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mmmmm The aim of this study was to investigate whether a ‘warm-
up’ phenomenon in the strength of the inspiratory muscles ex-
ists, and, under this assumption, whether whole body warm-up
protocols or a specific respiratory warm-up is more effective in
this respect. Eleven club level rowers performed a rowing
warm-up, and twelve university students performed a general
cycling warm-up. Both groups also performed a specific re-
spiratory warm-up. Inspiratory muscle strength (Mueller ma-
noeuvre) and lung function (flow-volume loops) were meas-
ured before and after the three conditions. Isokinetic strength
during knee extension was measured before and after the row-
ing warm-up. The two whole body warm-up protocols had no
effect on inspiratory muscle strength or any lung function
parameter despite the significant (3.8+SD 1.4%; p <0.05) in-
crease in peak torque that the rowing warm-up elicited. The re-
spiratory warm-up induced a significant increase in inspiratory
mouth pressure (8.5+1.8%; p <0.0001) but not in any other
lung function parameter. Following the rowing incremental test
to exhaustion, maximum inspiratory pressure decreased by
7.0 +2.0%, which is an indication of respiratory muscle fatigue.
These data suggest that the inspiratory muscle strength can be
enhanced with preliminary activity, a phenomenon similar to
the one known to exist for other skeletal muscles. In addition, a
specific respiratory warm-up is more effective in this respect
than whole body protocols.

® Key words: Warm-up, rowing, Mueller manoeuvre, inspira-
tory muscles, isokinetic strength.
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Introduction

Warm-up may be defined as any preliminary activity that is
used to enhance physical performance and to prevent sports-
related injuries. There are various types of warm-up tech-
niques that competitors use to prepare for their event. The
most widely used methods are classified as passive. general

and specific warm-up [28].

Competitive rowing is considered to be one of the most de-
manding sports. as rowers work near their maximal physical
capacities and recruit a very large muscle mass. Open class
rowers generate amongst the highest values of any athletes in
selected physical fitness parameters, including those related to
cardiorespiratory and muscular function [16]. Warm-up is an
integral part of the preparation before the start of the race.

Most general warm-up protocols are of moderate intensity and
characterised by a low ventilatory demand [13]. In competitive
rowing, however. a higher intensity specific warm-up usually
follows the general warm-up in an attempt to practise the ra-
cing pace [8]. The higher intensity of the specific warm-up.
among other peripheral adaptations, elicits an elevated venti-
latory response that may prepare the respiratory muscles for
the demanding entrained breathing of rowing [20.29]. The ef-
fect of warm-up upon locomotor muscle strength is well docu-
mented [2.3.7.10] but very little scientific attention has been
directed towards the effect of warm-up on pulmonary function
and specifically inspiratory muscle strength.

The present study sought to address the following questions:
a) Does a whole body warm-up influence inspiratory muscle
strength? b) Does a specific respiratory warm-up affect the in-
spiratory muscle strength? Accordingly. we compared the ef-
fects of 3 warm-up protocols, a general cycling warm-up, a
rowing warm-up, and a specific respiratory warm-up. Our hy-
pothesis was that the inspiratory muscles will exhibit an im-
provement in performance similar to that observed in other
skeletal muscles following at least one of these conditions.
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Methods
Subjects

A total of 23 subjects participated after giving informed writ-
ten consent to the study that was approved by the local Ethics
Committee. Twelve Sport Science students formed the ‘rowing’
group. Characteristics of the two groups are shown in Table 1.
One of the subjects was removed from the study because he
developed a respiratory tract infection within two weeks of
the data collection, a condition known to have potential effects
on respiratory muscle strength [24].

Table 1 Characteristics of the two groups

Rowing (n=11)

Mean + SD Non-rowing (n = 12)

Age (yr) 201 20+2
Height (cm) 175+8 180+6
Weight (kg) 70+ 11 74+ 8
FVC (1) 5.4+0.9 5.3+0.6
FEV, (1) 4.6+0.6 45+0.5
FEV,[FVC (%) 86+8 87.2+7
VO,max (ml-kg'-min?)  47+7 58+7

Procedure

Before data collection, all subjects visited the lab on two occa-
sions to be familiarised with mouth pressure measurements
and flow volume manoeuvres. Subsequently, both groups per-
formed an incremental test to volitional exhaustion. a whole
body warm-up, and a specific respiratory warm-up, which
took place on three separate occasions. The non-rowing group,
which used a cycle ergometer for the incremental test and the
whole body warm-up, performed a general warm-up while the
rowing group, which used a rowing ergometer for the respec-
tive exercise sessions, performed a rowing warm-up consisting
of a general and a sport specific warm-up. The specific respira-
tory warm-up was performed using a pressure threshold in-
spiratory muscle training device. Maximum mouth pressures
and pulmonary function were assessed before and after every
treatment condition. Additionally, as an index of the warm-up
effect on the peripheral musculature, isokinetic strength of the
quadriceps was measured before and after the rowing warm-

up.

Maximum inspiratory pressures (MIP)

MIP is commonly used to measure inspiratory muscle
strength. It reflects the force-generating capacity of the com-
bined inspiratory muscles during a brief, quasi-static contrac-
tion (Mueller manoeuvre) [17]. MIP was recorded using a por-
table hand held mouth pressure meter (Precision Medical, UK).
This device hasbeen shown to measure inspiratory efforts ac-
curately and reliably [9]. Aminimum of five and a maximum of
nine technically satisfactory measurements were conducted,
and the highest of three measurements with 5% variability or
within 5 cm H,0 difference was defined as maximum [31]. The
initial length of the inspiratory muscles was controlled by in-
itiating each effort from residual volume (RV). This procedure

was adopted because, from our experience, RV is more repro-
ducible than functional residual capacity (FRC). Subjects were
instructed to take their time and to slowly empty their lungs to
RV. thereby avoiding problems associated with variability in
lung volumes. All manoeuvres were performed in the upright
standing position, and verbal encouragement was given to
help the subjects perform maximally.

Static spirometry

Pulmonary function was assessed with a Vitalograph 2120
portable spirometer (Vitalograph Ltd., Buckingham, England),
which was calibrated prior to each testing session using a 3 li-
tre calibration syringe (Hans Rudolph Inc., Kansas, USA). Fol-
lowing familiarisation, the best of three manoeuvres were re-
corded. Forced vital capacity (FVC), forced expiratory volume
in one second (FEV,), percentage expired (i.e. 100 x FEV,/FVC)
(FEV, %) and peak inspiratory flow rate (PIFR) were the param-
eters recorded before and after every treatment condition.

Incremental test to exhaustion (Peak VO,)

The no-rowing group performed a continuous incremental
protocol to volitional exhaustion on an Excalibur Sport V2.0
electromagnetically braked cycle ergometer. The work rate
was increased every fifteen seconds and was designed to elicit
maximal oxygen uptake (peak V0,) within ten to twelve min-
utes. The test was terminated at volitional exhaustion or when
the subject failed to maintain a pedalling frequency higher
than 50 rpm.

The rowing group performed an incremental test to volitional
exhaustion on a wind-resistance braked rowing ergometer
(Concept II, model c. Morrisville, USA) starting at an individ-
ually chosen light work intensity and increasing the workrate
by 50 W every 3 minutes. The wind damper was at the fourth
setting. Power was calculated from acceleration of the fly-
wheel and displayed on a monitor. Maximal power (Pmax)
was calculated as

Pmax = Pn-l"’(“pn‘Pn-ll . tn]“80)

with P, = power of the maximum stage. P,., = power of tt?e
stage before, and t, = time of work of the maximum stage in

seconds [18].

Breath by breath gas analysis was made with an MGA 2000
Mass Spectrometer (Aispec Ltd.. Kent. UK) in conjunction with
an ultrasonic phase-shift flowmeter (Birmingham Flowmet-
rics, Birmingham, UK). Data processing was performed on-line
(Labview 3, National Instruments, Austin TX, USA)on a Power-
mac 7100/80 (Macintosh Ltd.. USA). Calibration of the flowme-
ter was performed before each test using a 1 litre calibration
syringe (PK Morgan Ltd., Kent. UK). The heart rate was teleme-
trically monitored with Polar Accurex Plus heart rate monitor
(Polar Electro, Finland).

General warm-up

Twenty min of cycling was performed on the same cycle er-

gometer as in the incremental test. The first 10 min were per-
formed at 30% of peak work rate (WRpeak). the next S min at
35%. and the final Smin at 40%. Pedalling frequency was
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maintained between 70 - 80 rpm. This modest-intensity proto-
col was intended to assimilate the general warm-up preceding
the sport specific warm-up. Breath by breath gas exchange-
analysis and heart rate data were collected as during the peak
VO, test. Post warm-up measurements were made within two
minutes of completion.

Rowing warm-up

The protocol was designed to mimic as closely as possible the
routine that is usually adopted in preparation for a rowing
race. Five minutes of very light jogging on the treadmill, at a
heart rate of 110- 130 b/min, were followed by 10 minutes of
stretching. Subsequently, 12 minutes rowing of gradually in-
creasing intensity were performed during which the heart rate
increased from 148 (+2) to 178 (+ 1.7) b/min. The increase in
intensity was achieved primarily by increasing the stroke rate.
Then 5 sprints with increasing stroke rate and power output
were performed. Between each sprint there was an active rest
interval of light paddling which lasted approximately 2 min-
utes. At the end of the sprints the rower rested for approxi-
mately 5-7 minutes before any further measurements were
made. This rest interval was designed to simulate the small
pause between the end of the warm-up and the start of the
race. Details of the structure of the rowing warm-up can be
seen in Table 2. Breath by breath gas analysis and heart rate
data were again collected.

Table 2 Description of the rowing warm-up on the rowing ergometer

Stroke rate/min @ Percent Power Max (% P,,,.)

Warm-up (time)

1x12min (4-4-3-1) 18-20-22-24 50-60-70-75

2x30s 26-28 94.7 (£3.7)-103.6 (£ 2.6)
2x45s 28 108.9 (£2.9)-115 (+2.6)
1 min 30-32 132.2 (£5.0)

% P... = percentage of maximum power output achieved during the incremen-
tal test

Respiratory warm-up

Two sets of 30 breaths were performed using POWERbreath®
inspiratory muscle trainer (IMT Technologies Ltd., Birming-
ham, UK) at 40% of the MIP measured before the start of the
protocol. Between the two sets there was a short rest interval
while an intermediate MIP measurement was made. Forty per-
cent of maximum capacity has been suggested to approximate
the upper loading limit before fatigue of the diaphragm occurs
[26]. POWERbreath® is a pressure-threshold device which re-
quires continuous application of inspiratory pressure through-
out inspiration in order for the inspiratory regulating valve to
remain open. As with the maximal inspiratory pressures sub-
jects were instructed to initiate every breath from RV. They
continued the inspiratory effort up to the lung volume where
the inspigatory capacity for the given resistance limited further
excursion of the thorax. Powerful execution of the manoeuvres
was encouraged to ensure maximal voluntary output for the
given loading conditions. Because of the increased tidal vol-
ume, a decreased but spontaneous breathing frequency was
adopted by the subjects in order to avoid hyperventilation.
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Isokinetic strength

Dynamic isokinetic strength was measured before and aft
the rowing warm-up. Peak torque (Nm) and angle (degrec
of peak torque was measured during a concentric knee exte
sion of the dominant leg on a Cybex Norm isokinetic dyn
mometer (Cubex International, Inc. Ronkonkona, New Yoi
USA). A relatively slow speed of 60°/s was chosen to approx
mate the slow velocity encountered in rowing. All subjec
had at least two practice trials on previous occasions for fami
iarisation with the nature of the dynamometer and the specif
testing velocity. On the test day three practice trials with
light effort preceded the three maximum efforts from whic
the best value was taken for further analyses.

Statistical analyses

Student's t-test for paired samples was used to compare differ
ences between the MIP values before and after the two whole
body warm-up protocols. ANOVA with repeated measures anc
Scheffé post-hoc test was used to assess differences in the
RespWU. Values of P < 0.05 were considered statistically signif-
icant. Data points were means (* SE) unless otherwise stated.

Results

Rowing warm-up and general warm-up characteristics

Compared with the peak VO, test the rowing warm-up and the
general warm-up elicited a ventilatory response with the char-
acteristics shown in Table 3.

Table 3 Data obtained from the general and the rowing warm-up
expressed as percent peak values observed during the peak VO, test
(Data for the rowing warm-up is from the 12 minutes continuous row-
ing phase)

Ceneral Rowing

Mean (£ SE)

V% 40.1 (+6.9) 70.1 (+2.6)

vO,% 62.3 (£9.5) 80.5 (+2.4)

f% 71.2 (£3.2) 90.1 (£1.0)

VT% 88.1(£12.6) 88.2 (£ 1.7)

fo% 52.7 (£5.8) 76.6 (£ 3.1)
47.4 (+9.6) 65.1 (x1.3)

PIFR %

V¢ = minute ventilation. VT, = tidal volume (inspired). f, = frequency of breath-
ing. PIFR = peak inspiratory flow rate, f. = cardiac frequency

Isokinetic strength

The peak torque of the leg extension increased significantly
after the rowing warm-up by 3.8 (+ 1.4)% (P <0.05). The angle
of peak torque increased by 2.8 (+3.1)% but this increase was

not significant.
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Fig.1 Bland-Altman plot for reproducibility of baseline MIP between
whole body warm-up protocols and respiratory warm-up.

MiP
Test - retest reproducibility of MIP

The two baseline measurements, i.e. before the whole body
and respiratory warm-ups, permitted a test-retest assessment
of MIP. For the comparison of baseline MIP values the data of
both groups were pooled. The mean baseline MIP values of
the whole body warm-up protocols and the respiratory
warm-up were not significantly different, the mean difference
being less than 5 cm H,0. The mean (+ SE) coefficient of varia-
tion (CV = 100% x SD/mean) for the baseline MIP measured on
the two occasions was 4.65 (+ 0.76)%. Additional analysis using
the Bland-Altman plot [6] (Fig. 1) revealed a repeatability coef-
ficient of 26.6 cm H,0.

Influence of maximal testing upon MIP

Immediately after the incremental cycling (peak VO,) test MIP
decreased by 2.2 +3.0% from the baseline; this difference was
not significant. After the incremental rowing (peak VO0,) test
MIP decreased by 7.0 + 2.0% which was significant (P <0.01).

Influence of whole body warm-up on MIP

For the comparison between whole body warm-up protocols
the two groups have been analysed separately. After the gener-
al warm-up MIP increased from a baseline of 171.4 (+9.0) cm
H,0 to 178.8 (+ 12.6) cm H,0. a mean (+ SE) percent increase
of 3.4 (+2.5); this difference was not significant (p >0.05).
After the rowing warm-up baseline MIP increased from a mean
of 161.1 (+7.5) cm H,0 to 162.8 (+ 10.7), a mean (* SE) percent
increase of 0.3 (+3.2)% which again was not significant (p
>0.05).

Influence of respiratory warm-up on MIP

For the comparison of MIP values before and after the respira-
tory warm-up the data from the two groups were pooled. The
respiratory warm-up induced a significant increase in MIP
from a mean baseline of 171.2 (+ 7.0) cm H,0 to 178.1 (+6.8)

cm H,0 after 30 breaths, a 4.5 + 1.1% increase (P <0.001). After

60 breaths the mean MIP increased further to 184.2 (+6.4) cm
H,0. an additional significant increase of 3.8 + 1.3% (p <0.01).
The total increase from baseline was 8.5 £+ 1.8 % (p <0.0001}.

Table 4 Mean (SE) percent changes between baseline and the three
warm-up protocols. Results shown under respiratory warm-up are
pooled data for both groups

General Rowing Respiratory

(n=12) (n=11) (n =23)
MIP % 3.4 (2.5) 0.3(3.2) 8.5(1.8)°
FVC % 1.9 (2.4) -1.0(1.4) 1.0(1.2)
FEV, ¥ -1.0(1.3) 0.4 (0.9) 0.4 (0.9)
FEV,[FVC % -1.3(1.5) 1.4 (1.5) 1.4 (1.5)
PIFR % -1.2(2.3) 0.3(3.1) 1.75 (2.1)

MIP = maximum inspiratory pressure, PIFR = peak inspiratory flow rate, *De-
notes significance (p <0.0001)

Lung function

There were no significant changes in the parameters measured
other than MIP. Pulmonary function data obtained after the
general, rowing and respiratory warm-ups are summarised in
Table 4.

Prediction of warm-up effect

Post-respiratory warm-up MIP was significantly correlated
with the baseline MIP (p <0.001), and this relationship can be
described by the two linear models on Table 5. derived from
data taken after the two sets of 30 breaths of the respiratory

warm-up.

Table 5 Predictive equations for MIP

Respiratory warm-up R? Regression equation
30 breaths 0.9409 y =0.9344 x +18.099
60 breaths 0.8667 y =0.8506 x + 38.539
Discussion

The main finding of this study was that MIP increased signifi-
cantly following the respiratory warm-up but not following
the two whole body warm-up protocols. This phenomenon.
which emerges with at least 30 breaths using POWERbreath®,
raises the possibility that the respiratory system may have dif-
ferent warm-up requirements (threshold) than the locomotor
system.

Emphasis was given to the methodological issues related with
the Mueller manceuvre. The variability in MIP between base-
lines is in agreement with previous reports on test-retest re-
producibility [17]. The mean coefficient of variation, which
was smaller than reported previously [1.4,32]. as well as the
coefficient of repeatability from the Bland-Altman plot. which
is in agreement with the study of Maillard and others [21].
suggest that the task learning effect was expressed and reliable

baselines were established.

Another interesting observation was that following the incre-
mental rowing test to exhaustion MIP decreased. whilst no stg-
nificant changes occurred after the incremental cycling proto-
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col. These data are suggestive of respiratory muscle fatigue
and are in agreement with previous reports of the effect of
exhausting exercise upon respiratory muscle function [11,12,
19,22]. During rowing thoracic muscles are responsible not
only for the act of breathing but also for the stabilisation of
the thorax [6). This additional role of respiratory muscles in
the locomotive work of rowing might be the reason for the
development of inspiratory muscle fatigue in such a short time
compared with longer exercise durations reported previously.
Even though the entrained breathing observed in rowing is
suggestive of a possible scenario for respiratory muscle fa-
tigue, no study has reported it previously. Clearly more work
needs to be done in the breathing requirements of rowing to
understand the functional significance of these findings.

The precise mechanism(s) responsible for the increase in MIP
following the respiratory warm-up cannot be identified easily.
A skeletal muscle warm-up has been reported to have an effect
on maximum isometric force when the change in the muscle
temperature is substantial [2,25]. However, since in the pres-
ent study it was not possible to measure the temperature of
the diaphragm or the intercostal muscles, we can only suggest
that a temperature related effect, if any, was unlikely. This sug-
gestion is justified under the assumption that the temperature
of the diaphragm and the other inspiratory muscles is essen-
tially equal to the core temperature because of their location.

Thus, by a process of elimination an altered motor control hy-
pothesis is suggested. It is possible that the intermuscular co-
ordination between inspiratory and expiratory muscles is im-
proved in a manner similar to the one identified for other ske-
letal muscles [15]. Repeated performance of the specific re-
cruitment pattern might decrease the degree of co-contraction
known to exist between inspiratory and expiratory muscles at
RV and consequently improve force generation.

The protocols used in the general warm-up and the rowing
warm-up did not alter MIP. A possible explanation may be
that, due to the modest ventilatory response elicited by the
general warm-up, the threshold required for the respiratory
muscles ‘warm-up’ was not achieved. However. during the
rowing warm-up the ventilatory response was more pro-
nounced, as can be seen from Table 3, but again MIP did not
change. Comparing the breathing patterns of the two whole
body warm-up protocols, we notice that thoracic excursions
were of similar magnitude. The elevated minute volume of
the rowing warm-up was effected through increases in breath-
ing frequency as expected. These sub-maximal unloaded
breathing patterns, predominantly characterised by dia-
phragm participation, are different from the pattern of a rela-
tive chest wall muscle recruitment observed during the Muel-
ler manoeuvre [24]. Therefore, the recruitment pattern in-
volved could be suggestive of a relative insensitivity of the
Mueller manoeuvre to tension changes effected by diaphragm
participation.

In contrast, during the respiratory warm-up the recruitment of
the chest wall muscles is substantial, as loading compensation
enhances the inspiratory activity of the external intercostal
muscles. Furthermore. deliberate inspiratory cfforts tend to
make greater use of inspiratory intercostal muscles of the
chest wall than do spontaneous metabolically stimulated in-
spirations [31]. It has often been observed in strength-traming
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studies that increases in strength depend on how similar th
strength test is to the actual training exercise in terms of mus
cle fibre length and type of contraction [27]. Indeed. the re
cruitment pattern of the Mueller manoeuvre is more simila
to the pattern of the respiratory warm-up than the pattern o
the two whole body warm-up protocols.

The rowing warm-up increased the peak torque measured dur-
ing concentric knee extension and confirms its effectiveness as
a preliminary activity. These data are also in agreement with
previous reports on the beneficial effects of sport specific
warm-ups [13,28]. The fact that the rowing warm-up failed to
enhance MIP suggests that the respiratory muscles may not be
optimally prepared before the start of a rowing race. Addition-
ally, the possibility of a discrepancy between the work intensi-
ty required, for an enhanced function of the respiratory mus-
cles and the muscles of locomotion, is raised. An improved
functional capacity of the inspiratory muscles, as a result of
the warm-up, may allow a decrease in recruitment require-
ments and minimise in doing so the sensation of breathless-
ness. Indeed, strong relationship between recruitment of the
inspiratory muscles and the perception of dyspnea has been
suggested [14]. More work is needed to investigate the poten-
tial effect of this upon the perception of breathlessness and
rowing performance.

Finally. our data suggest that in the clinical and academic fields
studies that examine the function of the inspiratory muscles
under different treatment conditions should account for a
‘warm-up’ effect on baseline MIP. Indeed, studies examining
postexercise inspiratory muscle fatigue might reveal that the
degree of fatigue reported is larger than previously thought.
Likewise, results from studies that have failed to observe the
presence of fatigue may have done so because it was masked
by the ‘warm-up’ effect.

Conclusions

A warm-up phenomenon, similar to the one present in loco-
motion, exists in the inspiratory muscles. This enhancement
is more effectively elicited by specific inspiratory manoeuvres
than by whole body warm-up protocols.
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