitted to the study. Static
lung volumes were measured while the subjects were sit-
ting in a pressure-corrected volume-displacement body
plethysmograph. Flow was measured by a pneumotacho-
graph (Fleisch no. 3) placed distal to the mouthpiece
(Validyne transducer MP45 +2 ¢cmH,0). Ptp was esti-
mated as the difference between mouth and esophageal
pressure (Statham 131 +5 psi). Esophageal pressure was
obtained through a 10-cm-long thin latex balloon posi-
tioned 45 cm from the nostril and filled with ~1.3 ml of
air. The balloon was connected through a polyethylene
catheter to the pressure transducer. Validity of the bal-
loon pressure was checked by having the subjects blow
against an occluded airway. If Ptp remained constant
while oral pressure increased, placement was considered
appropriate. Flow, volume, and Ptp were displayed on a
strip chart recorder (HP-7758A) and sampled in real
time (66 Hz) on a computer (DEC11/73) for subsequent
analysis.

A maximum incremental exercise test was performed
on an electronically braked cycle ergometer (Medical
Graphics) by increasing the work rate by 30 W/min. Sub-
jects breathed through a mouthpiece and a low-resis-
tance Hans Rudolph valve; the dead space was ~150 ml.
Inspiratory and expiratory flows were measured sepa-
rately by two Fleish no. 3 pneumotachographs coupled to
Celesco +2-cmH,0 pressure transducers. Volume was de-
rived by integration of the summed flow signals. Ptp was
determined using the same methodology as described
above. Breath-by-breath gas exchange was determined
using a Medical Graphics System model 2001.

Experimental protocol. After the screening, subjects vis-
ited the laboratory on a separate day to be studied during
submaximal exercise at various work rates. After an
esophageal balloon was placed to determine Ptp and two
or three maximal forced flow-volume curves were re-

corded, the subjects were asked to cycle at 60 W for 4-6
min until VE reached a steady state. The work load was
then increased by using steps equal to 30 W or multiples
of this quantity to achieve various levels of VE. Each step
was maintained for 2 min. A 2-min “recovery” at 60 W
was allowed between each step.

During the last part of each step, a three-way stopcock,
positioned in the expiratory line, was opened to a second
expiratory circuit for 15-25 s, by which we imposed a
5-cmH,0 threshold load on expiration. This expiratory
circuit consisted of a 5-cm-diam latex tube that could be
collapsed by generating a positive pressure surrounding
it. The latex tube was sealed inside a rigid plastic
chamber where pressure could be controlled by the in-
flow of compressed air. The addition of a connecting res-
ervoir volume and a positive end-expiratory pressure
outlet valve to the plastic chamber kept pressure con-
stant in the chamber during a breathing cycle. Pressure
in the chamber was monitored by a water manometer.
The total resistance of the circuit was 1.2, 2.2, and 3.8
cmH,0 at flows of 1, 2, and 3 1/s, respectively, and was
not altered by the 5-cmH,0 load. The chamber and the
stopcock were hidden from view of the subjects, so that
they could not anticipate when the expiratory load was to
be applied or removed. After unloading, the subjects
breathed normally for another 15-25 s and then were
asked to perform a partial forced expiratory maneuver
from EILV to below EELV and then to inhale to total
lung capacity. These partial forced expiratory maneu-
vers were used to confirm whether subjects were using
maximal expiratory flow during tidal breathing. Upon
completion of a series of steps, the test was ended and
two maximal expiratory flow-volume curves were re-
corded to ascertain whether bronchial caliber had
changed with exercise.

Data analysis. Volume, flow, and Ptp were continu-
ously recorded during exercise, and the data were stored
in a computer. Irregular breaths, sighs, and swallows
were discarded. The computer-stored data were screened
by the investigators and played back on a graphics termi-
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nal to generate exercise flow-volume and pressure-vol-
ume loops. The analysis of the ventilatory pattern was
based on 6-10 breaths sampled before loading (C), during
loading (L), and after unloading (UL). The two control
periods, C and UL, allowed the drift of spirometric out-
put to be corrected before EELV was estimated. This
technique has been shown to accurately determine
changes in EELV during exercise (1). VE, VT, f, expira-
tory time (TE), and mean expiratory flow (VT/TE) were
calculated breath by breath and averaged over each sam-
pling period, i.e., C, L, and UL. For each of these vari-
ables, the ratio of L and UL to C was calculated. For
EELV, the differences between L and C and between UL
and C were calculated. Initially, we looked at the first
loaded and unloaded breaths. However, the patterns
were stable over several breaths, and data were more
consistent by averaging over 6-10 breaths. We used an-
alysis techniques similar to those used by Goldstein
et al. (4).

The flow and volume signals recorded during loaded
and unloaded breathing were superimposed on the flow
and volume signals obtained during the partial forced
expiratory maneuvers. The impingement of tidal expira-
tory flow on the forced expiratory flow was considered as
evidence of FL.

Statistics. To avoid biasing by the different number of
observations in individual subjects, the data observed in
each subject at all levels of ventilation during FL and
during no-FL conditions were averaged. Significance
testing across subjects was accomplished by using paired
Student’s ¢t tests. For changes in VE, VT, f, TE, and
VT/TE, the ratio of loaded to unloaded measurements
was compared with unity. For changes in EELV, the vol-
ume change was compared with zero. P < 0.05 was consid-
ered to be statistically significant. Data are expressed as
means = SD.

RESULTS

Occurrence of FL during exercise. Before loading, tidal
expiratory flow impinged in part on maximal expiratory
flow in subjects 2 and 3 at all levels of exercise and in
subjects 1, 5, 6, and 7 only at the highest levels of exercise.
In subjects 4, 8, and 9, tidal expiratory flow never im-
pinged on maximal expiratory flow.

Forced partial and tidal flow-volume curves before,
during, and after expiratory threshold loading are shown
in Fig. 1 for a representative subject. Figure 1, A and C,
was obtained at a VE of ~35 1/min, and Fig. 1, B and D,
was obtained at a VE of ~75 1/min. Figure 1, C and D,
shows Ptp-volume relationships for the tidal breaths At
the lower levels of VE (4 and C), flow was always sub-
maximal. The response to a threshold load was a reduced
expiratory flow rate and an increased EELV. At the
higher levels of VE (B and D), VE approximately doubled
because of a marked increase in flow with little change in
VT. At end expiration, tidal expiratory flow equaled
maximum expiratory flow and EELV was slightly larger
than at the lower levels of VE. This pattern of increased
EELV without a change in VT is characteristic of individ-
uals who impinge on their maximal expiratory flow-vo-
lume curve at high levels of exercise. With the imposition
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FIG. 1. Composite flow-volume (F-V, A and B) and pressure-vol-
ume (P-V, C and D) plots for subj 8 without (A and C) and with flow
limitation (B and D). On F-V plots, large loops (heavy lines) were re-
corded during partial forced expiratory maneuvers. On F-V and P-V
plots, dashed, continuous, and dotted loops were recorded before, dur-
ing, and after expiratory threshold loading, respectively.

of the threshold load, expiratory flow was decreased and
EELV decreased to a volume that was similar to that
observed at the lower levels of ventilation. Maximal flow
occurred only near end expiration in all breaths.

Effects of loading and unloading under conditions of no
FL. The individual changes in ventilatory pattern and
EELYV observed when the expiratory threshold load was
imposed and removed are shown in Table 2 for those
individuals with no FL. Mean changes for loading and
unloading are shown in Fig. 2.

During loading, VE decreased (P < 0.05) because f de-
creased (P < 0.02) while VT was unchanged. TE in-
creased 30% (P < 0.02). There was a nonsignificant trend
to increase EELV.

When the load was removed, f and TE returned to val-
ues that were not significantly different from those ob-
served before loading. VE and VT were slightly increased.
EELYV remained at control level.

Effects of loading and unloading under conditions of FL.
The individual changes in ventilatory pattern and EELV
observed when the expiratory threshold load was im-
posed and removed during FL are shown in Table 3.
Mean changes are shown in Fig. 2.

The response to loading during FL was similar to that
during no FL, in that there were similar decreases in f
(P < 0.05) and VE (P < 0.05). The increase in TE was
twice as great (60 vs. 30%, P < 0.05). The most notable
difference was the highly significant decrease in EELV
(P < 0.001).

When the load was removed in both conditions (no FL
and FL), VE was increased to values that were slightly

but significantly (P = 0.023) greater than those observed
before loading. VT, f, and TE were restored to values that



TABLE 2. Effects of imposing and removing expiratory threshold load on ventilatory variables in subjects without flow limitation

VT1/TE

A%

VE

EELV, ml

VE,
1/min

Observation

Subj

u/C

L/C

u/C

L/C

u/C

L/C

u/C

L/C

u/C

L/C

No.
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1.1
1.3
1.7
1.4
1.1
1.3
1.1
1.3+0.2t

1.1
0.9
0.9
1.0
1.0
0.9
1.2

1.2
1.1
0.9
1.1
1.1
1.1
1.1
1.1+£0.1*

1.0

1.0
0.9
0.9+0.1*

0.9
0.7
0.9
0.9

37.0
46-105
39-63
24-51
34-74
40-64
42-101

54.5+15.3

~W MW O T

~ T oo

1.1+0.1  153+264 —19+32

0.8+0.1t

1.0+0.1

1.0+0.1

0.9+0.1%

1.1+0.1t

1.0+£0.1

Grand mean + SD

; VE, minute ventilation; VT, tidal volume; f, respiratory rate; TE, expiratory time; VT/TE,

C, control phase; L, expiratory threshold loading phase; U, expiratory threshold unloading phase

mean expiratory flow rate; EELV, end-expiratory lung volume. * P < 0.05; + P < 0.02.

were not significantly different from those before load-
ing. EELV returned to the unloaded level.

DISCUSSION

The main finding of this study is that imposing an
expiratory threshold load in subjects who achieve FL
during exercise causes them to decrease EELV in marked
contrast to subjects who do not achieve FL during exer-
cise. Subjects who do not achieve FL tend to increase
EELYV, as might be expected from incomplete compensa-
tion to a load that impedes expiration. A previous study
from this laboratory showed that patients increased
EELYV with progressive exercise and that this increase in
EELYV was associated with utilization of maximal expira-
tory flow near end expiration (2). Other investigators
have also noted an increased EELV associated with FL
(9, 10, 21). Sharratt et al. (21) reported that EELV had a
tendency to increase during exercise in older subjects
who had scooping of their flow-volume curves at low lung
volumes and achieved FL during exercise. Johnson et al.
(10) observed similar shifts in older fit subjects whose
EELV increased with the onset of FL. Similar findings
were also reported by Jensen et al. (9).

An increase in EELV during exercise theoretically
could occur from derecruitment of expiratory muscles,
which were responsible for the initial reduction in EELV
and/or an increase in laryngeal resistance retarding expi-
ration. However, increasing EELV is associated with in-
creasing minute ventilation and increasing expiratory
flow over the volume range common to the breaths. In-
creased flow is inconsistent with decreased expiratory
effort or increased resistance. Tonic activity of the inspi-
ratory muscles during inspiration has been invoked to
explain hyperinflation during acute asthma (14, 16). This
inspiratory tone increases mean lung volume into a re-
gion with greater maximal expiratory flow. Clearly, dur-
ing acute asthmatic attacks, patients utilize maximal ex-
piratory flow over all the VT, although it is not known
whether they are generating pressures in excess of the
minimum required to achieve maximal flow. This mecha-
nism is unlikely to account for the increase in EELV
during progressive exercise, unless it is counterbalanced
by a greater recruitment of expiratory muscles, because
the increase in EELV, as noted above, is associated with
an increase in expiratory flow. Therefore we conclude
that the increase in EELV is associated with some event
that terminates expiration (11, 15) rather than factors
that reduce expiratory flow during the TE.

Our hypothesis is that the increase in EELV, which
occurs with progressive increases in VE and is associated
with achieving maximal expiratory flow near end expira-
tion, is caused by FL. Wood and Bryan (23) showed that
FL induced by increased ambient pressure causes
breathing discomfort in subjects with normal lung func-
tion during maximal exercise. O’Donnell et al. (17, 18)
demonstrated a relationship between FL and unpleasant
respiratory sensation in patients with reduced maximal
expiratory flows. Therefore we hypothesize that as VE
increases with exercise, subjects progressively recruit ex-
piratory muscles (8), which increase flow rate and reduce
EELV below the normal relaxation lung volume. Once
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maximal expiratory flow is reached, which will occur
near end expiration because of the configuration of the
maximal flow-volume curve, further increases in mean
expiratory flow over the same volume range would re-
quire an increased expiratory effort, which would cause
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the onset of maximal flow at a higher lung volume and
generation of pressures in excess of that required to
reach maximal flow over the lung volume range near the
previous EELV. If the dynamic compression produced by
Ptp greater than Pcrit initiates a reflex termination of



TABLE 3. Effects of imposing and removing expiratory threshold load on ventilatory variables in subjects with flow limitation

VT/TE

TE

A%

VE

EELV, ml

VE,
1/min

Observation

Subj

u/C

L/C

u/C

L/C

u/C

L/C

u/C

L/C

u/C

L/C

No.
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expiration, then EELV would increase. That is, we as-
sume that subjects who achieve FL near end expiration
are breathing at a higher EELV than they would be in the
absence of FL. For example, note the increase in EELV
with the increased ventilation demonstrated in Fig. 1.
Ideally this hypothesis would be tested by changing the
maximal flow-volume relationship during a single expira-
tion. If maximal flow decreased, the subject would
achieve FL at a higher volume, terminate expiration ear-
lier, and increase EELV. Conversely, if maximal flow
were increased, the subject with the same breathing pat-
tern would achieve FL at a lower volume and EELV
would decrease. Because we could not change the maxi-
mal expiratory flow-volume curve of a subject for a single
breath, we elected to manipulate the tidal flow-volume
relationship by the addition or removal of an expiratory
threshold load. The response to loading in the absence of
any compensatory response on the part of the subject
depends on whether the neural control of expiration is
predominantly modulated by volume or timing. The de-
creased expiratory flow would be associated with a de-
creased VT and increased EELV if timing was constant
or an increased TE if expiration was modulated by VT.
Unloading would produce the reverse effect. Our subjects
who did not achieve FL during tidal breathing had partial
compensation in that the Ptp was usually reduced by
somewhat less than the 5-cmH,0 expiratory threshold
load. However, they all had a decrease in expiratory flow
over the same volumes. TE was significantly increased,
and there was a nonsignificant tendency for VT to de-
crease and EELV to increase. These results are consis-
tent with that reported in the literature by Goldstein et
al. (4), who used a larger threshold load and found an
increase in EELV.

In contrast, our subjects who achieved FL during tidal
breathing behaved quite differently, as predicted by our
hypothesis. When expiratory flow rate was reduced by
the expiratory threshold load, TE was increased not only
until the subjects achieved normal EELV and VT but
expiration continued until they achieved FL at a lower
lung volume, resulting in an EELV response qualita-
tively different from that in the subjects without FL (Fig.
1). With a sudden removal of an expiratory load, the re-
verse occurred with higher expiratory flows, develop-
ment of FL at a higher lung volume, and termination of
expiration with a smaller VT, higher EELV, and shorter
TE than during the loaded breaths. It is not possible to
precisely determine the volume at which a subject first
reaches maximal flow, so it is not possible to prove that
with loading the subjects with FL expired until the in-
stant they achieved maximal flow. However, the partial
flow-volume curves after unloading clearly demonstrates
when subjects were using maximal flow and when they
were not. The decreased EELV, which occurs with the
reduced flow only in subjects with FL, is strongly support-
ive of our hypothesis. We do not believe that these differ-
ent responses to loading are unique properties of individ-
uals, because subjects who were not flow limited at low
levels of exercise but were flow limited at high levels of
exercise manifested the behavior predicted from the pres-
ence or absence of FL. Also the loading response was not
determined by whether ventilation was high or low. Sub-



2558

jects with reduced maximal flow who had FL at low levels
of ventilation and subjects with high levels of maximal
flow who did not achieve FL at very high levels of venti-
lation responded to the threshold load as determined by
the presence or absence of FL and not the level of venti-
lation.

The results of this study are consistent with our hy-
pothesis and support, but do not prove, the contention
that the increase in EELV results from premature termi-
nation of expiration produced by the onset of FL. How-
ever, we can think of no other potential explanation for
why an expiratory threshold load, which reduces the
driving pressure for expiration and increases the relax-
ation volume of the respiratory system, should have the
paradoxical effect of decreasing EELV only in subjects
with FL. Our study gives no insight into what receptors
or what neural pathways may be involved.

The authors thank Mike Kerzee for technical assistance throughout
all stages of the project, Bill LaCour for word processing skills, and
Qing Lin for assistance with data reduction.

This work was supported in part by the American Heart Associa-
tion, Texas Affiliate, Inc. and The Methodist Hospital (Houston, TX).

Address for reprint requests: T. G. Babb, Institute for Exercise and
Environmental Medicine, Presbyterian Hospital of Dallas, 8200 Wal-
nut Hill Ln., Dallas, TX 75231.

Received 20 May 1992; accepted in final form 7 December 1992.

REFERENCES

1. BaBB, T. G., AND J. R. RODARTE. Lung volumes during low-inten-
sity steady-state cycling. J. Appl. Physiol. 70: 934-937, 1991.

2. BaBg, T. G., R. VicGiaNo, B. HURLEY, B. STAATS, AND J. R. Ro-
DARTE. Effect of mild-to-moderate airflow limitation on exercise
capacity. J. Appl. Physiol. 70: 223-230, 1991.

3. Dopp, D. S., T. BRANCATISANO, AND L. A. ENGEL. Chest wall me-
chanics during exercise in patients with severe chronic air-flow
obstruction. Am. Rev. Respir. Dis. 129: 33-38, 1984.

4. GOLDSTEIN, I., S. GOLDSTEIN, J. A. URBANETTI, AND N. R. ANTH-
ONISEN. Effects of expiratory threshold loading during steady-
state exercise. J. Appl. Physiol. 39: 697-701, 1975.

5. GRIMBY, G., B. ELGEFORS, AND H. OxHoJ. Ventilatory levels and
chest wall mechanics during exercise in obstructive lung disease.
Scand. J. Respir. Dis. 54: 45-52, 1973.

6. GRIMBY, G., B. SALTIN, AND L. WILHELMSEN. Pulmonary flow-vol-
ume and pressure-volume relationship during submaximal and
maximal exercise in young well-trained men. Bull. Physio-Pathol.
Respir. 7: 157-168, 1971.

7. GRIMBY, G., AND J. STIKSA. Flow-volume curves and breathing
patterns during exercise in patients with obstructive lung disease.
Scand. J. Clin. Lab. Invest. 25: 303-313, 1970.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

FLOW LIMITATION AND REGULATION OF EELV

HENKE, K. G., M. T. SHARATT, D. F. PEGELOW, AND J. A. DEMP-
SEY. Regulation of end-expiratory lung volume during exercise. ¢J.
Appl. Physiol. 64: 135-146, 1988.

. JENSEN, J. I, S. LYAGER, AND O. F. PEDERSEN. The relationship

between maximal ventilation, breathing pattern and mechanical
limitation of ventilation. J. Physiol. Lond. 309: 521-532, 1980.
JOHNSON, B. D., W. G. REDDAN, D. F. PEGELoW, K. C. SEOW, AND
J. A. DEMPSEY. Flow limitation and regulation of functional resid-
ual capacity during exercise in a physically active aging population.
Am. Rev. Respir. Dis. 143: 960-967, 1991.

KOEHLER, R. C., AND B. BisHOP. Expiratory duration and abdomi-
nal muscle responses to elastic and resistive loading. J. Appl. Phys-
iol. 46: 730-737, 1979.

LEAVER, D. G., AND N. B. PRIDE. Flow-volume curves and expira-
tory pressures during exercise in patients with chronic airways ob-
struction. Scand. J. Respir. Dis. Suppl. 77: 23-27, 1971.

LIND, F., AND C. M. HESSER. Breathing pattern and lung volume
during exercise. Acta Physiol. Scand. 120: 123-129, 1984.
MARTIN, J. G., E. POWELL, S. SHORE, J. ENRICH, AND L. A. ENGEL.
The role of respiratory muscles in the hyperinflation of bronchial
asthma. Am. Rev. Respir. Dis. 121: 441-447, 1980.

MCBRIDE, D., AND W. A. WHITELAW. A physiological stimulus to
upper airway receptors in humans. J. Appl. Physiol. 51: 1189-1197,
1981.

MULLER, N., A. C. BRYAN, AND N. ZAMEL. Tonic inspiratory activ-
ity as a cause of hyperinflation in asthma. J. Appl. Physiol. 50:
279-282, 1981.

O’DONNELL, D. E., R. SaANII, N. R. ANTHONISEN, AND M. YOUNES.
Effect of dynamic airway compression on breathing pattern and
respiratory sensation in severe chronic obstructive pulmonary dis-
ease. Am. Rev. Respir. Dis. 135: 912-918, 1987.

O’DoONNELL, D. E., R. SANII, N. R. ANTHONISEN, AND M. YOUNES.
Expiratory resistive loading in patients with severe chronic air-
flow limitation. Am. Rev. Respir. Dis. 136: 102-107, 1987.
OLAFSSON, S., AND R. E. HYATT. Ventilatory mechanics and expir-
atory flow limitation during exercise in normal subjects. J. Clin.
Invest. 48: 564-573, 1969.

POTTER, W. A, S. OLAFSSON, AND R. E. HYATT. Ventilatory me-
chanics and expiratory flow limitation during exercise in patients
with obstructive lung disease. J. Clin. Invest. 50: 910-919, 1971.
SHARRATT, M. T., K. G. HENKE, D. F. PEGELOW, E. AARON, AND J.
DEMPSEY. Exercise-induced changes in functional residual capac-
ity (FRC). Respir. Physiol. 70: 313-326, 1987.

STUBBING, D. G., L. D. PEGELLY, J. L. C. MORSE, AND N. L. JONES.
Pulmonary mechanics during exercise in subjects with chronic air-
flow obstruction. J. Appl. Physiol. 49: 511-515, 1980.

Woop, L. D. H,, AND A. C. BRYAN. Exercise ventilatory mechanics
at increased ambient pressure. J. Appl. Physiol. 44: 231-237, 1978.
YOUNES, M. Determinants of thoracic excursions during exercise.
In: Exercise: Pulmonary Physiology and Patho-Physiology, edited by
B. J. Whipp and K. Wasserman. New York: Dekker, 1991, p. 1-65.
(Lung Biol. Health Dis. Ser.)

YOUNES, M., AND G. KIVINEN. Respiratory mechanics and breath-
ing pattern during and following maximal exercise. J. Appl. Phys-
iol. 57: 1773-1782, 1984.



