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ABSTRACT
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fundamencal question in exercise physmlcgy con-
ceming the factor(s), which limits maximal o
uptake (VOyny), is still unresolved. Howerer,
growing evidence indicates that in trained athletes, oxygen
delivery to the muscles limits the VO, during heavy
exercise (1,33,35). O, delivery depends on blood flow,
arterial O, saturation, and hemoglobin concentration. Tra-
diddonally, it was claimed that arterial O, saturation does not
decline markedly in healthy individuals exercising at sea
level, even at maximal effort (1,37,39). However, there ars
reparts in the literature which suggest that arterial hypox-
emia may occur during heavy e healthy individu-
als with a high YOy, (11,17,23,32). Acrobic performance
of highly trained individuals may, therefore, be limited 5y
this ypoxemia
Four possible mechanisms of duced hypox-

sion limitadons (13,31,36,39). It seems that veaoarterial
shunt does not play an important role in exercise-induced
arterial hypoxemia, because oxygen breathing during heavy
exercise was found to correct such hypoxemia (13,34). It
was suggested that ventilatory capacity might play a role in
the development of hypoxemia during maximal effort in
highly trained endurance athletes (17,19,20,31). In a previ-
ous study performed by our group (17), we stdied well-
trained athletes during graded maximai asrobic excrcise
while breathing atmospheric air, normoxic helfum, and or-
ygen-enriched mixtute. It was concluded that the observed
arterial O, desaturation is secondary to a relative hypoven:
tilatory resporse and may limit YOy, a0d aerabic pecfor
mance at high work levels. It has o s ha
espirsory muscle fague occu both volutar

emia have been proposed: 1) venoartesial shuat, 2) ventila-
tion-perfusion inequality, 3) hypoventilation, and 4)
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work rates associated with high ventilatory requirements
(19), it is well established that respiratory muscles can be
tained like other skeletal muscles (4,29), both in healthy
subjects and in patients with dyspnea (23,27.28.34.38). We,
therefore, hypothesized that if respiratory constraints result-
ing in a relative hypoventilation plays a role in arterial O;
desaturation at high work levels, then specific respiratory
muscle training might result in improvement in exercise
performance and in aecobic capacity in well trained eadur-
ance athletes.

METHODS

Subjects. Twenty well-trained endurance athletes mean
(SD) ages 28.9 = 8.9 yr (range 18-40), active partici-
‘pants in national frack events were recruited to the study. All
participants had nnrm:u spirometry and @ VOjng, higher
than 55 ml . All subjects were informed of the
intent and pmcedur:s of the study, and a written informed
consent was obtained before any data collection. The insti-
tution’s research committee approved the study. Subjects
were requested to tefrain from any form of heavy exercise
and the consumpion of alcohol or caffeine in the 2
befors testing.

SubJecu continued their regular aerobic twaining pro-
grams and were required to record the training load [velocity
(running, swimming, and cycling) and distance per week]
they anained during the study period.

Study design. After baseline measurements (the pre-
fraining tests), the athletes were randomized into two
groups: 10 subjects comprised the experimental group and
received specific inspiratory muscle training (SIMT), and 10
uhl:l:s were assigned o the control group and got sham

Teste, Al st were performed befors and at the end of
the waining period. The subjects had previously been ¢x-
posed to all study procedures and therefore did not need any
habituation sessions before the present study.

‘Spirometry. Pulmonary function was assessed by spi-
romewy (Vitalograph, Compact, Buckingham England),
performed before and at the end of the training period. The
forced vital capacity (FVC) and the forced expiratory vol-
ume in ane second (FEV) were measured four to five times
(3-4 min interval between tests) with the subjects in &
standing position wearing a nose clip. The average of the
three best wials was taken as the value for each measurement
(25). The pulmonary functior. assessment also included an
isocapnic 60-s (B¢ = 60 = 3 breaths'min~') measurement of
maximal voluntary ventilation in 60 s (MVVeg) (5.17).

Respiratory muscle strength. Respiratory muscle
strength was assessed by measuring the maximal inspiratory
mouth pressure (Pl at residual volume (RV) and the
maximal expiratory mouth pressure (PEqn) at total lung
capacity (TLC) as previously described by Black aad Hyatt
(6). The values recarded were the best of at least theee
efforts

Inspiratory muscle endurance. To determine in
spiratory muscle endurance, 2 device similar to that pro-
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posed by Nickerson and Keens (26) was used. Subjects
inspired through 2 two-way Hans-Rudolph vaive, whose
inspiratory port was connected to a chamber and plunger to
which weights could be added extemnally. nspiratory elastic
work was then increased by the progressive addition of 25-
0 100-g weights at 2-min intervals, as previously described
by Martyn and coworkers (22), until the subjects were
exhausted and could no longer inspire. The pressure
achieved with the heaviest load (tolerated for at least 60 s)
was defined as the peak pressure (PmPeak).

Exercise capacity test. The test was carried out on a
weadmill (Quintor 657, Seattle, WA), using a modified
Balke protocol (3). The cunning speed was individually
adjusted (based on each subject’s half marathon pace). and
the work load was then incremented, at the conclusion of
cach min of exercise, by increasing the treadmill slope by

> 115, RPE > 18) (a typical test
consisted of §~11 1-min stages). All tests were conducted at
the Ribstein Center for Sports Medicine and Research at the
Wingate Institute, in an air-conditioned laboratory at sea
Tevel (mean room temperature 25 % 2°C, relative humidicy
45 = 5%, and barometric pressure 760 = 5 mm Hg). The
pretsining tes were p=rfnrmed at the end of Septembe,

-rm; urmng vt seloood i s aterpt for iz Rt
improvement of the subject’s acrobic capacity. During the
study period regular training was continued but was devoted
mainly to technical and tactical components.

heart rate, and estimated Oy saturation
(Physiocontrol Lifestat 1600 pulse-oxymeter, Redmond,
WA) data were collected, using a computerized data anal-
ysis system that included an Applicd Electrochemistry S-3A
0, analyzer (Sunnyvale, CA), Beckman 1, B-2 CO, ana-
lyzer, (Fullerton CA) and Hewlen-Packard Fleisch-type
preumotachometer (no. 3, Ventura, CA). The gas analyzers
were calibrated with precision gas mixtures and the preu-
‘motachometer with precision 3.0-L Vacumed calibration
syringe (Waltham, MA), immediately before cach test. Ba-
sic ges and flow measurements were corrected for ambient
temperature, barometric pressure, and water vapor. Mea-
sured and caleulated cardiopulmonary variables (every 205
included: oxygen uptake (VOy), carbon dioxide outpu
(VCOy), heart rate (HR), blood pressure (BP), minute ven:
tilation (V) respiratory exchange ratio (RER), ventilatory
cquivalent for oxygen (Vg/VO,), and for carbon dioxide
(vs/vco,), and breathing reserve (Br) (Bx = MVVio

Hesplratery training protocol. Subjects in bod
groups trained daily, six times a week, Each session con
sisted of 0.5-h training for 10 wk. The training was per
formed under the supervision of a trained physiotherapis
The subjects received SIMT with a threshold inspirator
muscle trainer (Threshold™ Inspiratory Muscle Traine:
Healthscan, NJ). The s\.bj=cls started breathing at a resis
tance equal to 30% of thu aximal inspiratory strengt
(Pias) for 1 wk. The resistance was then increased incrs
mentally, 5% each session, to reach 80% of their Plpy,,
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the end of the first 4 wk. SIMT was then continued for the
next 5 wk at 80% of their PL,,, adjusted every week to the
new Plog, achieved. Subjects in the control group received
sham training with the same device, but with no resistance.

Data analysis. The results are expressed as means *
SD. A repeated measure analysis of variance (ANOVA) was
applied to individual variables in order to investigate dif-
ferences within (pre to post) and between the training and
the control groups. A Tukey test was applied to compare the
mean values, Statistical significance is aceepted at P < 0.05.

RESULTS

anthropomerric, pnlmomry functions, and peak ex-
excise pnym\ogm\ chara of th
ned befoe and aftr the ing
i Tables 1 and 2. Before rarning tore were
between the groups for any of the variables studied.
Respiratory muscle strength and endurance. The
effects of the respiratory muscle training on the inspiratory
muscle strength and endurance are shown in Figure 1. All
patients in the training group doved ua increase in the
inspiratory muscle strength. Mean creased signifi-
cantly from 142.2 = 248 to 1771 2329 em B0 (P <
0.005). In the control group, mean Pl remained un-
changed (1373 = 22.2 and 138.6 % 293, pre vs post
taining). Similarly, the respiratory muscle endurance (Pr-
Peak) also increased significantly, from 121.6 = 13.7 o
1544 = 221 em H,0 (P < 0.005), in subjects of the
taining group, but not in subjects of the control group
(128.2 = 8.7 and 129.1 = 168, respectively) (Fig. 1).
‘Spirometry. There were no significant diffecences in
FVC, FEV,, or MVV,, cither between the two groups of
subjects or when comparing the post to preraining results
within each group (Table 1)
ise capacity test. The results of the post main-
e test showed that there were no sigaificant
Gifnencas in e Ve VOsnsy, arterial O, saturation,
breathing reserve (By), and in the ventilatory equivalents for
0, or CO, measured during and at the peak of the exercise
test, for either the experimental or the control groups (Table
2). It skould be pointed out that in both groups artecial O
sauration (%530;) as well as breathing reserve (Bp) at
maximal effort was indicative of respiratory limitation (36),
both befors and after the respiratary muscle training period.

S

VENTILATORY TRAINING AND ABROBIC PERFORMANCE

DISCUSSION

Our study showed that in well-trained endurance athletes
the SIMT significandly increases the inspiratory muscie
strength and endurance. The magnitude of the improvement
of the inspiratory muscle performance was similar to that

previously reported for patients with COPD (28,31,38). The
increase in respiratory muscle performance in the sy
study was not associated with increases in VO,
arterial O; saturation, or in the ventilatory equivalents [ur().
or CO; at peak exercise levels.

It has previously been shown that elite eadurance athletes
have greater inspiratory muscle strength and endurance than
untzained subjects (21). The present findings as well as
previously reported results (12.22.23) indicate that boty
strength and endurance of the inspiratory muscles in trained
athletes can still be improved by specific inspiratory muscle
training. The impressive improvement (25% for inspiratory
muscles strength and 10% for enduraace) shown in our
study can be explained, at least in part, by the relatively long
duration and high intensity of the respiratory training ses-
sions carried out by the training group.

Ventilatory limitation during exercise may be quantitated,
among other variables, by %SaO; values or by the breathing
reserve (By)index (3036,37). Although pise ximeeshas

bee

in -/os;o, during exercise (30), its sensitivity to minue
changes, especially at effort, is somewhat compro-
mised (30). The By ndon 1 based on the comparison of
‘maximal volutary ventilation at rest (MVV) (usually de-
termined during 12 or 15 s) with maximal exercise ventila-
tion (Veme), In healthy individuals, B, sxpresid a5 3
difference, MVV — Vs, is normally > 15 Lmin~' (36)
In patients with advanced lung disease, and in highly trained
endurance athletes, this difference is often lower than nor-
‘mal (sometime even < 1), which reflects the requirement to
breathe closer to their maximal breathing capacity
(17,26,37). In an attempt to better mimic ventilatory demand
during maximal aerobic effort, we employed a 60-s MYV
(isocapnic) instead of the more commonly used 12 s MVV
protacol () Test-retest reliability of the MVV,q mancuver
in our subjects showed highly reliable values (r's = 0.93—
0.95, unpublished data).

In the present study, both %SaOl and breathing reserve
(MVVgy = Vgna,) were of hypoventilatory re-
sponse at peak exercise, in both g'nups, before and remained
So even after the respiratory muscle-training period (see
Table 2). These findings support previous reports from our
group (17), and from others (10,11,18.32), suggesting ven-
tlatory limitation at peak aerobic exercise of such high
levels.

1t is reasonable to assume that if respiratory hypoventi-
latior plays any role in arterial O desawuration at high work
levels, then improved respiratory muscle performance could
result in improvement of ventilatory and possibly in the
acrobic capacity of the well-trained achletes (10,17,32)
Nevertheless, arteria! O; desaturation. Vepas: 30d VOinmas
breathing reserve (Bp) and spirometric pulmonary fuaction
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'ABLE 2. Pre and post respiralory muscle training peak physialogic variables in the training and in the control groups.*

Training Canlral
Pre Post Pre Post
V0, (mikg="-min~") 580 =45 581 =54 612 =47 587 =171
HA (peatmin) =" 1843 =77 1889 =73 1845 =12 1821 =838
Vg (Lmin) = 1455 = 187 1454 =217 1502 =156 1462 = 143
By, (L-min) ™" -52=45 -50=52 58 =51 41239
VeVO, (L) TB=40 73=456 7E=34 75=45
VNGO, (L-L)" 293=28 288=30 27 =04 295=35
530, (%) 99=11 90.7 = 44 R21=14 929=28
*Mean = SD.

of our subjects did not change after the SIMT. These find-
ings are in line with previous reports, which, similarly, did
not find changes in metabolic, or cardiorespiratory re-
sponses at peak exercise after SIMT (9,12,23).

One might speculate that the oxygen cost of breathing for
intense ventilatory efforts, such as during heavy muscular
work, is high enough to hinder any increase in VO e IS
also possible that central mechanisms were not stressed by
the SIMT to the extent needed for a significant rise in
VOamax: Furthermore, diffusion limitations across the blood
gas interface and/or increased extracellular water volume,
and not hypoventilation, may be the major mediator of
exercise-induced arterial hypoxemia (1,8,11,14,15). It is
well documented that during extremely high workload, red
blood cell transit time in the pulmonary capillary could be
reduced to as low as 0.2 s, time in which the diffusion of O,
is restrained and arterial O, desaturation may occur (11,39).

The unexpected dissociation between the improvement of
the inspiratory breathing capacity (in the training group) and
enhancement of the expiratory capacity (as determined by
Vzmax and Bg) could also be attributable to the specificity of
training (7,23,27). Although respiratory muscle training was
focused on the inspiratory muscles, the above mentioned
ventilatory variables are predominantly expiratory and not
inspiratory in nature. Thus, and as previously postulated
(18), the improvement in the inspiratory muscle perfor-
mance may not be instrumental in achieving higher levels of
ventilation. This may be so because during very heavy
exercise, at maximal lung volume, the elastic forces of the
lungs are stretched to maximum and the elastic forces of the
chest wall are compressed to maximum, both are exerted in

Figure 1—Effects of inspiratory muscle 0
training on respiratory muscle strength
(Pl,.,,) and endurance (Pm peak): a compar-
ison within each group. Error bars repre-
sent = 1 SD; * denotes P < 0.05.

Pl mas jem 11,0}
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an expiratory direction, in attempting to reexpand. Further-
more, because of the force-velocity relationship, the maxi-
mum inspiratory pressure that the muscles can generate
falls, as flow increases (15). Howell et al. (16) have shown
that uncompensated metabolic acidosis, typically present at
heavy aerobic exercise, negatively affects the contractile
mechanism and function of the canine’s diaphragm in the
face of increased metabolic demand. Hence, improving the
capacity of the inspiratory muscles may paradoxically im-
pede ventilatory response to maximal aerobic effort.

It is concluded that 10 wk of SIMT increases the respi-
ratory muscles’ capacity in highly trained athletes. This
increase was not associated with an increase in aerobic
capacity (VOzmax), VEmax OF in arterial O, saturation at
peak aerobic exercise. Furthermore, The SIMT, as used in
this study, seems not to alleviate the respiratory constraints
at peak exercise, or otherwise may suggest the need to
reevaluate the By index (especially when using MVVg,), as
a measure of respiratory limitation in general and in highly
trained individuals in particular (24).

There are no clear answers here, but there appears to be
a strong need for more work on the role of the respiratory
mechanisms in limiting performance—including the inter-
play between respiratory muscle fatigue, muscle training.
and ventilatory limitation.

We are grateful to Mr. M. Epstein, and Mr. A. Kuwalslq fmm the
Ribstein Center for Spert Medicine S and R
Institute, for their assistance in testing the athletes. We am also
indebted to the subjects, who so enthusiastically took part in the
study.
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