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Johnson, Bruce D., Paul D. Scanlon, and Kenneth C, 
Beck. Regulation of ventilatory capacity during exercise in 
asthmatics. J. Appl. Physiok. 79(3): 892-901, 1995.-In asth- 
matic and control subjects, we examined the changes in venti- 
latory capacity (i7E Cap), en ex ira o y  d- p tr 1 ung volume (EELV), 
and degree of flow limitation during three types of exercise: 
1) incremental, 2) constant load (50% of maximal exercise 
capacity; 36 min), and 3) interval (alternating between 60 
and 40% of maximal exercise capacity; 6-min workloads for 
36 min). The vEcap and degree of flow limitation at rest, and 
during the various stages of exercise were estimated by align- 
ing the tidal breathing How-volume (F-V) loops within the 
maximal expiratory F-V (MEFV) envelope using the mea- 
sured EELV. In contrast to more usual estimates of i7Ecap 
(i.e., maximal voluntary ventilation and forced expiratory 
volume in 1 s x 40), the calculated vEcap depended on the 
existing bronchomotor tone, the lung volume at which the 
subjects breathed (i.e., EELV), and the tidal volume. During 
interval and constant-load exercise, asthmatic subjects expe- 
rienced reduced ventilatory reserve, higher degrees of flow 
limitation, and had higher EELVs compared with nonasth- 
matic subjects. During interval exercise, the vECap of the 
asthmatic subjects increased and decreased with variations 
in minute ventilation, due in part to alterations in their 
MEFV curve as exercise intensity varied between 60 and 49% 
of maximal capacity. In conclusion, asthmatic subjects have 
a more variable VE Cap and reduced ventilatory reserve during 
exercise compared with nonasthmatic subjects. The varia- 
tions in VE Cap are due in part to a more labile MEFV curve 
secondary to changes in bronchomotor tune. Asthmatics de- 
fend i7E Cap and minimize flow limitation by increasing EELV. 

airway caliber; flow limitation; exercise-induced asthma; end- 
expiratory lung volume 

RECENTLY,WEREPORTEDADECLINE intheforcedexpir- 
atory volume in 1 s (FE&) during exercise of varying 
intensity in asthmatic subjects that occurred as exer- 
cise intensity was reduced. The decline was reversible 
with increasing exercise intensity (4). The reduction 
in FE& leads to a decline in ventilatory capacity as 
traditionally defined, i.e., the maximal voluntary venti- 
lation (MW) or some multiplication (usually 35-40) 
of the FE& (12, 24). Ventilatory capacity is a concept 
that is difficult to define. A multiple of FE& is only a 
“rule of thumb” used to approximate the MW (24). The 
MW may not represent a good definition, due to a 
motivational component and because the breathing 
pattern during the MVV maneuver is often quite differ- 
ent from the breathing pattern used during exercise 
(15, 18, 26). Furthermore, the MW cannot be sus- 
tained for periods longer than the lo-15 s required for 
the maneuver, and it does not take into account 
changes in airway tone that may occur during exercise 
(12). A better definition of ventilatory capacity should 

include the limitations imposed by maximal expiratory 
airflows (MEFs) and the breathing pattern adopted by 
the subject during exercise [tidal volume (VT), end-ex- 
piratory lung volume (EELV), and inspiratory-to-total 
expiratory time (TI/TT)]. Based on these parameters, 
an upper limit for ventilatory capacity (~Ec,~) could be 
obtained by assuming that tidal breathing expiratory 
flows increase instantaneously at the beginning of each 
expiration, reaching the MEFs over the duration of the 
tidal breath (4, 18, 19). The iTEcap defined in this man- 
ner takes into account the dynamic regulation of 
breathing pattern and changes in airway tone that oc- 
cur during exercise. 

The goal of the present study was to apply these 
techniques to estimate IQCap and to describe its change 
in asthmatic and normal subjects during incremental, 
constant-load, and interval exercise, The present study 
is an extension of previously reported data on changes 
in FE& in asthmatic subjects during exercise (4). 

METHODS 

Subjects. Fourteen subjects, eight with a history of exer- 
cise-induced asthma (4 men/4 women) and 6 control subjects 
(4 men/Z women with no history of exercise-induced asthma), 
participated in the study. Subjects gave informed consent 
that had been approved by the Institutional Review Board 
of the Mayo Clinic and Foundation. Each subject was studied 
on 3 separate days. Asthmatic subjects withheld inhaled p- 
agonist therapy for 12 h before each visit to the exercise 
laboratory. None of the subjects used theophylline, and one 
subject withheld inhaled steroid therapy for 1 wk before the 
start of participation in the study. None of the other subjects 
used oral or inhaled steroids. No subject, was suffering from 
clinically apparent upper respiratory tract infections at the 
time of the study. All asthmatic subjects demonstrated at 
least a 10% fall in FE& following exercise on 1 or more of 
the 3 study days. 

Spirometry. Before, during, and after exercise, maximal 
expiratory flow-volume curves (MEFV) were obtained by us- 
ing a wedge spirometer (MedScience, St. Louis, MO), as pre- 
viousZy reported (4). The spirometer was calibrated before 
each study by using a 3-liter syringe. Flow and volume sig- 
nals were digitized at a rate of 70 samples/s and stored for 
later analysis to determine the forced vital capacity (FVC), 
FE&, peak expiratory flow (PEF), and forced expiratory Aow 
after 50 and 75% of the FVC (FEFsO and FEFT5, respectively). 
To minimize effects of changing FVC on FEF50, the preexer- 
cise FVC was used to calculate the 50% expired volume from 
which the FEFsO was obtained in all exercise and postexercise 
maneuvers. The spirometer was connected to a two-way, 
three-port breathing valve via large-diameter tubing. For all 
maneuvers, the subject was seated on a cycle ergometer. 
Three tidal breathing flow-volume loops were recorded imme- 
diately before the subject was coached to perform the MEFV. 
The subject was coached to take a full inspiration, make a 
maximal expiratory effort, and continue the expiration for at 
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least 6 s. During exercise, it was difficult for subjects to expire 
forcefully for a full 6 s; however, a sufficient expiration time 
was achieved to describe the expiratory boundary of the 
MEFV. 

Xncremen~al exercise study (1st study day). In the incremen- 
tal exercise study (and all other exercise sessions), the subject 
was seated on a cycle ergometer with lZ=lead electrocardio- 
gram. Preexercise MEFV maneuvers were performed until 
two maneuvers were obtained with FVC and FE& reproduc- 
ible within 5%, None of the subjects had difficulty performing 
reproducible MEFV maneuvers. The inspiratory port of the 
two-way breathing valve was connected to a reservoir bag 
filled with dry air from a compressed air tank. Dry air was 
used to promote airway changes in the asthmatic subjects (4, 
8). The subject pedaled at a work rate of 20 W for a 3-min 
warm-up period. Thereafter, in the incremental study, work 
rate of the ergometer was increased by 20-30 W every min- 
ute (depending on estimated exercise capacity of the subject), 
until the subject was unable to continue. During exercise, 
minute ventilation (VE), oxygen consumption (TO,), and car- 
bon dioxide production (%o,) were measured breath by 
breath (3). Immediately on termination of incremental exer- 
cise (and all other exercise sessions), a MEFV maneuver was 
performed. The maneuvers were repeated 5, 10, and 15 min 
after cessation of exercise. 

Constant-load exercise (2nd or 3rd study day). After a 3= 
min warm-up period at 20 W, the work rate of the ergometer 
was increased to 50% of the subject’s maximal exercise capac- 
ity. Every 6 min, a MEFV maneuver was performed, and 
exercise was continued for 36 min at a constant rate. At 18 
min, the subject was allowed to remuve the mouthpiece, 
breathe room air, and sip water for -2 min while continuing 
to exercise at the same work rate. 

Interval exercise (2nd or 3rd study duy). After a 3=min 
warm-up period at 20 W, the work rate of the ergometer was 
increased to 60% of the subject’s maximal exercise capacity. 
After 6 min, a MEFV maneuver was performed, and the work 
rate was reduced to 40% of the subject’s maximum. After 6 
min at 40% of maximum, a MEFV was repeated, and work 
rate increased back to 60% of maximum for 6 min. The 60- 
40% cycle was repeated three times, for a total exercise time 
of 36 min. At 18 min, which was during the second 40% 
workload, the subject was allowed to remove the mouthpiece, 
breathe room air, and sip water for 2 min while continuing 
exercise at the lower work rate. 

Ddta analysis. Data for the MEFV, FVC, FE&, PEF, 
FEFFjo, and FEFT5 were calculated for each maneuver. The 
preexercise data were taken from the maneuver with the 
highest sum of FVC, FE&, and PEF/3. Previous studies have 
suggested that when these guidelines are followed highly re- 
producible values are produced (28). Differences between pre- 
exercise values and those obtained during and after exercise 
were tabulated to obtain percentage changes in FVC, FE&, 
PEF, and FEFSD. To give a representation of changes in air- 
way caliber, MEFV curves obtained before, during, and after 
exercise were averaged for all subjects as follows. Each MEFV 
curve was divided into 50 equal-volume segments, and flows 
were averaged within each segment. In the few volume seg- 
ments that had no flow points, data were interpolated from 
neighboring points. The average FVC was then used to scale 
the volume axis. This scaling of the volume axis is based 
on previous findings that total lung capacity (TLC) does not 
change during exercise (47). Similarly, tidal exercise breaths 
for asthmatic and control groups were averaged at each exer- 
cise intensity and positioned within the averaged MEFV 
curve according to the mean EELV. 

EELV was obtained at each exercise level by subtracting 
the spirometer volume at the subject’s full inspiration from 

the average spirometer volume obtained at the end-expir- 
atory positions of three tidal breaths. Subjects rebreathed 
into the wedge spirometer fur three tidal breaths before per- 
forming an inspiratory capacity maneuver. Previous studies 
have demonstrated that rebreathing for 3-4 breaths has 
minimal effect on lung volume (23, 38). In addition, in three 
asthmatic subjects and three controls, pleural pressures were 
monitored during the rebreathing and inspiratory capacity 
period to assure constant EELVs and that peak pressures 
were reached at TLC similar to that reached repeatedly at 
rest. Previous studies have used this technique and found it 
to be highly reproducible (2,23,47). VE at each work intensity 
was obtained from the quotient of VT and breathing cycle 
duration for the same three tidal breaths used to determine 
changes in EELV. An estimation of the degree of flow limita- 
tion was obtained by aligning the tidal breathing flow-volume 
Ioops within the MEW curve, according to a calculated EELV 
as shown in Fig. 1 (left). Over the range of the tidal breath, 
the volume over which expiratory airflow met or exceeded 
the MEFs was obtained. Dividing by VT gave the percent of 
the VT that was flow limited. We have used this technique 
for quantifying flow limitation in previous studies (20-22). 
A significant number of subjects appeared flow limited, i.e., 
tidal expiratory airflow closely approximated the MEFV 
curve throughout the breath but never met or exceeded 
MEFV flows. The calculated flow limitation was near zero in 
these cases, indicating a degree of flow limitation that may 
have been missed or underestimated by this technique. 
Further work is needed to better establish criteria for quanti- 
fying flow limitation during exercise. 

Maximal exercise ‘iTEcap was estimated using techniques 
initially described by Hyatt (lS), detailed by Beck et al. (5) 
and Jensen et al. (19), and illustrated in Fig. 1 (right). The 
tidal breathing flow-volume loops were aligned as previously 
described within the MEFV curve by using calculated EELVs. 
The volume of the tidal breath was then divided into equal- 
volume segments (AV). An estimated minimal expiratory 
duration (TE) was determined by dividing each QV by the 
average MEF, within each volume segment and summing 
all such times (T,) over the expiratory phase of the VT. Be= 
cause maximal inspiratory maneuvers were not performed, 
we used the measured inspiratory-to-total breathing cycle 
time to estimate minimal TI. The sum of minimal TI and TE 
gave a minimal breathing cycle time and estimated maximal 
breathing frequency f  f,, max >. The product of the fb MBX and mea- 
sured VT equaled the estimated TjECap. vECap was generally 
calculated by using the measured MEFV, EELV, and VT. 
However, it was also calculated by using 1) the same VT but 
with the preexercise MEFV and the preexercise EELV to 
determine the effects of VT alone on vECap; 2) the same VT 
with the exercise MEFV curve and the preexercise EELV to 
determine the effects of MEFV alone on iTEcap; and 3) the 
same VT with the exercise MEFV and the exercise EELV to 
determine the effects of changes in EELV alone on vEcap. 

RESULTS 

Exercise capacity artd pulmonary function tests. As 
shown in Table 1, asthmatic and control subjects were 
generally comparable for height and weight; however, 
the control subjects tended to be slightly older and 
more fit than asthmatic subjects, their peak 00~ aver- 
aging 130% of predicted compared with 104% of pre- 
dicted in asthmatics. FVC and FEV, were normal in 
both groups; however, the asthmatics had reduced 
MEFs at the low lung volumes (i.e., FEFSO and FEF& 

Maximal incremental exercise test, Figure 2 demon- 
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FIG. 1. Left: flow limitation, Tidal exercise flow-volume 
loops were aligned within maximal expiratory flow-volume 
(MEFV) curve according to a measured end-expiratory lung 
volume (EELV). Percent of tidal volume (VT) where expir- 
atory airflows met or exceeded MEFs (see METHODS) was 
used as an estimate of degree of flow limitation. Right: 
ventilatory capacity (VEX& was determined by aligning 
tidal breathing flow-volume loop within MEFV curve ac- 
cording to a measured EELV. Volume of tidal breath was 
divided into equal-volume segments (AV). An estimated 
minimal expiratory duration (TE) was determined by divid- 
ing each AV by average MEF, within each volume segment 
and summing all such times (ZTe) over expiratory phase 
of VT. Measured inspiratory-to-total breathing cycle time 
was used to estimate minimal inspiratory time. Sum of 
minimal inspiratory time and TE gave a minimal breathing 
cycle time and maximal breathing frequency. Product of 
maximal breathing frequency and measured VT equaled 1 _ 

4 %3p* 

strates the change in the average MEFV curve and 
tidal breathing flow-volume loops during incremental 
exercise for both groups. Control subjects did not 
demonstrate a change in the MEFs with progressive 
exercise; however, asthmatic subjects demonstrated 
a significant bronchodilation (4). FEFSO increased 
28% from 3.6 t 1.2 (SD) l/s at rest to 4.6 t 1.3 l/s 
during maximal exercise (P < 0.05, paired t-test). 
Both groups demonstrated similar increases in VT 
and breathing frequency (fb) during incremental ex- 
ercise, achieving a maximal TjE of 114 2 36 and 119 
+ 41 l/min for asthmatics and controls, respectively 
(Fig. 3). At peak exercise, however, asthmatics 
tended to have a more tachypneic breathing pattern: 
XWho2 was increased, and end-expiratory PCO~ de- 
creased relative to controls (Table 2). TI/TT at peak 
exercise was not different between groups (P > 0.05). 
As shown in Figs. 2 and 3, both asthmatic and control 
subjects decreased EELV with mild exercise (P < 
0.01). During moderate exercise intensities, control 
subjects further decreased EELV (P < 0.05), whereas 
EELV stayed constant in the asthmatics. Two of the 
asthmatics experienced expiratory flow limitation 
over > 10% of the tidal breath during moderate levels 

of exercise (50% maximal VO,), whereas none of the 
controls experienced flow limitation at this intensity 
of exercise. During maximal exercise, EELV for the 
asthmatic subjects increased back to near-resting 
values (P < 0.05), whereas it remained -500 ml be- 
low resting values in control subjects. Both asthmatic 
and control subjects experienced flow limitation over 
-25% of the tidal breath during maximal exercise. 

The estimated vECap values at rest (Fig. 3) were re- 
duced in the asthmatics compared with controls be- 
cause of decreased MEFs at the lower lung volumes. . 
VE Cap decreased during cycling at the lowest exercise 
intensity in both groups because of the fall in EELV but 
then increased with progressive increases in exercise 
intensity. The increase in vEcap was due in part to an 
increase in VT in both groups, although in asthmatics 
the increase in VE Cap during maximal exercise was also 
due to the exercise-induced increase in MEFs and to a 
rise in EELV. It should be stressed that the increase in 
VT acts to increase the operating lung volume, allowing 
greater flow rates to be available throughout expira- 
tion. The influence of VT, MEFs, and EELV on ~~~~~ 
during maximal exercise is demonstrated in Table 3. 
The increase in VT accounted for a 27 and 17% rise in 

TABLE 1. Subject characteristics 

Control (n = 6) Asthmatic (n = 8) 

Mean ZSD %Predictedt Mean MD %Predictedt 

Sex 4M/2F 
Age, Yr 34 
Height, cm 175 
Weight, kg 68 
FEV1, liters 4.49 
FEFfio, liters 5.05 
FEFT5, liters 2*07 
VO 2 max t Vmin 3.54 
H&,, , beatslmin 183 

-t-7 
214 
k16 
21.12 
21.3 
to.41 
“1.22 - 
+8 - 

4M/4F 
27* 

170 
74 

112 3.85 
103 3.62 

98 1.51 
130 3.17 

92 187 

+4 
k8 
218 
kO.57 99 
-t-1.21 - 76* 
20.44 70* 
20.93 104 
+6 - 92 

FEV, , forced expiratory volume in 1 s; FEFSO and FEFT5, forced expiratory flow after 50 and 75% of forced vital capacity, respectively; 
VO 2max3 maximal oxygen uptake; H&,, maximal heart rate. n = no. of subjects. * Significant difference between asthmatics and controls 
(P < 0.05). t Predicted data from Refs. 27 and 32. 
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- FIG. 3. Mean exercise responses to incremental exercise in control 
(left) and asthmatic (right) subjects. Changes in exercise intensity 
are shown diagrammatically in bottom part of top panel. Plotted 
are forced expiratory volume in 1 s (FE&) x 40, based on resting 
measurements before exercise; calculated ventilatory capacity 
(vEcap); exercise ventilation (VE); degree of flow limitation (%flow 
limit, assessed by %VT over which tidal expiratory airflows met or 
exceeded MEFs); and change in EELV from resting measurements 
(see text for explanation of data calculations). 

FIG. 2. Average tidal flow-volume loops at rest and 
during incremental exercise (unloaded cycling, 50% 
maximal O2 uptake and maximal exercise) in control 
(left) and asth matic subjects (right). Tidal loops are plot- 
ted according to average EELV for each group and 
within mean maximal expiratory flow-volume curve ob- 
tained before, during, and after exercise. 

5 6 

DECAL in controls and asthmatics, respectively. Due to 
an increase in MEFs, i7Ecap increased further, particu- 
larly in asthmatics. Because EELV was reduced below 
baseline levels in controls, vEcap was only 13% greater 
during exercise; however, in asthmatics, ~~~~~ was 45% 
greater than baseline values due in part to the slight 
increase in EELV. Because of the rise in vEcap, the VE 
reserve (vEcap - exercise iTE; Table 2) stayed relatively 
constant with moderate exercise and heavy exercise, 
averaging 23% of the vEcap in asthmatics and 32% of 
the VE~,~ in controls during maximal exercise. The 
asthmatics demonstrated a significant fall in MEFs 
after exercise, whereas in the controls the MEFs re- 
mained similar to baseline values (Fig. 2). 

Constant-load exercise. Figure 4 shows the average 
tidal exercise flow-volume breaths plotted within the 
average MEFV curves obtained during constant-load 
exercise. Unlike during progressive exercise, asthma- 
tics did not demonstrate a change in the MEFV curve 
over the 36 min of continuous exercise, although there 
were slight declines in FE& and FEFSO after -18 min 
of exercise (4). Figure 5 shows the average i7Ecap, VE, 
expiratory flow limitation, and the changes in EELV at 
6-min intervals throughout the constant-load exercise 
test. Both groups averaged -68 Vmin VE throughout 
the exercise test, with no augmentation over time. Both 
asthmatics and controls decreased EELV with the on- 
set of exercise; however, the asthmatics tended to not 
decrease EELV as much as controls, and EELV tended 
to drift up during exercise back near resting values. As 
shown in Table 2, breathing pattern (i.e., fb, VT, and 
TUT) and indicators of gas exchange were not different 
between groups (P > 0.05). Although the majority of 
the control subjects experienced no flow limitation dur- 
ing constant-load exercise, three of eight asthmatic 
subjects demonstrated flow limitation over > 10% of the 
tidal breath within the first 6 min of exercise, averag- 
ing -20% flow limitation after 30 min of exercise. As 
shown in Fig. 5, the estimated iTECap stayed relatively 
constant throughout exercise in asthmatics but showed 
a transient increase in control subjects late in the exer- 
cise session. Exercise VE averaged 45% of i7ECap in con- 
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TABLE 2. Breuthing pattern, gas exchange and indexes of ventilatory reserve during maximal, constant-load, 
and interval exercise in asthmatic and control subjects 

Maximal Constant Load Interval 
(40% of 00, ,,,> 

Interval . 
(60% of VO, ,,,) 

TI/TT 
Control 
Asthma 

fb, breathslmin 
Control 
Asthma 

VT, liters 
Control 
Asthma 

VENcog 
Control 
Asthma 

PETIT,, Torr 
Control 
Asthma 

VEI~TEC,~ 
Control 
Asthma 

vEcap - iTEm, 
(TjE reserve, l/min) 

Control 
Asthma 

0.48~0.03 0.46kO.04 0,46?0.04 0.47zo.04 
0.49+0*01 0.45kO.03 0.45~0.02 0.47~0.01 

3927 2824 3125 3326 
4528 2825 2826 3226 

3.05~0.87 2.43~0.54 2.04~0.62 2.5720.79 
2.62k1.00 2.33kO.64 2.17k0.58 2e5520.63 

27.8~2.1 27.5~1.3 29.522.0 28.2~1.7 
30.421.7* 29.322.4 31.6k2.6 29.9t2.0 

39.4~2.3 40.721.4 39.2~2.3 39.52 1.9 
36.9t1.8* 39.2k2.8 37,6?2,8 38.622.3 

0.68zO.18 0.45~0.07 0.42+0.08 0.55kO.18 
0.77+0.29 0.70?0,27 0.74kO.29 0,82-+0.27 

58239 87+27 90236 75~42 
43254 35_+36* 28~31"r 24_+34* 

Values are means 2 SD. TI/TT, inspiratory-to-total expiratory time Fatio; fb, breath frequency; YT, tidal volume; vE/k,02, minute 
ventilation-to-CO2 production ratio; PET co,, end-tidal pressure of CO,; VEGAN, ventilatory capacity; VE,,, , maximal minute ventilation, 
* and t Significant differences, asthmatic compared to control subjects, unpaired t-test (P < 0.05 and 0.01, respectively). 

trol subjects throughout exercise and 70% of TEE,, 
in asthmatic subjects (Table 2). Similar to the short- 
term maximal exercise test, asthmatic subjects demon- 
strated a significant reduction in the MEFs after the 
exercise, whereas control subjects did not demonstrate 
a change (Fig. 4). 

Interval exercise. Figure 6 shows the average tidal 
flow-volume breaths plotted within the average MEF’V 
curves obtained during the interval protocol (alternat- 
ing between 60 and 40% of maximum). The MEFs in- 
creased slightly in asthmatics from baseline at 60% of 
maximal intensity but decreased when intensity was 
decreased to 40% of maximum. The decrease in FEFGO 
averaged 30% over the three decreases in intensity in 
the asthmatics. Little change was noted in MEFs in 
the control subjects when alternating between exercise 
intensities. As shown in Table 2, no differences were 
noted in fb, VT, and TI/TT between asthmatic and 

TABLE 3. Effect of changes in MEW, EELV, and VT 
on f?Ecap during maximal exercise 

Controls, Vmin Asthmatics, Vmin 
(%increase) (%increase) 

Preex VT, Preex MEFV, 1562 15 1092 14 
Preex EELV 

Ex VT, Preex MEFV, VT 198223 1272 13 
Preex EELV (+27%) (+17%) 

Ex VT, Ex MEFV, MEFV 212224 152214 
Preex EELV (+36%) (+40%) 

Ex VT, Ex MEFV, Ex EELV 177217 157-F 14 
EELV (+13%) (+44%) 

Values are means + SD. MEFV, maximal expiratory flow-volume; 
EELV, end-expiratory lung volume; Preex, before exercise; Ex, dur- 
ing exercise. 

control groups when switching between exercise inten- 
sities (P > 0.05). Figure 7 shows*the me?n changes in 
EELV, degree of flow limitation, VE, and ~~~~~ over the 
36-min duration of the interval protocol. Both asthma- 
tic and control subjects initially decreased EELV and 
demonstrated small intensity-related shifts in EELV 
in subsequent periods. However, the asthmatics slowly 
increased EELV above resting values, particularly dur- 
ing lower intensity periods. Flow limitation in the asth- 
matics alternated between 20 and 30% of the VT during 
the low and higher intensity exercise, respectively, 
whereas flow limitation was less in control subjects, 
alternating between 0 and 5% of the VT. Bronchocon- 
striction, occurring when intensity changed from 60 
to 40% of maximal exercise capacity in the asthmatic 
subjects, reduced vEcap, The fall in ~~~~~ was partially 
compensated for by the increase in EELV. Table 4 
shows the effect of changes in MEFs, EELV, and VT 
on vEcap during interval exercise. Note that during ex- 
ercise at 60% of maximal intensity the asthmatics dem- 
onstrate a small increase in ~Ec,~ due to an increase 
in both VT and MEFs, whereas controls demonstrate a 
much greater increase due to the change in VT from 
rest to exercise, with a slight decrease due to changes 
in the MEFs. With the drop in EELV, both groups d&m- 
onstrate a small decline in vEcap during this intensity 
of exercise. Interestingly, because -of the changes in 
MEFs, ventilatory reserve (VEGAN - VE) was nearly con- 
stant (28 vs. 24 Vmin) in the asthmatic subjects (Table 
2), whereas in control subjects ventilatory reserve was 
75 l/min at the higher exercise intensities and 90 Vmin 
at the lower exercise intensity. As in the other two 
protocols, following exercise, the asthmatics demon- 
strated a decline in the MEFs below baseline values 
(Fig. 6). 
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FIG. 4. Average tidal flow-volume loops at rest and 
during constant-load exercise (50% maximal O2 uptake) 
in control (left) and asthmatic (right) subjects. Tidal 
loops are plotted according to average EELV for each 
group and within mean maximal volitional expiratory 
flow-volume envelope obtained before, during, and after 
exercise. 
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DISCUSSION 

The present study focused on the regulation of vECap 
during exercise in asthmatic and normal control sub- 
jects. We estimated vEcap from the MEFV curve, the 
VT, and the EELV obtained during exercise of three 
types: standard incremental exercise to maximum, pro- 
longed constant-load exercise, and alternating 6-min 
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FIG. 5. Mean exercise responses to constant-load exercise (50% 
peak O2 uptake) in control (left) and asthmatic (right) subjects. See 
Fig. 3 legend for further explanation. 

periods of variable exercise intensity. vEcap determined 
in this manner accounted for dynamic changes in air- 
way tone and breathing pattern that occurred during 
exercise in both groups. In asthmatic and control sub- 
jects, bCap initially fell with low-level exercise because 
of a decline in EELV. With progressive increases in 
exercise intensity and i7E demand, vECap progressively 
increased in both groups. This was due solely to an 
increase in VT in the control subjects (which allowed 
use of higher expiratory airflows), whereas in asthma- 
tic subjects an increase in MEFs and EELV also con- 
tributed. In both asthmatic and control subjects, con- 
stant-load exercise resulted in little change in vEcap 
over time, whereas in asthmatic subjects interval exer- 
cise resulted in alterations in i7ECap that were propor- 
tional to the alterations in VE demand. The alterations 
in VE Cap were thus more pronounced in the asthmatics 
during exercise, primarily due to the lability in airway 
tone but also due to shifts in EELV. Despite the optimi- 
zation of VE Cap at the higher exercise intensities, asth- 
matics experienced greater flow limitation than control 
subjects. 

Pulmonary mechanics during exercise. Previous stud- 
ies have examined alterations in breathing pattern and 
mechanics in normal and asthmatic subjects (14,20,25, 
47). In normal subjects, EELV falls 0.1-0.3 liter during 
mild exercise, whereas during heavy exercise it de- 
creases between 0.5 and 1 liter and thus appears inten- 
sity related (14). We reported maximum decreases of 
0.4-0.7 liter in control subjects during the various exer- 
cise protocols, with lesser declines in asthmatic subjects 
of 0,2-0.5 liter. However, in asthmatic subjects, with 
increases in exercise intensity (> 50% maximal VO, ) or 
prolonged exercise, EELV increased back to resting lev- 
els or higher. The rise in EELV occurred with expiratory 
flow limitation (Figs. 3, 5, and 7). 

Expiratory airflow limitation during exercise initially 
occurs near EELV (Figs. 2, 4, and 6). Because of expir- 
atory flow limitation, a full expiration is not possible, 
and thus EELV increases. Kiers et al. (25) demon- 
strated an increase in EELV during exercise in asthma- 
tics and suggested that the increase in EELV (during 
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exercise) and the decline in FE& (postexercise) may 
be due to different mechanisms because of temporal 
dissociation. However, they did not document alter- 
ations in MEFs during exercise, so it is unclear whether 
the changes in EELV were associated with flow limita- 
tion. Martin et al, (30) suggested that the rise in EELV 
at rest during acute episodes of asthma may be due to 

tonic inspiratory muscle activity, as their studies also 
demonstrated that EELV remained elevated, even after 
treatment with bronchodilators and steroids brought 
FE& back to baseline levels. The present study indi- 
cates that the rise in EELV during exercise in the asth- 
matics is caused by flow limitation at the lower lung 
volumes, preventing full expiration before onset of in- 
spiration. It is possible the changes noted by Kiers et al. 
(25) and Martin et al. (30) were related to mild airflow 
limitation that only affected airfiow at the lower lung 
volumes. Our subjects demonstrated normal FE& val- 
ues before exercise but reduced MEFs at the lower lung 
volumes. The flow rates at these lower lung volumes 
are particularly important during exercise when the 
initial response is to decrease EELV to optimize inspira- 
tory muscle length (9, 39). The reduced MEFs at low 
lung volumes would limit the decline in EELV during 
exercise. The increased EELV in asthmatics during ex- 
ercise is similar to that noted in other subjects with 

Control Asthma 

FEV,x40 

V,CAP 

% Flow Limit L?- 
1 Change in EELV 

0 6 12 18 24 30 3% 0 6 12 18 24 30 36 

Minutes of Exercise 

FIG. 7. Mean exercise responses to interval exercise (alternating 
between 60 and 40% peak 0, uptake, 6min workloads for 36 min, 
indicated in bottom part of tup panel) in control (left) and asthmatic 
(right) subjects. See Fig. 3 legend for further explanation. 

FIG. 6. Average tidal f?ow-volume loops at rest and 
during interval exercise (60 and 40% maximal O2 up- 
take) in control (left) and asthmatic (right) subjects. 
Tidal loops are plotted according to average EELV for 
each group and within mean maximal volitional expir- 
atory flow-volume envelope obtained before, during, and 
after exercise. 

TABLE 4. Effect of changes in MEFV, EELV, and VT 
on t!Ecap during interval exercise 

hap Effect Control, Vmin Asthmatic, Vmin 
C%increase) (%increasel 

Preex VT, Preex MEF’V, 
Preex EELV 

1565 15 1094 14 

60% Maximal exercise capacity 

Ex VT, Preex MEFV, VT 205238 (+31%) 115215 (+S%) 
Preex EELV 

Ex VT, Ex MEFV, MEF’V 1.1114 (+16%) 124+11(+14%) 
Preex EELV 

Ex VT, MEFV, Ex EELV 160-+X (+2%) 107?10 (-2%) 
EELV 

40% Maximal exercise capacity 

Ex VT, Preex MEFV, VT 193536 (+24%) 105214 (-4%) 
Preex EELV 

Ex VT, Ex MEFV, MEF’V 179230 (+15%) 8029 (-27%) 
Preex EELV 

Ex VT, Ex MEF’V, Ex EELV 150222 (-4%) 86210 (-21%) 
EELV 

Values are means f  SD. 
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mild obstruction, such as the aged, where an inverse 
correlation between the degree of rise in EELV and the 
FEFSO was demonstrated during exercise (20, 21). 
. Throughout exercise, despite the ability to increase 

VE Cap in proportion to ventilatory demand, asthmatic 
subjects experienced greater flow limitation at lower 
levels of ventilation than controls and demonstrated 
greater flow limitation at the higher exercise intensi- 
ties. Interestingly, during maximal exercise, the asth- 
matic subjects experienced no greater flow limitation 
than controls. However, the asthmatic subjects were at 
a higher average EELV (Fig. 3). It is likely that the 
increased EELV prevented further flow limitation in 
the asthmatics. In subjects with increased ventilatory 
demand such as athletes, or in older fit subjects with 
decreased MEFs, EELV will rise as flow limitation in- 
creases (20-22). When the end-inspiratory lung vol- 
ume of the tidal breath increases to near TLC, the in- 
spiratory elastic load begins to increase, and a balance 
is reached between the rise in EELV tending to shift 
the tidal breath to a higher percent of TLC (away from 
expiratory flow limitation) and the increased load on 
inspiration, tending to keep the tidal breath at rela- 
tively lower lung volumes (46). 

The variability in airway tone that our asthmatic sub- 
jects experienced during exercise has been previously 
discussed (4). Briefly, the variability in the MEFV curve, 
particularly during the interval exercise protocol, sug- 
gests a balance between bronchoconstrictor and bron- 
chodilator influences during exercise. Usually, bron- 
chodilator influences are dominant during exercise, al- 
though a transient decrease in exercise intensity may 
either release the bronchodilator influence or increase 
bronchoconstrictor activity. The bronchoconstriction in- 
duced by exercise is thought to be related to either air- 
way cooling or drying (1, 6, 8, 31), leading to release of 
mediators such as histamine (7,35) or leukotrienes (10, 
29,40). Reflex activation of airways is also seen in some 
individuals (13, 41, 44). The mechanism for the bron- 
chodilation during exercise is not as well defined. In 
normal subjects, release of vagal tone is thought to be 
responsible for the dilation seen (45). The bronchodila- 
tion in asthmatics is unlikely to be simply related to 
altered vagal tone or increased levels of plasma catechol- 
amines. Isocapnic hyperventilation is also associated 
with improved airway tone during the hyperventilation, 
although there is no change in plasma catecholamines 
during the stimulus. Furthermore, P-blockade does not 
prevent bronchodilation in asthmatics during exercise, 
although it does make the postexercise decline in lung 
function more severe (42). Airway cooling has been 
shown to reduce responsiveness to cool dry air in dogs, 
presumably by inhibiting release of mediator (1 l)- It has 
also been postulated that the bronchodilation observed 
during exercise may simply be due to mechanical 
stretching of the airways (34). Mediators such as vaso- 
active intestinal polypeptide (16,17,37) and epithelium- 
derived relaxing factor (33,43) may also have an inhibi- 
tory effect. Further work is necessary to better define the 
mechanisms for the variable airway tone in asthmatics 
during exercise. 

Despite the reduced vEcap in the asthmatics, the in- 

creased EELV, and the increased flow limitation, 
breathing pattern (fb, VT, TI/TT) was not significantly 
different between gruups fur a given level of ventila- 
tion, except at peak exercise (Table 2). Previous studies 
have demonstrated that subjects with airway obstruc- 
tion show a more tachypneic response to exercise than 
normal subjects (20, 21, 46). Our asthmatic subjects 
only demonstrated slightly higher oE&02 relative to 
control subjects during maximal exercise, and thus it 
is likely that the degree of obstruction was not large 
enough to alter timing or gas exchange in the submaxi- 
mal exercise intensities. It is possible that, if greater 
decreases in MEFs were present in the asthmatics or 
if there were larger ventilatory demands, breathing 
pattern would be more tachypneic. This would occur if 
greater flow limitation caused EELV to increase, which 
would cause an increased elastic load during inspira- 
tion (46). VT would likely decrease and fb increase to 
minimize the work of breathing and to maintain vEcap, 

Definition of vEcap l 

estimate of vECap. 
We used a dynamically determined 

Classically, the MW or some multipli- 
cation of the FE$ has been used as an estimate of i7Ec,, . 
These types of estimates Of VECap are less valuable w&n 
attempting to study subjects wiih changing airway tone, 
as in the present study. They tell little about the dynamic 
regulation that occurs with exercise as ventilatory de- 
mand increases and breathing pattern and EELS are 
altered to optimize the Recap. MW is classically mea- 
sured over a very short 12-b 
an index of ainvay ch .aracte 

1 
ri 

5-s period and represents 
sties, respiratory muscle 

endurance, and subject motivation. The value obtained 
is larger than the irE that can be maintained for extended 
periods (12,24). Previous studies have demonstrated that 
the breathing pattern chosen during an MW maneuver 
is unlike that found during exercise, as VT is reduced, fb 
is increased, EELV is offen above resting values, and the 
expiratory work is greatly increased (15, 26). Thus its 
use as an indicatir of the maximum available ventilation 
during exercise is questionable. 

In the present study, we estimated IQCap by calculat- 
ing the fbmax given the VT, EELV, and the MEFs for a 
given exercise intensity. This assumed that MEFs 
would be reached during tidal exercise breathing over 
the duration of the VT, including the start of expiration. 
In previous studies in endurance athletes with large 
ventilatory demands, we found that during maximal 
exercise the expiratory flows at the beginning of tidal 
expiration did not instantaneously reach the MEFs, 
even when increased levels of fractional concentration 
of CO2 were added in an attempt to stimulate irE during 
maximal exercise (22). In subjects with mild to more 
severe obstruction, MEFs are approached as EELV in- 
creases and the end-inspiratory volume approaches 
TLC, although with more mild obstruction this is de- 
pendent on the level of ventilatory demand (20,21,46). 
Even in these individuals, tidal expiratory flows at the 
start of expiration do not instantaneously reach the 
MEFs because of the large expiratory muscle recruit- 
ment and work that would be required (15, 26). Thus, 
under these conditions, our estimate Of vEcap may over- 
estimate the actual available capacity by a small 
amount. 
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It was interesting that when asthmatic subjects ei- 
ther increased or decreased exercise intensity ventila- 
tory demand remained a fairly constant fraction of 
~~~~~ (i.e., VE reserve, see Table 2). It may be that flow 
limitation of >20-30% of the VT is necessary to cause 
the EELV to rise. The rise in EELV increased available 
expiratory flow and thus maintained the ventilatory 
demand at a constant percent of ~~~~~~ In addition, 
because the asthmatic subjects demonstrated greater 
scooping of the MEFV envelope, it is possible that very 
small increases in EELV resulted in greater increases 
in MEFs and thus the vEcap, relative to a similar 
change in EELV in the control subjects. Similarly, it 
becomes very detrimental to reduce EELV in the asth- 
matic subjects as small decreases would have substan- 
tial effects on VEcap. 

Implications for the asthmatic subjects. During con- 
stant-load exercise, very little changes were noted in 

l 

VE Cap in either group, although the asthmatics tended 
to slightly increase EELV and to have a higher degree 
of flow limitation (20% of the VT) over the duration 
of the test. With progressive exercise, airway caliber 
improved in the asthmatics. With intermittent exer- 
cise, airway caliber decreased during reductions in ex- 
ercise intensity but for the most part reversed on re- 
sumption of higher exercise intensities. This study in- 
dicates that, for most asthmatics, continuous aerobic 
exercise for up to 36 min does not have a negative 
impact on airway function and with progressive in- 
creases may improve its function. It should be noted 
that in our previous study (4) we reported one individ- 
ual with marked exercise asthma who could not com- 
plete constant-load and interval protocols because of 
bronchoconstriction after -6 min of exercise. We be- 
lieve that this phenomenon may be uncommon, al- 
though large population studies of constant-load exer- 
cise are necessary to prove this. During exercise in 
which intensity varies, such as any endurance sport 
performed on varying terrain, airway function may 
limit performance of asthmatics to a greater extent 
than in nonasthmatics. The observations made with 
the incremental and constant-load protocols reinforce 
conventional wisdom about careful warm-ups for exer- 
cising asthmatics. The observations with varying in- 
tensity work suggest more effective preventive inter- 
vention such as the use of bronchodilator or cromolyn 
sodium before exercise. 

In summary, estimation of vECap using the MEFV 
envelope, the VT, and EELV gave a sensitive measure 
of changes in breathing reserve under conditions of 
variable airway tone and breathing pattern, which are 
not normally quantified by traditional estimations of 

l 

VE cap. Asthmatic subjects attempted to maintain 
breathing reserve (VE - VEcap) in response to varying 
airway tone by adjusting EELV. 
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