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Table 1. Subject Characteristics

Control Resistance-Trained
N 17 12
Age, years 368+12 38717
Height, cm 171.0+£12 171.0£ 1.8
Body weight, kg 719+ 19 74921
%Fat, % 194 1.2 123+ 0.9*
Total cholesterol, mmol/l 5.0+£02 4.7+02
HDL cholesterol, mmol1 1301 1.6+0.1*
Plasma Glucose, mmol/l 5.0%0.1 5.1£01
Triglyoerides, mmol/l 15£03 0.9+0.1
Resting heart rate, bpm 582 562
Maximal heart rate, bpm 186+ 3 1834
VO2max, /min 27+£01 2.8+0.1
VO /body weight, mlkg/t 377+ 1.4 369413
Leg press power, W 1719 91 2293 + 155*
Handgrip, kg 45.6+ 1.6 510+ 2.0

Data are Means + SEM; N, no. of subjects; VO,,,, maximal
oxygen consumption. *Significant at P < 0.05 vs Control.
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Table 2. Cardiovascular Measures

Control Resi Trained

Brachial systelic BP, mmHg 1162 1312 4%
Brachial mean BP, mmHg 86+2 95+ 3*
Brachial diastolic BP, mmH; 712 74%3
Brachial PP, mmHg 45+ 1 57+£2*
Carotid systolic BP, mmHg 104 +2 123 £ 5*
Carotid PP, mmHg 332 481 4*

CA diameter, mm 6.4%0.1 6.2+ 0.1

CA IMT, mm 0.64 = 0.02 0.65+£0.03

Data are Means + SEM; BP, blood pressure; PP, pulse pressure;
CA, carotid artery, IMT, intima-media thickness.
*Significant at P < 0.05 vs Control.
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Abstract It has frequently been demonstrated that
prior high-intensity exercise facilitates pulmonary
oxygen uptake (VO,) response at the onset of sub-
sequent identical exercise. To clarify the roles of central
O, delivery and/or peripheral O, extraction in deter-
mining this phenomenon, we investigated the relative
contributions of cardiac output (CO) and arteriovenous
O, content difference (a-¥D0,) to the VO, transient
during repeated bouts of high-intensity knee extension
(KE) exercise. Nine healthy subjects volunteered to
participate in this study. The protocol consisted of two
consecutive 6-min KE exercise bouts in a supine posi-
tion (work rate 70-75% of peak power) separated by
6 min of rest. Throughout the protocol, continuous-
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wave Doppler ultrasound was used to measure beat-by-
beat CO (i.e., via simultaneous measurement of stroke
volume and the -diameter of the arterial aorta). The
phase II VO, response was significantly faster and the
slow component (phase IIT) was significantly attenuated
during the second KE bout compared to the first. This
was a result of increased CO during the first 30 s of
exercise: CO contributing to 100 and 56% of the VO,
speeding at 10 and 30 s, respectively. After this, the
contribution of a-VDO, became increasingly more
predominant: being responsible to an estimated 64% of
the VO, speeding at 90 s, which rose to 100%. by 180 s.
This suggests that, while both CO and a-VDO, clearly
interact to determine the VO, response, the speeding of
VO, kinetics by prior high-intensity KE exercise is
predominantly attributable to increases in a-VDO;.

Keywords High-intensity exercise - Cardiac output -
Arteriovenous O, content difference

Introduction

It has been consistently demonstrated that the pulmo-
nary oxygen uptake (VO,) response to a bout of high-
intensity [ie., supra-lactate threshold (LT)} exercise is
faster throughout the transient when recently preceded
by a similar high-intensity bout, i.e., a “‘double-transi-
tion” protocol (e.g., Gerbino et al. 1996; MacDonald
et al. 1997; Burnley et al. 2000; Fukuba et al. 2002). The
majority of these studies (using cycle ergometer exer-
cise) point to an attenuation of the VO, slow compo-
nent as the main mediator of this phenomenon (e.g.,
Burnley et al. 2000, Gerbino et al. 1996; Koppo and
Bouckaert 2000; MacDonald et al. 1997). However,
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even for a single high-intensity transition, there is still
debate regarding the relative contributions of O,
delivery to the exercising muscles (i.e., vascular limita-
tion) and O, extraction (i.e., metabolic “inertia”) con-
sequent to intramuscular enzyme-linked control
mechanisms (e.g., Grassi’ 2001; Hughson et al. 2001;
Poole et al. 1994; Whipp et al. 2002) in determining the
VO, kinetic response. The characteristics of the VO,
kinetic response to the double-transition protocol has
been widely addressed (see Jones et al. 2003 for review),
but the details of the potential cardiovascular determi-
nants still remain to be elucidated. For example, to what
extent does the magnitude and time course of the car-
diac output (CO; reflective of the central component)
and the arteriovenous O, content difference (a-vDO;
indicative of the peripheral O, extraction component)
contribute to the differences in VO, between the first
and second bouts of the double-transition protocol?

There are, to our knowledge, no studies that have
tracked central cardiovascular changes throughout the
double-transition protocol to establish their potential
proportional contributions. Recent advances in con-
tinuous-wave Doppler ultra-sonography provide the
opportunity for CO to be assessed continuously
throughout the transients from measurements at the
ascending aorta. We have, therefore, determined the
magnitude and time course of the CO response
simultaneously with that of VO, throughout a high-
intensity knee-extension double-transition exercise
protocol in humans, thereby also allowing the dynamic
features of the a-VDO; response to be calculated via
the Fick equation.

Methods
Subjects

Nine healthy Japanese subjects (5 women and 4 men:
age = 29.1 + 9.1 years; height = 165.8 £ 7.6 cm; body
weight = 58.9 = 14.0 kg, mean + SD) were selected for
the study on the basis of being able to provide high-
quality Doppler signals from the ascending aorta. The
subjects were all volunteers and were aware of all the
testing procedures, having given informed consent to
participate as approved by the ethics committee of the
local institution (in accordance with the Declaration of
Helsinki).

Exercise protocols

_During preliminary investigations using high-intensity

- - cycle ergometry, we found that the continuous mea-

R @ Springer

surement of loud, high-pitched audio signals and bright
visual signals (required for accurate determination of
the ascending aortic flow) was technically challenging
due to the cardiac movement and interference from
respiratory and body movements. In this study, we -
therefore adopted knee extension (KE) exercise with
the subject strapped to the table by belts placed across
the iliac spines and shoulder that allowed stable mea-
surement of blood flow in the ascending aorta from
continuous echo-Doppler applied via the supra-sternal
notch. This both minimized the effects of body (espe-
cially thoracic) movement and allowed the subject to
perform bilateral KE exercise in the supine position
with the hips flexed and stabilized at an angle of
approximately 150°: the lower leg being free to move
over the required range of motion. The bilateral KE
exercise involved lifting and lowering a weight at 1-s
intervals (i.e., 60 cycles per min) for each leg in an
alternating pattern. The weight was connected to the
ankle by a wire-and-pulley mechanism. Timed audio
signals provided the subjects with a constant rhythm to
cue exercise cadence. Soft rubber was used to cushion
the heel during knee flexion and to minimize eccentric
muscle activation and maximize concentric muscle
activation. A bar (that the subjects were required to
touch with their toes on each leg excursion) was used
to set the range of motion during the KE exercise,
which was continuously monitored (and verbal feed-
back provided) to ensure a consistent lifting distance.
The average lifting distance for this KE exercise pro-
tocol was 16.5 cm.

Initially, the subjects each performed a stepwise
incremental KE exercise test (0.5 kg each 30 s, from a
baseline of 0.5 kg) to the limit of tolerance, which oc-
curred at a peak work rate of 18.3 + 3.3 W for each leg.
The main components of the protocol (each performed
on different days) consisted of an initial 3-min resting
control phase immediately followed by two consecutive
6-min KE exercise bouts separated by a 6-min resting
recovery phase (a double-transition protocol). This was
followed by a 6-min resting recovery. The work rate
selected was 70-75% of the peak power achieved on the
incremental test that consistently resulted in the
development of a VO, slow component but also
ensured that each subject was able to sustain the
2 X 6-min exercise durations required by the double-
transition protocol. Each subject performed the proto-
col on two occasions at the same time on different days.

Measurements

Ventilatory and gas exchange responses were deter-
mined breath-by-breath using a computerized meta-
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bolic measuring system (RM-300, Minato Medical Co.,
-Japan). Prior to each exercise test, a hot-wire flow-
sensor and gas analyzers were calibrated by inputting a
known volume of air (at several mean flow rates) and
gas mixtures of known concentrations, respectively.

The time-serial CO was obtained using continuous-
wave Doppler, a two-dimensional and M-mode echo-
cardiography apparatus (SSD-2000, Aloka, Japan) to
measure the mean blood velocity (Viean) and diameter
of the ascending aorta (just above the aortic valve), i.e.,
similar to standard, previously described, methods
(Christie et al. 1987; Miyachi -et al. 1998; Rowland
. et al. 1998; Nottin et al. 2002; Sugawara et al. 2003).
Briefly, the ascending aorta was assumed to be circular,
and its cross-sectional area (CSA) was calculated using
the diameter measured by two-dimensional and M-
mode echocardiography during supine rest. The inser-
tion point of the aortic valve tips at end-diastole was
set using two-dimensional imaging in the parasternal
long axis view. The subsequent M-mode échocardio-
gram was recorded at the same level. The aortic
diameter was measured at mid-systole and end-diastole
from the mean of 3-5 consecutive cardiac cycles by the
leading edge to leading edge method. Continuous-
wave Doppler echocardiographic recordings of the
ascending aortic blood velocity were obtained with a
small-dedicated 2.0 MHz non-imaging transducer
.(SSD-870, Aloka, Japan) held in the supra-sternal
notch. The ascending aortic flow was identified by a
loud, high-pitched audio signal and a bright well-
defined video display. The Doppler and simultaneous
ECG signals were stored on S-VHS video during the
protocol. They were subsequently digitally converted
and analyzed using image analysis software (NIH im-
age). The Viean throughout a cardiac cycle was
determined between consecutive R spikes by plani-
metry. The velocity integral was calculated as the
product of V..., and ejection time during a cardiac
cycle. The stroke volume (SV) was calculated as the
product of the velocity integral and aortic CSA. The
CO was, therefore, calculated as the product of the SV
and the simultaneous heart rate (HR). The arteriove-
nous O, content difference (a-VDO,) was calculated
from the Fick equation by dividing VO, by CO. A
second-by-second time course was calculated for each
variable by interpolation and then stored on disk for
further analysis.

Data analysis
The temporal profiles of variables at the onset of both

bouts of high-intensity KE exercise were displayed by
10-s averaged data. We did not, however, perform

further model-based analyses of the response tran-
sients (such as time constants, gains or amplitudes) due
to the limited confidence of the estimation resulting
from the small-step increment of work rate and limited
number of repetitions (Lamarra et al."1987). Instead,
the summarized data from all subjects were displayed
at distinct time points: 0, 10, 30, 50, 90, 180 and 360 s
after the onset of each bout (where time =0 is the
baseline value averaged from the 30 s immediately
preceding the exercise onset). The value at each rep-
resentative time was determined as average for a 10-s
bin placed equidistant around each corresponding time
point. Then, the difference between the VO, values in
bout 1 and bout 2 were determined [VO, (second)/
VO, (first)] and used to calculate the relative contri-
butions of CO and a-VDO, to this difference in each
subject i.e., similar to the method previously used by
De Cort et al. (1991) and MacDonald et al. (2001).
Briefly, the relative contribution of a-VDO, to the
speeding of the VO, kinetics observed in bout 2 can be
evaluated by assuming that the CO kinetic profile is
unchanged between bouts. Consequently, the relative
contribution of a-vDO, can be calculated from a-vDO,
(second)/a-VDO, (first). The same process can be ap-
plied to a-vDO; (i.e., assuming both bouts follow the
measured bout 1 profile) in order to calculate the rel-
ative contribution of CO [CO(second)/CO(first)] to the
speeding of the VO, kinetics observed in bout 2. The
difference between the VO, kinetic profiles during the
double-transition protocol (i.e., the degree of speeding
of the VO, kinetics) can thereby be attributed to the
quantitative contributions of CO and/or a-vDO,.

The increment in VO, between 180 and 360 s of
each exercise bout (AV02(6_3)) was used to estimate
the magnitude of the VO, slow component. In addi-

tion, the increment in VO, between 120 and 360 s of

each exercise bout (AV02(6_2)) was also calculated to
aid direct comparison with other recently published
data (e.g., Koppo et al. 2002).

The values are expressed as mean + SD. The time-
serial changes in the variables were tested with respect
to the differences between first and second bouts by
repeated-measures ANOVA with time. When a signif-
icant difference was detected, this was further examined
by Tukey’s post-hoc test. All statistical analyses were
performed with SPSS for Windows (SPSS Inc.). The
statistical significance was accepted at P < 0.05.

Results

Examples of the 10-s averaged VO, and cardiac re-
sponses (i.e., HR, SV and CO) for a representative
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subject during the double-transition KE protocol are
shown in Fig. 1. The group mean on-transient re-
sponses are shown in Fig. 2 at 0, 10, 30, 50, 90, 180 and
360 s of each bout (where ¢ = 0 represents the baseline
preceding exercise onset). The temporal profile of VO,
after the onset of bout 2 was consistently and signifi-
cantly higher than that in bout 1 for all values from 10
to 180 s, consistent with speeded VO, kinetics. Note
also that VO, had recovered to its prior control value
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Fig. 1 The pulmonary VO,, heart rate (HR), stroke volume
(SV) and cardiac output (CO) responses (averaged every 20 s)
during repeated bouts of high-intensity knee extension exercise
in a representative subject
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by the start of the second exercise bout (VO, values at
t =0 were the same for both bouts). The AV02(6_3)
was significantly higher in bout 1 (78 + 44 ml min™)
compared to bout 2 (57 + 36 ml min™!). This was also
the case for the AV02(6_2) index (bout 1,
132 + 51 ml min™ vs. bout 2, 94 + 42 ml min™?).

Following the initial 20 s, CO showed a very similar
temporal response during both exercise bouts, with the
CO only being greater (P < 0.05) at 0 and 10 s of bout
2. In contrast, the HR remained significantly elevated
throughout the bout 2, including the baseline prior to
the exercise onset (Fig. 2). The a-VDO, was signifi-
cantly lower at the onset of the bout 2 as a consequence
of the high CO residual from the prior exercise
(Fig. 2). The difference of a-¥DO, between the bouts
gradually widened after phase I and was significantly
higher in bout 2 (compared to bout 1) by 180 s (Fig. 2).
It is salient to note that the qualitative difference be-
tween the bouts in the VO, profiles was closer to that
of a-vDO; than CO. We could not discern a slow
component-like phase in the CO response in either
bout: ACOg.3 boutl, 021 +046 vs. bout?2,
0.40 + 0.31 1 min™. However, Aa-VDOy_3 was sig-
nificantly lower in bout 2 (-0.071 + 0.401 ml 100 ml)
compared with bout 1 (0.635 + 0.388 ml 100 ml).

The relative contributions (expressed in %) of CO
and a-VDO; to the speeding of VO, observed in bout 2
between 0 and 180 s (i.e., the region encompassing
phase II) are displayed in Fig. 3. Using the 90 s time

" point as an example, the absolute mean values for VO,

increased from 617 ml min™ in bout 1 to 656 ml min™
in bout 2: an increase of 6.3%. The corresponding
values for CO and a-VDO, were 8411 min™ and
7334 ml 1", respectively, during bout1, and
8.60 Imin™ and 76.31 m! 1, respectively, during
bout 2. If it is assumed that CO did not change be-
tween bouts (ie., was 8.41 Imin™ at 90 s in both
bouts), then the expected increase in VO, would be
8.41 1 min™ multiplied by 76.31 ml I}, or 642 ml min™.
This can then be used to estimate the relative contri-
bution of a-¥DO, to the speeded VO, kinetics ob-
served in bout 2, ie., 642/617 ml min™, or 4%. A
similar calculation for CO (assuming unchanged
a-VDO,) yields an expected VO, of 631 ml min™ (ie.,
8.60 1 min™ multiplied by 73.34 ml I'!). The relative
contribution of CO was therefore estimated to be 631/
617, or 2.3%.

These calculations were repeated for each individual
at each time point. The increase in the VO, of bout 2
was approximately 6-7% throughout the transient
phase (ie., until 180 s; Fig. 3). Using the approach
described above, approximately 2-3%. was attributable
to a-VDO, during the first 30 s, after which this con-.
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Fig. 2 The superimposition
-of pulmonary VO, cardiac
output (CO), arteriovenous
O, content difference
(a-¥DOy) and hear rate (HR)
responses determined at
district time points during -
bout 1 (filled circle) and bout
2 (open circle) of repeated
high-intensity KE exercise
(group mean and SD). The
values at time O represent the
average of the 30 s baseline
just prior to the exercise
onset. Asterisks represent
significant difference between
first and second bouts
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tribution continuously increased reaching 7% by 180 s.
The higher VO, measured at 180 s in bout 2 (com-
pared to bout 1) could, therefore, be entirely attributed
to a proportional increase in a-VDO, by the end of
phase II. The proportional contribution of CO showed
the opposite trend. At 10 s, the higher VO, in bout 2
could be entirely attributed to a proportionally higher
CO. However, this proportional contribution fell rap-
idly over the initial 30 s and subsequently continued to
decrease, such that by 180 s, none of the VO, speeding
could be attributed to CO (Fig. 3). There were statis-
tical differences between contributions of both CO and
a-vDO, at 10 and 180 s (Fig. 3). Overall, following
high-intensity KE exercise, the VO, response to a

404 ———————————

T T T T

; i
360 0 180 360

time (sec)

second identical exercise bout 2 was ~7% greater at
each time point considered from 0 to 180 s. This was
consequent to interactive contributions by both O,
delivery and extraction, with the predominant pro-
portion attributable to a progressively increasing
extraction (greater a-VDO,) following the initial 30 s of
exercise (i.e., rising from 43 to 107% between 30 and
180 s of exercise).

Discussion

This investigation provides, we believe, the first
description of the relative contributions of CO and
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% contribution to VO2 (%)

—~

time (sec)

Fig. 3 The percentage contribution of arteriovenous O, content
difference (a-¥DO;) (square) and cardiac output (CO) (circle)
throughout the transient, to the difference in VO, (closed circle)
between the first and second exercise bouts. See the detailed
explanations in the text. Asterisks represent significant difference
between CO and a-¥DO, contributions (P < 0.05)

a-¥DO; to the faster VO, response manifest during the
transient phase of the second bout of a repeated high-
intensity exercise protocol. In order to determine both
VO, and CO in concert (and calculate a-vDO,) we
used KE exercise, not cycle ergometry as is more
typical. However, through solving the Fick equation
using these measurements during KE exercise, we have
elucidated the relative and interactive contributions to
VO, from central circulatory and peripheral O,
extractive components. The findings suggest that the
~7% speeding of the VO, kinetics in the second bout
of the double-transition protocol are mainly derived

from a gradually widening a-VDO, (relative to that of

the first bout). However, during a very early stage of
the transition (the first 50 s after onset) the CO con-
tributes to a greater degree to the speeding of VO, in
repeated bouts.

In the present study, we chose a conservative strat-
egy to analyze the time-serial data without identifying
kinetic parameters (see section Limitations). However,
it should be noted that the relationships among CO,
VO, and a-vDO, in the present study are compatible
to those previously reported for a single transition of
cycling exercise (e.g., Cummin et al. 1986; De Cort
et al. 1991). Even without estimation of the kinetic
parameters, it is clear from the profiles shown in Fig. 2
that the time course of CO is relatively faster than that
of VO, in both exercise transitions. Despite these
faster kinetics, the magnitude of the CO increase
(relative to that of VO,) is not adequate to prevent
slow increases in a-VDO, throughout the transient. By
comparing the VO, kinetics of two bouts of repeated
high-intensity exercise, we were able to calculate the
relative contributions of CO and a-vDO, to the VO,

‘2_] Springer

speeding in the second bout. To do this, we assumed
that either of the two variables contributing to VO,
(ie., CO or a-¥DO;) would have the same absolute
value throughout the bout 2 transition as that mea-
sured during bout 1. That is, with a-¥DO, assumed to
respond in bout 2 precisely as it did during bout 1, we
can calculate the degree to which an augmented CO
may have contributed to the greater VO, measured.
Comparison of these calculated and measured VO,
values allows a relative weighting to be placed on ei-
ther of the two components, CO or a-vDO,. These
data suggest that CO had a relatively important con-
tribution to the increment in VO, during phase I and
the following few seconds of bout 2 (the first ~50 s;
Fig. 3). Consequently, mechanism(s) related to the
peripheral extraction and utilization of oxygen seem to
be relatively more important than central circulatory
factors in determining the speeding of the phase II and
I (i.e., 50-180 s after the exercise onset) pulmonary
VO, kinetics during the high-intensity double-transi-
tion protocol; although, of course, the interaction of
both factors ultimately determine the VO, kinetics.

We are aware of only one study with respect to
“double-transition” protocol that has experimentally
addressed the potential contribution of circulatory
factors in determining the faster VO, kinetics during
bout 2. MacDonald et al. (2001) used a similar strategy
to the present study to explore the relative contribu-
tions of peripheral “blood flow” (BF) and a-vDO,
(where v means antecubital venous blood) to exercis-
ing limb VO, (not pulmonary VO,) during repeated
bouts of forearm exercise (lateral handgrip). In that
study, the forearm VO, was raised by ~30% at 30s
after exercise onset in bout 2 compared to bout 1. They
calculated (using the same methods as those used here)
that the increase in VO, was consequent to a 25.1%
increase in forearm BF and 3.7% increase in a-vDO,.
MacDonald et al. (2001) concluded that this relative
contribution indicated that the major factor influencing
exercising-limb VO, was the increase in BF.

The main discrepancy between the study of Mac-
Donald et al. (2001) and the present findings is the
exercising muscle mass and the intensity of the exercise
bouts. The limb VO, in the study of MacDanolad et al.
(2001) reached a plateau within 2 min and there was no
evidence of a slow component, suggesting a light or
moderate intensity (see Fig. 2 in MacDonald et al.
2001). During larger muscle mass exercise (such as
cycling or KE), a speeded- VO, response is typically
only manifest if the preceding exercise is above LT and
VO, consequently manifests a stow component. The
discrepancy between the studies may, therefore, be
derived from the difference in the relative intensity of -
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the exercise for. the involved muscle mass adopted
(e.g., Shephard et al. 1988). We suggest that when a
larger, locomotory muscle mass is engaged in exercise,
the predominant cause of speeded VO, kinetics is an
increase in a-vDO,. In support of this notion, Endo
et al. (2003) recently demoristrated that attenuation of
central circulatory dynamics (reducing HR by cold face
stimulation; CFS) applied at the onset of bout 2 during
high-intensity cycling had no effect on the pulmonary
VO, response. This supports the notion that the
speeded VO, response during the double-transition
protocol is not dominated by central factors.

Attenuation of the magnitude of the VO, slow
component by prior exercise was a characteristic of the
present study. This is similar to previous observations
during a double-transition protocol using cycle erg-
ometry (e.g., Burnley et al. 2000; Gerbino et al. 1996;
Koppo and Bouckaert 2000; MacDonald et al. 1997).
However, in the present study the reduced VO, slow
component was not associated with an alteration of CO
during KE exercise. Here, CO did not show evidence
of a slow component-like phase, with ACO.3) being
essentially zero (bout 1: 021 +0.46 vs. bout 2:
0.40 + 0.31 1 min™"). Rather the attenuation of the
VO, slow component was more closely associated with
the profile of a-vDO,. This also indicates that O,-
extractive factor(s) appear to be more important in
speeding the overall VO, response dynamic using a
double-transition protocol.

The present result revealed a relatively dominant
contribution of a-vDO; to the augmentation of the
VO, response during the high-intensity double-transi-
tion protocol. While it was, of course, determined by
the effective interaction of both central circulatory and
peripheral extractive factors, we calculated that
a-vDO, contributed to over 50% of the VO, speeding
(ie., from 50 s onwards, or the majority of phase II). In
line with previous suggestions, these findings indicate
that the predominant determinants for the speeding of
VO, kinetics by prior exercise (and the consequent
reduction of the VO, slow component) is likely to be
attributable to factors more proximal to the exercising
limb (the lower limb in this case). One candidate was
within the peripheral bulk circulation; that is a more
efficient distribution of CO to the exercising limb.
However, a recent study from our laboratory utilizing
kinetic analyses (Endo et al. 2005) indicated that the
optimization of femoral artery blood flow could not
explain the faster pulmonary VO, kinetics during the
second bout of repeated high-intensity KE exercise.
For blood flow to be responsible for a greater pro-
portion of the speeded VO, response, a flow optimi-
zation that is more peripheral than the femoral artery

would be required. Such a mechanism is yet to be
elucidated.

Intramuscular mechanisms, that are thought to
determine VO, kinetics, have been investigated during
the double-transition protocol by Rossiter et al. (2001).
These authors suggested that attenuation of the VO,
slow component following prior exercise in humans
was consequent to an intramuscular “spanng” of [PC1]
degradation. This suggestion that the VO, slow com-
ponent is determined by intramuscular mechanisms
was in accordance with the findings of Poole et al.
(1991), who showed that ~80-90% of the pulmonary
VO, slow component could be accounted for by an
increase in the leg VO,. Consequently, the control of
the VO, slow component is typically ascribed to
intramuscular factors in the exercising limb, rather
than to the rest of the body. Therefore, the attenuation
of the slow component by prior exercise (and perhaps
the speeding of phase II kinetics) ought also to be
determined by intramuscular events, such as the pat-
tern of motor unit recruitment and/or fatigue (Barstow
et al. 1996; Rossiter et al. 2002), intracellular factors
other than O, availability (Hogan 2001; Behnke et al.
2002), which may arise from either activation of the
pyruvate dehydrogenase complex (Timmons et al.
1998; ‘Howlett and Hogan 2003; Rossiter et al. 2003),
and/or be related to the attenuation of the blood lac-
tate increase (Gerbino et al. 1996), or altered phos-
phate-mediated feedback control (Rossiter et al. 2001).
Identifying the intramuscular source of the faster VO,
kinetics is, however, beyond the scope of this study.

Limitations

The development of the Doppler ultrasound technique
for the measurement of time-resolved CO has made it
possible to observe the kinetics CO throughout an
exercise transition in greater detail than has previously
been possible. Traditional non-invasive methods, such
as CO, or acetylene rebreathing or prolonged exhala-
tions (e.g., Sackner 1987), have poor time resolution
and are therefore not ideal for kinetic observations.
However, the continuous Doppler wave method is it-
self sensitive to signal “noise” derived from several
technical and spontaneous sources. We attempted to
minimize these by averaging two identical repetitions
for each subject with simultaneous VO, measurement.
The VO, kinetic responses were further enhanced by
additional repetitions, with particular care not to in-
duce significant training effects. Despite this, the CO
responses were not sufficiently noise-free to confi-
dently estimate kinetic parameters. We, therefore,
chose a conservative strategy to analyze the time-serial
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data without estimation of kinetic parameters in any of
the measured or calculated variables. However, it
should be noted that the relationships among CO, VO,
and a-VDO; in the present study were very compatible
to those previously reported for a single transition of
leg dynamic cycling exercise (e.g., Cummin et al. 1986;
De Cort et al. 1991).

In general, the KE exercise modality has frequently
led to a reduction in the time constant of VO, pri-
mary component (t,) as well as the magnitude of the
VO, slow component (e.g., Hughson etal. 2003;
Fukuba’ et al. 2004; Rossiter €t al. 2001). However,
investigations using cycle ergometry typically find that
prior exercise-induced changes are limited to the slow
component region; in other words, the phase II VO,
1, 1s unaltered (e.g., Burnley et al. 2000; Endo et al.
2003; Gerbino et al. 1996; Koppo and Bouckaert 2000;
Wilkerson et al. 2004). In addition, KE exercise can
result in longer VO, 17, (~50s) and hlgher funda-
mental gain (AVO,/AW; ~20 ml min™ W), com-
pared to those seen during cycle erogmetry in healthy
subjects (e.g., ~25-35 s; ~10 + 1 ml min™ W) (e.g.,
Endo et al. 2005). The distinction between KE and
cycle erogometry, therefore, may be of importance in
this regard. Furthermore, because the KE exercise
requires substantially high intramuscular force, there
are presumably differences in circulatory adjustments
(including CO) at the onset of KE exercise compared
to cycle ergometry. Steady-state relationships among
CO, VO, and a-vDO, in the present study (i.e., KE
exercise) were, however, very compatible to those
previously reported for a single transition of leg
cycling ergometer exercise (e.g., Cummin et al. 1986;
De Cort et al. 1991). Therefore, caution should be
used in extrapolating the results of the present study
to other modes of exercise, such as conventional
cycling exercise.

- In summary, this study demonstrated that: (1) the
pulmonary VO, was 51gn1ﬁcantly higher between 10
and 180 s (and slow component reduced) after the
onset of high-intensity KE exercise when preceded by
an identical first bout of KE; (2) cardiac output mani-
fests a faster on-transient time course than pulmonary
VO, throughout, but was unchanged between the
phase II transient of the first and second exercise bouts;
and (3) the apparent speeding of the VO, response
during the phase II region of bout 2 was initially greatly
determined by a large contribution of CO, but later
(and more predominantly), as a result of increased O,
extraction. This suggests that the mechanism(s) mod-
ulating the speeding of the VO, response during bout 2
of the double-transition protocol should be sought for
in event(s) within the exercising muscles themselves.

Rl
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Abstract Ventilatory threshold (VT) is an important
predictor of cardiorespiratory fitness, such as peak
oxygen uptake (Vo,peak), and is a valuable index of
aerobic exercise intensity. However, little is known
about the role of skeletal muscle (SM) mass in the age-
associated decline of VT. Therefore, the present study
was performed to investigate the effects of age on
cardiopulmonary fitness normalised for regional SM
mass in 1,463 Japanese men and women, and to
determine the relevance of VT normalised to SM mass
based on age and gender. Total, trunk and thigh SM
mass were measured using an ultrasound method,
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while VOzpcak and VT were determined during tread-
mill walking. Voz,,cak was estimated using the predicted
maximum heart rate (HR) and the HR-Vo, relation-
ship for sub-maximal treadmill walking. There were
significant negative correlations between VT norma-
lised for body mass and age in men and women (P <
0.001). Age-associated declines were also observed in
VT normalised for body mass in both men and women;
however, VT normalised for SM mass was not signifi-
cantly different with age. Significant correlations were
also observed between thigh SM mass and VT in both
men and women. These results suggest that thigh SM
mass is closely associated with VO;peak and/or VT in
both men and women, and the decrease in VT with age
is predominantly due to an age-related decline of SM
mass. Moreover, this study provides normative car-
diorespiratory fitness data regarding VT normalised
SM mass in healthy men and women aged 20-80 years.

Keywords Age - Anaerobic threshold - Gender -
Skeletal muscle mass - Ultrasound - Vo,peak

Introduction

Low levels of cardiorespiratory fitness, such as peak
oxygen uptake (Vo,peak), are risk factors for future
cardiovascular mortality, as well as mortality of all
causes in middle-aged and elderly men and women
(Blair et al. 1995, 1989; Fletcher et al. 1996). Although
measurement of VOzpeak is important to classify an
individual’s health risk, the accurate determination of
Vo,peak T€Quires a maximum graded exercise test
(GXT) performed on a treadmill or cycle ergometer.
However, GXT are accompanied by a certain degree
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of risk, such as myocardial infarction, and the need to
consider the subject’s motivation even in healthy
middle-aged and older individuals (American College
of Sports Medicine 1995). Therefore, predicted maxi-
mal heart rates (HR), such as 220 minus age, are
commonly used to estimate Voweak using the HR-VQ2
relationship during sub-maximal exercise (McArdle
2001). The ventilatory threshold (VT) has been defined
as the point when the changes in ventilation (VE) are
disproportionately greater than the changes in VOz
with increasing workloads which occurs at the lactate
acidosis threshold (Wasserman et al. 2005). The VT
can be used directly and accurately as a measure of
cardiorespiratory fitness (Gaskill et al. 2001), and is
also useful for evaluating the training effect in low to
moderate intensity physical exercise (Zhang et al.
2003). Furthermore, it has been shown that the changes
in VT in low to moderate exercise are associated with
cardiac autonomic nervous function, which may be
used clinically as a predictor of cardiovascular mor-
bidity and mortality (Tuomainen et al. 2005). Thus,
when studying the effects of aging on cardiorespiratory
fitness, both VO;peak and VT are key factors.

The age-related decline of Vp,peax has been attrib-
uted to changes in body composition, especially a loss
of skeletal muscle {SM) mass, or sarcopenia (Fleg and
Lakatta 1988; Frontera et al. 2000; Proctor and Joyner
1997). SM mass is important for understanding the
decline in Vozpeak with age, because the arterial-ve-
nous difference for oxygen in SM is one of the deter-
minant factors of Vo,peax according to the Fick
principle. Previously, we reported that lower body SM
mass measured by magnetic resonance imaging (MRI)
was strongly correlated with Vozpeak during running
(Sanada et al. 2005), independent of body mass and
fat-free body mass (FFM). However, to our knowl-
edge, there is no evidence supporting the relationship
between VT and total or regional SM mass as a func-
tion of age in a large population. Therefore, it is nec-
essary to clarify what factors are important for
normalisation (i.e., body mass, FFM, SM mass) in or-
der to accurately evaluate VT.

1t is difficult to accurately quantify total and regional
SM mass because it requires the use of MRI or com-
puterised tomography (the gold standard), which are
costly and time-consuming for analysis. Recently, our
laboratory developed several regression-based predic-
tion equations (Sanada et al. 2006) of SM mass based
on B-mode ultrasound of muscle thickness (MTH). We
have further demonstrated that use of these equations
are a valid method for predicting SM mass in healthy
Japanese adults, and a viable alternative to costly MRI
measurements. Ultrasound has been widely employed
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for measuring SM size in vivo (Abe et al. 1994; Kubo
et al. 2003; Reimers et al. 1998). This method is prac-
tical for large-scale studies, most notably because of its
portability (~10 kg) and ease of taking measurements
in the field.

The purpose of the present study was twofold: (1) to
investigate the effects of age on cardiorespiratory fit-
ness normalised for regional SM mass, and (2) to
determine the relevance of VT normalised to SM mass
based on age and gender.

Methods
Subjects

Fourteen hundred and sixty-three healthy Japanese
men and women aged 20-80 years participated in this
study (807 men and 656 women, 49.3 + 13.5 years).
None of the subjects were taking any medications
known to affect the study variables, such as beta-
blockers or hormone replacement therapy, and all
subjects were members of a fitness club. Most of the
subjects routinely performed moderate aerobic and/or
resistance exercises. The purpose, procedures and risks
were explained to each participant, and all subjects
gave their written informed consent before participat-
ing in the study approved by the Ethical Commission
of Waseda University. Subjects with any of the fol-
lowing conditions were excluded from the study: sig-
nificant cardiovascular or pulmonary disease,
uncontrolled metabolic disease (diabetes, anaemia, or
thyroid disease), or electrolyte abnormalities.

Measurement of VO,peak and VT

We measured the body mass, height and waist cir-
cumference of all subjects before measurement of
Vngeak and VT. VO, during a treadmill walking test
was measured using an automated breath-by-breath
mass spectrometry system (Aeromonitor AE-280S;
Minato Medical Science, Tokyo, Japan). Subjects
warmed-up at 40 m min™' on a 4% grade for 3 min.
Then, the treadmill speed and grade were increased by
15 m min~ or 5% alternately for each successive
minute of walking until subjects reached approxi-
mately 85% of their maximum HR (220 minus age).
We developed this protocol based on the metabolic
equations for gross VO, (American College of Sports
Medicine 1990). Previously, we validated this protocol
in 104 healthy middle-aged and older men and women
(Sanada et al. 1997). Lehmann et al. (1997) confirmed
that the treadmill exercise protocol designed on a
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theoretical basis to span a range of 0-200 W in incre-
ments of approximately 25 W by alteration of either
speed or grade from one stage to the next should
correspond to a standard bicycle protocol consisting of
25-W steps. VO, during walking was calculated every
30 s. The electrocardiograph was monitored constantly
during the exercise session and was also used to mea-
sure HR at intervals of 30s. Ratings of perceived
exertion (RPE) were also recorded every minute dur-
ing exercise. Vo,peak was estimated from maximum HR
using the HR-V, relationship for sub-maximal exer-
cise. VT was estimated from ventilatory equivalents for
oxygen (VE/Vo,) and carbon dioxide (VE/Vco,) as
described previously (Caiozzo et al. 1982). VT was
determined from Vp, as the point of inflection where
the VE/Vo, ratio was at its lowest and then increased
progressively with further increments in treadmill work
rate, while at the same time VE/Vo, reached a plateau
or declined. The modified V-slope method where Vco;
was plotted against Vo, was also used to support the
estimate of VT by ventilatory equivalents (Beaver
et al. 1986). In this study, 1,367 (755 men and 612
women) subjects met the criteria for attainment of VT.
The VT was similar with a small (< 2%) and not sig-
nificant difference between the observers. The Vo,
should be proportional to.L? or M*3, where L is length
and M is body mass (Astrand and Rodahl 1977). We
applied this calculation for VT and Vozpe,,k.

Ultrasound MTH and measurements

Ultrasound has been widely employed for accurate
measurement of the SM size in vivo, and this method
has been shown to be highly reliable and valid in pre-
vious studies involving measurement of muscle thick-
ness—MTH (Abe et al. 1994; Fukunaga et al. 2001;
Reimers et al. 1998). The MTH determined by B-mode
ultrasound was assessed at six sites on the anterior and
posterior surfaces of the body, as described previously
(Abe et al. 1994). The sites included: the anterior and
posterior upper arm, a point 60% distal between the
lateral epicondyle of the humerus and the acromial
process of the scapula; the abdomen, 2-3 cm to the
right of the umbilicus; subscapula, 5 cm directly below
the inferior angle of the scapula; anterior and posterior
thigh surfaces, midway between the lateral condyle of
the femur and the greater trochanter.
Ultrasonographic evaluation of MTH was performed
using a real-time linear electronic scanner witha5 MHz
scanning head (SSD-500; Aloka, Tokyo, Japan). The
scanning head with water-soluble transmission gel,
which provided acoustic contact without depression of
the skin surface, was placed perpendicular to the tissue

interface at the marked sites. The MTHs were measured
directly from the screen with electronic callipers, and
determined as the distance from the adipose tissue-
muscle interface to the muscle-bone interface. Total
and regional SM mass were estimated using the equa-
tions of Sanada et al. (2005). The MTHs were converted
to mass units in kilograms by ultrasound-derived pre-
diction equations using site-matched MTH x height,
which were then used to calculate arm, trunk, thigh and
lower leg SM mass. Strong correlations were observed
between the site-matched SM mass (total, arm, trunk
body, thigh and lower leg) for the MRI measurement
and MTH x height (in metres) in the model develop-
ment group (r = 0.83-0.96 in men, r = 0.53-0.91 in wo-
men). In addition, the SM mass prediction equations
were applied to the validation group, significant corre-
lations were also observed between the MRI-measured
and predicted SM mass in vivo(Sanada et al. 2006).
Moreover, in another study the reliability of image
reconstruction and distance measurements were con-
firmed by comparing the ultrasonic and manual mea-
surements of tissue thickness in human cadavers, and
the coefficient of variation for the MTH measurements
was 1% (Kawakami et al. 1993).

Measurement of FFM

FFM was estimated from body density using the sub-
cutaneous fat measurements from B-mode ultrasound,
as described previously (Abe et al. 1994). Body density
was estimated from measurements at the six subcuta-
neous fat layer sites, as described in the previous sec-
tion. The standard error of these estimates using the
ultrasound equations was ~0.006 g ml™ (£2.5% body
fat) for men and women. Body fat percentage was then
calculated from body density using the equation de-
scribed by Brozek et al. (1963) and FFM was the dif-
ference between body mass and fat mass.

Statistical analysis

All measurements and calculated values are expressed
as the mean + standard deviation. One-way ANOVA
was used to compare age decade and gender differ-
ences for the following physical characteristics: total or
regional SM mass and VT or Vo,peak, body mass, BMIL,
percent body fat, FEM, waist circumference, total SM
mass, trunk SM mass, thigh SM mass and absolute or
normalised VT and Vo,peax (Tables 1, 2, 3, 4). In cases
where a significant F value was obtained, Scheffe’s post
hoc test was performed to identify significant differ-
ences among mean values. Pearson’s product correla-
tions were calculated between SM mass and VO;peak or
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Table 1 Physical characteristics of subjects

Gender and age n Body mass Fat-free body Body mass Percent body Waist circumference
range (years) (kg) mass (kg) index (kg m™) fat (%) (cm)

Men

20-29 55 732 + 10.7 603 +59% 243133 182 + 6.4 737 £ 6.7
30-39 110 72.0 + 9.3 582 + 6.2} 243+ 28 188 + 54 752 +17.8
40-49 205 71.6 + 9.6 583 + 6.8' 245131 182+ 6.2 71572
50-59 205 70.5 + 9.3 57.7 + 6.1} 247+ 28 180+ 5.3 80.1 + 7.8
60-69 167 671173 553+5.1 24022 17.4 £ 3.9 833193
70+ 65 63.6 +5.8 529 +4.1 23117 16.6 + 3.4 88.1+5.6
All 807 69.9 £ 9.2 57162 243 2.7 179+ 53 87477
Women

20-29 61 53.4+5.8 40.6 + 3.6 206 2.3 235+ 7.1 828+ 9.8
30-39 158 524170 40.1 £ 3.9 20525 22968 85.7 + 7.6!
40-49 173 5331 6.6 400 + 4.1 210 +24 242 %72 87.4 + 831
50-59 150 53.0+6.7 403 + 3.8 21424 23358 893+73
60-69 101 54.0 £ 6.6 400 + 4.4 224+26 258+ 5.0 876 + 6.6
70+ 13 55450 415+ 3.5 22822 249 + 48 869 +5.9
All 656 53.2 + 6.6% 402 + 4.0* 212 £ 2.5* 23.9 + 6.4% 784 + 8.4*

! Significant difference in the 70- to 79-year-old group (P < 0.05)

*Significant difference in all male subjects (P < 0.05)

Table 2 Total and regional SM mass in men and women

Gender and age n Total SM  Trunk SM  Thigh SM

range (years) mass (kg)  mass (kg)  mass (kg)

Men

20-29 55 281+33" 116=:17" 1052+ 13"
30-39 110 265=x36" 108+1.8" 9915
40-49 205 25.7+317 1042150 96z 147
50-59 205 248 +321 99+14 92 + 141
60-69 167 232x25 93+12 86=x117
70+ 65 21421 9213 78+1.0

All 807 24835 100 1.6 9215

Women

20-29 61 15321 6308 58+08

30-39 158 146 :20 6008 5.6 + 0.8

40-49 173 15.0x 25 6.1+09 5609

50-59 150 14623 59:08 54+ 0.8

60-69 101 144 1x26 59+09 52+09

70+ 13 13.9+ 2.7 5807 4910

All 656 147 +23* 6.0:08* 55=+09*

T Significant difference in the 70- to 79-year-old group (P < 0.05)
*Significant difference in all male subjects (P < 0.05)

VT (Table 5). Quadratic regression was performed on
VOzpeak normalised for body mass and linear regression
was performed on VT normalised for body mass in
men and women (Fig. 1). The alpha level for testing
significance was set at P < 0.05. All statistical analyses
were completed using Stat View v5.0 for windows
(SAS Inc., Cary, NC, USA).

Results

The physical characteristics of the male and female
subjects are listed in Table 1. Subjects varied in age
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from 20 to 80 years and body mass index (BMI) from
15.0 to 36.0. The waist circumference increased with
age in both genders, but not the % body fat. These
results suggest that the accumulation of body fat occurs
in abdominal area with age. The reference values for
SM mass using the ultrasound method are shown in
Table 2. The men had significantly higher SM (P <
0.001) in comparison with the women in total, trunk
and thigh. Age-associate declines were observed in
total, trunk and thigh SM mass in men, but not in
women. Tables 3 and 4 show the values for VO;peak and
VT.in each gender and age group. Age-associated de-
clines were observed for Vozpeak normalised for body
mass as well as normalised for SM mass (Table 3) in
both men and women. Age-associated decline of the
absolute VT was observed in men, but not in women.
This result is associated with gender differences in SM
mass (Table 4). Despite the age-associated declines in
VT normalised for body mass in both men and women,
VT normalised for SM mass was not significantly dif-
ferent with age.

Table 5 shows simple correlation coefficients among
age, and aerobic power in men and women. There were
significant negative correlations between age and
Vozpeak normalised for body mass in men and women,
and between age and VT normalised for body mass in
men and women. Moreover, there were significant
negative correlations between age and SM mass in
both men and women.

Significant negative quadratic regression was ob-
served between age and absolute Vozpeak, while there
was a significant negative correlation between age and
absolute VT in both men and women (Fig. 1). Signifi-
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Table 3 Absolute and normalised Vo,peax in various age groups

Gender n Absolute Normalised values
z:::gzge vatue (L) Body m‘ass_ | Body m;sssm. | Fat-free Total Sll\/i m‘assI Trunk SIM mass Thigh SM |
(years) (ml kg™ min™") (ml kg™*” min™) body rxziiss - (ml kg™ min ) (mikg™ min™) mas Sml kg
(m!l kg min™) min~’)
Men
20-29 55 3.44zx 0667 472x79 197.1 + 32.41 587 + 7.61 1259 = 15.31 308.5 + 50.6 336.4 + 40.11
30-39 110 3.15 % 0.497 443 275" 183.3 + 28.01 541+ 671 119.8 + 17.17 296.8 + 47.5" 3222 + 5521
4049 205 3.04 + 0527 426z 5.8 176.3 £ 23.97 523 + 83! 1187 + 16.6' 296.7 + 55.77 319.9 + 482}
50-59 205 271+ 045" 387 5.7 159.7 + 22.6¢ 472 1 6.6' 110.6 = 17.37 279.2 + 52.71 298.6 + 473
60-69 167 2.39 + 0.38% 357 £ 53! 144.8 + 21.0 432+ 631 103.7 + 16.0 260.4 + 4821 280.6 + 48.0'
70+ 65 194+032 30749 122.1 + 19.5 36.8 £ 5.8 90.9 + 13.6 214.4 + 42.4 251.0 £ 414
All 807 278 £+ 0.61 39874 163.6 + 30.9 48.4 £ 9.0 116.6 + 18.8 315.7 £ 74.2 301.5 + 53.1
‘Women
2029 61 215x034" 405617 1532 + 22.57 52.4 + 837 139.6 + 22.71 340.1 = 65.41 369.6 + 66.4"
30-39 158 2.06 + 0.377 39.6 + 6.5 1476 + 23.5 51.9 + 7.6' 144.1 + 240 354.6 + 75.37 376.0 + 60.6
4049 173 190+ 036 359z 63" 1343 + 232" 47.6 + 841 128.5 + 25.6 317.8 + 73.1 345.8 + 66.5
50-59 150 176+ 032 335z57 125.3 + 20.8 437 + 671 122.1 £ 21.0 303.5 + 60.1 3320 + 57.5
60-69 101 1.57 £ 030 29.1+48 109.6 + 18.0 39.3 £ 6.9 110.8 + 21.6 270.5 + 63.6 3042 + 63.1
70+ 13 139+026 25350 95.2 + 18.7 336+ 57 101.4 + 28.0 242.6 + 60.0 297.2 + 864
All 656 1.87 + 0.39* 354 & 7.2% 132.5 £ 26.2* 46.5 + 9.0* 1282 + 26.1% 2782 + 56.5*+  343.8 x 67.6*

t Significant difference in the 70- to 79-year-old group (P < 0.05)

*Significant difference in all male subjects (P < 0.05)

cant correlations were observed between the thigh SM
mass and absolute Vo,peax (Fig. 2) or VT (Fig. 3).

Discussion

To our knowledge, the present study is the first to
normalise cardiorespiratory fitness values, including
VOZpeak' and VT, for SM mass using a large population
sample. The most notable findings of this study were
that absolute Vozpeak and VT were closely associated
with thigh SM mass independent of age, and the study
provided normative cardiorespiratory fitness data
based on normalised SM mass in healthy men and
women aged 20-80 years. Age-associated declines
were also observed in VT normalised for body mass in
both men and women; however, VT normalised for SM
mass was not significantly different with age. Thus, this
cross-sectional study showed that the age-associated
declines in VT are markedly blunted if normalised for
SM mass rather than body mass. These results suggest
that SM mass is closely associated with Vo,peax 0or VT
in both men and women, and the decrease in VT with
age is primarily due to an age-related decline of SM
mass.

In cross-sectional studies, the rates of age-related
decline in Vozpeak normalised for body mass using
treadmill walking or running were in the range of
028-0.46 ml kg™* min™ year” in men and 0.25-
0.57 ml kg™ min™ year™ in women (Fleg and Lakatta
1988; Jackson et al. 1995, 1996; Paterson et al. 1999;

Talbot et al. 2000; Tanaka and Seals 2003; Toth et al.
1994); values for this study were 032 and
0.31 ml kg™! min™ year”' in men and women, respec-
tively (Fig. 1). In addition, previous studies have indi-
cated that the rate of decline in VT is approximately
one-third of the rate of decline in Vomeak (Babcock
et al. 1992; Cunningham et al. 1985; Posner et al.
1987). Posner et al. (1987) found the rates of decline
in VT were 0.08 and 0.07 ml kg™ min™ year™ in men
and women, respectively, which are similar to the val-
ues from this study (0.09 and 0.10 ml kg™! min~ year™
Fig. 1). However, there is little scientific information
about the effect of age on these cardiorespiratory fit-
ness parameters normalised for regional SM mass. A
previous study using dual energy X-ray absorptiometry
(DXA) to estimate muscle mass showed some varia-
tion with a significant decrease in the VO;peak even after
normalisation for appendicular muscle mass (Proctor
and Joyner 1997). On the other hand, there was no
evidence .of a decline in VT with age, even when nor-
malised for SM mass. However, in the present study,
age-associated declines were also observed for VT
normalised for body mass in both men and women.
Theoretically, the Vo, should be proportional to L? or
M??, where L is length and M is body mass. We ap-
plied this calculation to VT, and showed that there was
an age-related decline in V02 /body mass® similarly to
Vo2 /body mass. These results suggest that VOzpeak and
de at VT decrease with age even when taking body
dimensions in consideration. This is despite this study
showing VT, normalised for SM mass, did not vary
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wi with age. These results suggest that the ag.e-rela.ted
R T decline of VT, defined by treadmill walking is mainly
E TE SEI8AR 1 § a §§ ?ﬁ due mainly to a decline of SM mass. '
o ﬁ : : g : cg : : Qamnmnas This could be accounted for by the understanding
E :'_5, Enag SAs K&E 8EES that Vo,p,ak is limited by central circulatory capacity,
while changes in VT reflect peripheral/metabolic
g alterations with age, such as a loss of mitochondrial
ETE M~ NONNN QN content for oxidative phosphorylation (Coggan et al.
z.F §§§§ SRR F9TRIRN 1992b). It has been reported that subjects with a
Zé)i? AR R o higher lactate threshold (LT) have a higher musclle
E E 5 E E § 5 E § E § E §£ 8% respiratory capacity (Coggan et al. 19?2a), and. LT is
associated with volume density of mitochondria and
2 the surface density of mitochondrial cristae (D¥exler
é IE . PP et al. 1992) in humar:j ?)M in .vig'o. ivlforct:over,s ul:hr:;
2 RePSS 2y Sosaddn SM, LT is determined by peripheral factors,
fm 2 2 E‘ E E ;‘; E E E E E‘ E E E i mitochondrial oxidative capacity (Hepple et al. 2003)f
CE| 2858858 Fro538e Paterson et al. (1999) suggested that the lower rate o
age-associated decline in VT (compared with VOzpeak)
a may reflect preserved metabolic function of muscle
£~ oxidation and may more closely define epdurange
%k capacity, while a greater decline of Vo,peak may be
2 € RN E oy RLeonoh du]Z toy; loss of oiygen delivery capacity. Since it is
ET&D PR : PRy EE well known that slow-twitch fibres have a high r.ni'to-
;‘i’ E %2 Z‘ ;. :‘% § § § 2’ ‘Z’E;\, SP chondrial density and mitochondrnal enzyme ac'tlvn.y,
these findings suggest that the age-related decline in
= VT defined by treadmill walking may be associated
o with an age-related decline of SM mass, reflecting a
e | aIETs ~2 2%9%e g'f,: decrease in active tissue, especially a loss of slow-
|E%| 9953595 SRLe5S twitch fibres.
gi; nened2% 23ldcng Little information is available on. the a‘ge—rel.ated
M| SewenER meEREne decline of SM mass (i.e., sarcopenia) using direct
§ —_ measurements, such as MRI or CT, th? latter of
E s which is the gold standard. In a cro;s -sectional sltxidz
3188 wws < nah | &S using MRI, Janssen et al. reported an age-relate
é EE" %EEE%EE E%%%::: % decrgease of total body SM mass of 0.18 kg year ' in
£15 §E Te2RRIT AT v Cwes | A men and 0.08 kg year”’ in women (Janssen et al.
& SR Dt E = 2000); these values were notably hlghetr tthzn t(l:)oi;
& 238 obtained by ultrasound in the present study (U.
g" 2q EE%ES 2 § E § § §§ 5% ; 3 and 0.01 kgyyear'1 'in'men and women,- respectively).
215% HHHHAHA HAHAHHH| T A, Despite these variations, both studies showed the
i ﬁ _‘E E?E E § E § %% §§§§§ §, 2 same trend with a greater decreas;: Ln tk?tal iM rr;lass
= g & in men compared to women, and both stu 1es a
> o - - e G & ‘9 % almost identical differences of -~0.1 kg year™! .be-
E %ﬁ Tg;: RRERaS IRILR % 2 R "g tween men and women. In contrast, a lor'lgx.tudmal
.—E §->° ~ .i': :« : : gj :: ﬂ : : %0 0 .A-‘E) = study by Song et al. indlcate_cli that sargopema in tf)tal
slAsT FLXRRRR HRIRKSH S g SM mass was 0.371 kgzggj)r 1 for d,:ftpcantoAr;;rslic;z
i e 8 women (Song et al. . In addition
E 3 sx888pd 3T 28a3 g g ethnic differences, it has been ‘suggested that cross-
% ) 5 % sectional studies may underestimate actual rates of
2 2 Ei g change in SM mass with age, because tk%ese losses
: i E"A c o n ‘F;: & may not be lm?ar and Cf)uld accelerate wnhdage.[he
= § S =08 g 5\,’3 + = %?ﬁ 25 2 1= 2 & The obser'vatlons of this study are tempere. yS
1S E”% JRESRBRIERAFRER< |7 ¥ limitations inherent to cross-sectional studies. Sta-
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Ejé’f';cisenstl";m;z’;z'ea‘;;’;y Age Body Total Trunk  Thigh Vonpeak
3 AR
composition, and aerobic (years) mass (kg) SM (kg) SM (kg) SM (kg) (1 min™)
power in men and women In men
Body mass (kg) -0.28
Total SM (kg) -0.49 0.76
Trunk SM (kg) 042 055 0.77
Thigh SM (kg) -0.47 0.72 0.91 0.55
Vogpear (1 min™) -0.64 0.55 0.66 0.49 0.63
VT (I min™) 045 057 0.59 043 0.58 0.68
In women
Body mass (kg) NS
Total SM (kg) -0.09 0.68
Trunk SM (kg) -011 0.42 0.69
Thigh SM (kg) 020 0.57 0.85 037
Voypeak (1 min™) 051 0.34 0.41 0.16 0.48
VT (I min™) -0.30 0.44. 0.45 020 047 0.67
60 T 35 T
om0 LR -
- Eadl
SE AT £ 209
Eu.‘:?b 30 4+ : 1.5 +
ol > 104
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-------- 05 °
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Age (yrs) Thigh SM mass (kg)

Fig. 1 Relationship between age and cardiorespiratory fitness
(VOzpeak and VT) are shown for men and women. The thin line
indicates Vo,peax and the heavy line VT. The solid line indicates
men and the dashed line women. Significant quadratic age
declines were observed in VOzpcak in men (n = 807, R?= 034,
Y= 50.989-0.096x—0.002x2, P < 0.001) and women (n = 656, R?
= 032, Y = 40.605-0.122x-0.005x*, P < 0.001). On the other
hand, VT declined linearly with age in men (n = 755, R*= 012,
Y = 24.549-0.091x, P < 0.001) and women (n = 612, R?=0.13,
Y = 23.623-0.102x, P < 0.001)

6.0 T
50T
4.0+
30T

20T

VO,peak (L-min)

1.0 1+ o

0.0 t 4 —
0 ) 10 15
Thigh SM mass (kg)

Fig. 2 Relationship between thigh SM mass and Voypcak values
in men (closed circles) and women (open circles). Significant
correlations were observed between the thigh SM mass and
Vo,peak- Men; n = 755,y = 0.265x + 0.332,r= 0.63, P < 0.001.
Women; n = 620,y = 0215x + 0.681,r= 0.48, P < 0.001

Fig. 3 Relationship between thigh SM mass and VT values in
men (closed circles) and women (open circles). Significant
correlations were observed between the thigh SM mass and
VT. Men; n = 1755, y = 0.119x + 0297, r = 0.58, P < 0.001.
Women; n = 612,y = 0.112x + 0382, r = 0.47, P < 0.001

thokostas et al. (2004) investigated longitudinal data
versus cross-sectional analysis, and showed a greater
decline in VT for men (0.14 ml kg™ min™ year™) and
women (0.11 ml kg™ min~ year™). Second, this study
assessed the total or regional SM mass by ultrasound.
MTH measurements using ultrasound may not be
accurate as compared to MRI, and the measurement
of SM size by B-mode ultrasound has limitations be-
cause it cannot exclude non-contractive tissue, such as
the connective and intra-muscular fat tissue. Third,
Vopeak Was estimated at sub-maximal effort, which
may introduce substantial error. However, this study
had a large sample size including many middle-aged
and older men and women, and there is a certain
degree of risk with graded exercise tests (GXT) in
subjects with low fitness levels or in the elderly
(American College of Sports Medicine 1995). We
configured the end point of the GXT to prevent such
risks. In addition, Wasserman et al. (1995) noted that
in calculating using the V-slope method, the data
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above the Vo, at which VE/Vco, starts to increase
(respiratory compensation point) should not be in-
cluded. Since we calculated the VT by this method,
VT could be estimated at sub-maximal GXT. More-
over, the Vo, values at VT in the present study cor-
respond to those reported in previous studies (Posner
et al. 1987; Thomas et al. 1985). Finally, the treadmill
protocol in this study which alternates the speed and
grade has the potential to give a non-linear increase in
estimated work rate, because it uses rather large steps
to increase the grade. However, we ensured a linear
increase in Vo, during this protocol in the majority of
subjects. Therefore, we might as well to evaluate the
ventilatory threshold using our protocol.

In conclusion, we have demonstrated that absolute
VO;peak and VT were closely associated with thigh SM
mass independent of age, body mass and FFM. Age-
associated declines were observed in VT normalised
for body mass in both men and women, but not VT
normalised for SM mass. These results suggest that
thigh SM mass was closely associated with VO;pcak or
VT in both men and women, and the decrease in VT
with age is due, in part, to an age-related decline of
SM mass. Moreover, this study provides normative
cardiorespiratory fitness data regarding VT norma-
lised SM mass in healthy men and women aged 20~
80 years.
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