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Comparison of modeling techniques used
to characterize moderate and heavy
phase two recovery Vo, kinetics in old men

Javier Padillo-Pérez*

RESUMEN

Se evalu6 la cinética de absorcién pulmonar de oxigeno (VOZ) off-transitoria (recuperacion del ejercicio) de las respues-
tas de intensidades moderada (M) e intensa (H) al ejercicio submaximo (Sub = M + H) al comparar entre varias
estrategias de modelado comunes para evaluar el mejor modelo de ajuste exponencial. El parametro estimado de la fase
2 de VQ, fue la constante de tiempo <off-rq>2\702) en hombres adultos mayores [n =9;72(+ 4) afos; media (+ sd)]. Una
pyueba tipo rampa (12 Wemin™) hasta el limite de tolerancia para determinar el VO2pico y el umbral estimado de lacte'lto
(V,T). Ejercicio de ciclo de carga constante a 50 W (M) y a tasas de trabajo correspondientes a 80%V,T (M) y a 120%V,T
(H). Cada una dur6 6 min precedidos una linea de base (LB) de 6 min de ciclismo de 20 W, se repitié cuatro a seis veces.
VO, se midi6 de respiracion a respiracion. Pedaleando a 60 rpm, la prueba inici6 con una LB del dltimo minuto del final
del ejercicio, seguido de una disminucién de potencia (sin advertir al sujeto) de vuelta al pedaleo sin resistencia por 6
min de recuperacién (RE). Datos de cada transicién se filtraron, interpolaron a intervalos de 1 s y su ensamblado
promedio produjo una respuesta Gnica para cada sujeto e intensidad. Las respuestas se modelaron con regresion no
lineal y modelos exponenciales de uno (1C), dos (2C) y tres (3C) componentes (tiempo de retraso) de ventanas de ajuste
diferente. Off—<I>2\702 Sub fue fisiolégica y estadisticamente bien descrita, y cinéticamente distinguida (off-t,VO,) por las
funciones de doble exponencial dos componentes (2C) paraM (°t, = 56 + 14 ) y triple exponencial tres componentes
(30 (1, = 39 + 7, **P<0.05) para H en hombres adultos mayores.

Palabras clave. Adultos mayores, recuperacion del ejercicio, cinética de la captacién off-O,, fase dos de O,
modelado exponencial, constante de tiempo.

ABSTRACT

We kinetically assessed pulmonary oxygen uptake (VOZ) off-transient (P_-E . R covery) ESPONSE during moderate (M)-
and heavy (H)-intensity (Sub = M + H) exercise comparing among several common modelling strategies to assess the
best fitting exponential model. The parameter estimated for phase 2 \'/Oz, was the time constant (0ff—td>2V02) in older
male adults [n = 9; 72 (+4) yrs; mean (+sd)]. Subjects performed an incremental ramp test (12 Wemin™) to the limit
of tolerance to determine \'/Ozpeak and the estimated lactate threshold (V,T). Constant-load cycle exercise was performed
at 50 W (M) and work rates corresponding to 80% (M) and 120% VT (H). Each transition in work rate lasted 6 min and
was preceded by 6 min cycling at a baseline of 20 W; transitions at each intensity were repeated 4-6 times. VO, was
measured breath-by-breath. Each subject pedalled at 60 rpm and protocol began with a base line off 1 min end
exercise load-cycling, followed by a step decrease in power output (without warning the subject) back to loadless
cycling lasting 6 min in duration (PER). Data from each transition were filtered, interpolated to 1 s intervals and
ensemble-averaged to yield a single response profile for each subject and intensity. Responses were modelled by
means of nonlinear regression techniques with one-(1C), two-(2C) and three-component (time delay) (3C) exponential
models using different fitting windows. The off-®,VO, for Sub was both physiologically and stastistically well described
and kinetically characterized (off—172VO'2) by a two component doble exponential function (2C) forM (T, = 56 + 145)-, and
by a threecomponent triple exponential function (3C) (°t, = 39 + 7, #*P < 0.05) for H in old men.

Key words. Old men, post-exercise recovery, off-O, uptake kinetics, phase two O,, exponential modelling, time constant.

*  Escuela Superior de Medicina, Instituto Politécnico Nacional. Canadian Centre for Activity and Ageing, School of Kinesiology, The University of Western Ontario (6501811FTGAF),
London, Ontario, Canada N6A 3K7.

92



MEDICO

Rev Hosp Jua Mex 2014; 81(2): 92-103

Padilla-Pérez ). Modelling VO, kinetics during off-transient of exercise in old men.

INTRODUCTION

Current considerations of the pulmonary post-exerci-
se recovery (PER) oxygen uptake (VO,) needs greater un-
derstanding of VO, kinetics control and, it is considered
important for improving the human condition, crucially
for patients suffering from pathologically slowed VO,
kinetics as well as the growing elderly population.’ The
time course of PER VO, response (off-transient VO,)
related to the intensity of previous exercise in old adul-
ts23 it has been modelled by using nonlinear regression
to fit a model to data well and give us parameters that
help us understand the system,* reach valid scientific
conclusions, and design new experiments. A mathema-
tical model is a description of process that can help we
think about physiological processes or mechanisms, so
we can design better experiments and comprehend the
results.” Nevertheless, we should obtain best-fit values
to be interpreted in the context of the mathematical-
process model, because there is a need for an assess-
ment for the best exponential mathematical model from
a number of publications in the literature on modelling
the off-transient VO, response during submaximal exer-
cise in old men with different exponential mathemati-
cal models.?®

The VO, kinetic models has been developed, trying to
describe mechanism related with kinetics of muscle oxy-
gen consumption in the search of the characteristics of
effective physiological systems integration.?”? At the end
of the work, the recovery of the VO, returns to resting
values following a complex function in which it is possi-
ble to identify also various components based on the in-
tensity of the exercise preceding the recovery period (off-
transient VO, response). The moderate-to-heavy aerobic
exercise off-transient VO, response, shows an initial ra-
pid decline, similar to recovery from light exercise, na-
med the off-transient phase one VO, response (off-®,
VO,) followed by a more gradual decline to baseline res-
ting levels, the off-transient phase two VO, response (off-
®, vO,). With mild aerobic exercise of relatively short
duration, about one-half of the total recovery oxygen con-
sumption takes place within 30 sec, with complete reco-
very within several minutes, minutes, the decline in oxy-
gen consumption follows a single component exponential
model termed the fast component of recovery oxygen con-
sumption.® During the exercise of low and moderate in-
tensity, two phases in the VO, off-kinetics are recognized
and characterised the off-®, vO,; and the primary com-
ponent, also called off-®, VO,. Recovery from strenuous
exercise presents a different picture; in addition to the
fast component of the recovery (off-®, VO,), a slow com-

ponent phase of recovery exists (®,)."*"" This slow phase
of the off-transient kinetics becomes more prominent at
higher work rate.”#'>"3 This additional ¢,, called the slow
component of VO, off-kinetics, is present (off-®, vVO,)
during the exercise of heavy intensity and strenuous exer-
cise.'* The recovery of the VO, dynamics at moderate',
and heavy intensity exercise'®'” have been modelled VO,
kinetics during work-to-work transitions compared to rest-
to-work transitions; as well as, the off-transient VO, res-
ponse to sumaximal exercise has been modelled in old
adults.>5'® However those different mathematical expo-
nential models for modelling the VO, PER, have not been
assessed to search for the best model to fit submaximal
exercise data.

The aim of the current study was to assess, from diffe-
rent exponential mathematical models previously publis-
hed,"?' both a simple and best valid kinetic exponential
mathematical models for the off-®, VO, response during
submaximal exercise in old men. An analysis is made of
approaches to developing models for best predicting the
kinetics of the VO, adsorption recovery after submaximal
exercise.

Hypothesis

If the exponential @, VO, off-transient response to for-
cing functions of submaximal exercise is similarly mode-
lled by single mono-exponential function, one component,
two component and three component models in terms of
time constant duration, thus off-®, VO, time constant esti-
mated values should not be significantly different to each

other, in old men.
MATERIAL AND METHODS

The cardiopulmonary methodology used in this study
has been already described somewhere else;?*?" however
in brief, the ventilation and pulmonary gas exchange (
vO,, VCO,), ventilation, VO, and VCO, were calcula-
ted breath-by breath by a computer based programme.??
Inspired and expired air was sampled continuously (1
mLes?) at the mouth, and analysed for fractional con-
centrations of O,, CO,, and N, using a respiratory mass
spectrometer (Perkin Elmer MGA-1100 or Airspec
MGA2000) daily calibrated.?®° The electrocardiograph
(Harco, Sauborn Model 500-1100) measures the bioelec-
tric potentials of the heart, inputs the ECG signals into a
computerized oscilloscope (Perking Elmer EM 530 B),
and records these voltages in a microcomputer.?® All the
input signals were stored on a hard disc system for later
analyses.
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Subjects

Nine old healthy male adults participated in this study.
The University’s Review Board for Research Using Human
subjects approved this research.

Ramp test

On the initial visit to the laboratory each subject perfor-
med and incremental exercise test in the upright position
on an electrically-braqued cycle ergometer (Lode, Model
H-300-R), in which after initiated at 60 rpm by 4 min
“loadless” (actual constant power output approximately 20
W) pedaling, the power output increased as a ramp func-
tion at 15 W-min™ to volitional fatigue?® 2* for the determi-
nation of the v T, peak O, uptake (vO, ), heart rate
peak and maximal work rate.”"

VO, ..k
The VO, averaged over the final 15 s of the incremental
test prior to fatigue was taken as VO, .

Ventilatory threshold (V_T)

The VT as a non-invasive method** was expressed as a
percentage of the VO,max. The VO, corresponding to the
time of the vV . T and the work rate corresponding to the
VO, at80% VT and also at 120% V . T were calculated.??'

Submaximal constant-loadless leg cycling
exercise tests

The VO, off-transient tests and their kinetics were per-
formed during subsequent visits to the laboratory. Subjects
performed constant-load leg cycling exercise where the
power output increased as a step function from “loadless”
cycling to a power output corresponding to moderate or
heavy-intensity exercise.?' The intensities of exercise con-
sisted in square waves of 50 W (MA, absolute power output
of moderate-intensity), power outputs corresponding to 80%
V. T (MR, relative power output of moderate-intensity) and
120% VT (H, relative power output of heavy-intensity).
Each subject performed all three submaximal exercise in-
tensities (MA, MR, H) during the curse of the study. Each
subject pedalled at 60 rpm and protocol began with a base
line off T min end exercise (BSL1) load-cycling, followed
by a step decrease in power output (without warning the
subject) back to loadless cycling lasting 6 min in duration
(entire off-transition, recovery of exercise). Each subject per-
formed 4-6 transitions for the 50 W (MA) and 80% V T
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protocols, and 2 to 4 repetitions for the 120% VT proto-
col; they were assigned per visit as followed: 50 W (<
V.1, 80% VT (< vT),and 120% VT (> Vv.T)*
Subjects pedalled while breathing to measure the ventila-
tion and gas exchange calculated by a computer based pro-
gramme.?0 3

Modelling

The VO, off-transient responses < V. Tand > V. T exer-
cise intensities were modelled by using the one compo-
nent (1C), two component (2C) and three component (3C)
exponential mathematical expressions with seven fitting
models (Table 1) previously published.?' These seven fit-
ting models, from A to G (Table 1) using the fitted period
of time (fitting window) from either 20 s (0.3333 min) or
one min baseline (BL1) after the offset of the exercise (end
of the ergometric exercise) to (—) either 3 min off-transient
VO, response or 6 min EER werethe 1C,4P ... . (mo-
del A)and 2C,7P ... . (model E); 2C,7P, , . . (mo-
del D); 1C,3P,, . . (modelB), 1C,4P, . . . (model C),
2C,7P,, ... (model F)and 3C,10P, , . . (model G), to
estimate off 1@, VO,. The fitting models A-C were used to
assess the best fit compared to multiple component mo-
dels (D-G) (Table 1). The multi-component models E (omit-
ting phase one), F and G (except for moderate-intensity
PER) that fitted data from the offset towards the recovery of
exercise steady-state of the submaximal exercise that inclu-
ded BSL1 (Table 1) were used to assess the best physiologi-
cal (®, , ) and statistical (®, () or both (@, , ) fit of
®, VO, off-transient response from submaximal exercise.
We assessed modelling primarily on whether the informa-
tion provided by these exponential mathematical models
resulted consistent with current understanding of the VO,
off-transient response (Phys); as well as, statistical (Stat)
merits.?' The kinetic analysis was assessed in terms of the
time constant two (off-t®,). Estimates of the parameters of
the off response (@, VO, 1) was compared together with a
statistical analysis of how well each model fitted VO,.?! 2+2¢
Amplitudes both from phase two (the fundamental A)
and from phase three (A,) were also expressed in terms of
functional gain (G = AVO_/AWorkRate) from models F and
G (Table 1) respectively."”

Data analysis

The breath by breath MA, MR and H data were interpo-
lated to 1 s interval, and each repetition was time aligned
and assemble averaged to provide a single response for each
subject for determining the kinetics of the VO, off-tran-
sient response to submaximal exercise.?’
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Table 1. Seven different exponential mathematical fitting models (A to G) used to assess the VO, off-transient response during
submaximal exercise in old men.

Model Fitting model Temporal parameter
number 1 2 3 4 5 6 7 8 9 10
Amp“mdo Al A2 A3 TimeDeIay1TD2 D3 11 12 13
(mLO, ® min) (s)

A 1C,4Parameters [Virtual BSL] - v - - v - - v -
0.3333 min to 6 min*

B 1C,3P v v - - - - - v £ - -
BSL1 min to 6 min

C 1C,4P / / - - J - - « - -
BSL1 min to 6 min

D 2C,7P v v v - v v - v v -
BSL1 min to 3 min

E 2C,7P [Virtual BSL] - v v - v v - v v
0.3333 min to 6 min

F 2C,7P v v v - v v - v v -
BSL1 min to 6 min

G 3C,10P v v v v v v v v v v

BSL1T min to 6 min

-: no estimated temporal parameter. *Fitting (period of time) window. BL1: one min end exercise baseline. 0.3333: 20 s after BL1.
6 min: six min end recovery exercise. 1,2, and 3 in A, TD, and 1 (time constant) refer to the phases one, two, and three, respectively,
in VO, off-transient response during submaximal exercise. 1C, 2C, and 3C: one component (one TD), two components (two TDs),
and three components (three Tds) models. 1C,3P (single monoexponential function): VO,(t)= A0 + A1 ® (1-e-“"); 1C,4P: VO,(t) =
AOQ + A1 e (1-gltTOV) 9C 7P: VO,(t) = A0 + Al e (1-gleTOV) 1 AD e (1-g10T2/2)) 3C 10P: VO,(t) = A0 + Al e (1-e1eTOVA) 4 AD
o (1-e1tT2/2) 1 A3 e (1-e1T3/3]) /O (t): mass rate of change per unit of time (d VO, ® dt") assuming TD = 0; a,: baseline; ais the VO,
distance value from a to the VO, recovery required, or recovery steady-state (i.e., the difference between the end exercise baseline
and the unloaded pedalling recovery-exercise VO, response). 1-e-?: the negative exponential distribution (Evans, Hasting and
Peacock, 1993). e?: The die-away factor with the time constant 1, for an exponential decrease (off-transient VO, response). t: time
in which the transient VO, response is gradually (exponentially) dying away; when t = T means the time required for the transient
VO, response to die away to e part (e = 1/2.71828 = 0.3678) of its original value, thus, T = 1-0.3678 = 0.63, and
e = 2.718281= [(1 + n)]", n = 10 and e is incommensurable with one.

Statistical analyses

The goodness of fit by each fitting model was assessed
using the lowest residual sum of squares (RSS values) from
a computerized nonlinear regression technique.?” The best
statistical fit exponential mathematical model was asses-
sed using the RSS values for models that fit the same num-
ber of experimental data points or the mean square error
(MSE values) for models which fit a different number of
experimental data points by performing a Fisher’s test (F
L. at 0.05 level of significance and one tailed) described
previously.2"2526

Data treatment consisted of group analyses performed
using either a One Way Analysis of Variance (ANOVA,;
All Pairwise Multiple Comparison Procedures (Holm-Si-
dak post-hoc analysis) or Kruskal-Wallis ANOVA on Ranks
procedure Dunns’Method (when variances of the depen-
dent variable were unequal or the distribution of the de-
pendent variable was not normal), to compare kinetic tem-
poral parameters from the exercise square waves.? Student
t-test was used to assess for significant differences between
the estimated parameter means from two groups with the
same number of parameters.?® The probability level deno-
ted significance at p <0.05.
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RESULTS

Physical characteristics and ramp exercise
test

As expected the physical characteristics, maximal car-
diorespiratory and VT values were above average fitness
(Table 2). The moderate submaximal power output (W),
VO, both in terms of % VT and %VO, peak, and VT in
terms of W resulted low compared those from H inten-
sity exercise (Table 2). The slope (coefficient) of the
Mg oeeare VO, - power output relationship and the VO,
during loadless cycling (constant) were: VO,/W = 12.01
+ 1.3 mL'min"W (n= 18, R = 0.98, P < 0.001); and
VO, st ioadiess = 750 £ 126 mL-min’'. The VO, off-tran-
sient time course for absolute (50 W), relative moderate
(80% V,T), and relative heavy (120% V,T) square-wave
exercise tests from our nine old subjects sample are pre-
sented in figure 1.

Modelling

The statistical assessment of the ®, VO off-transient res-
ponse to submaximal exercise in old men, with seven ex-
ponential mathematical fitting models, showed that mo-
del A fitter Stat best (P < 0.05) compared model B, and
also model F did compared models B and C (Table 3).
Models F and G fitted similarly (P < 0.05) the ®, VO, off-
transient response to heavy intensity exercise (Table 3);
however, taking in consideration the current understanding
of the VO, off-transient response (Phys, physiological me-

Padilla-Pérez ). Modelling VO, kinetics during off-transient of exercise in old men.

aning) the model F fitted Phys best moderate intensity exer-
cisee (M: MA and MR) and model G also did for heavy
intensity exercise. The VO, off-transient response to relati-
ve heavy intensity exercise in old men, was fitted Stat best
(P < 0.05) by complex models F and G compared model E
(Table 3). Nevertheless, on fitting the VO, entire off-tran-
sient response to relative heavy intensity exercise, model E
(2C, 7P, ..s o i) PENAPS is more practical when phase one
is extremely difficult to be fitted, because it omits phase
one and is less complex compared model G.

Estimated temporal parameters

e Baseline (BSL). Analyses showed that the BSLs (mLemin-
"Ywere 1,335 + 389 (mean + SD) for model B, 1,324
+ 383 for model C, 1,328 + 387 for model D, and
1,334 + 394 for model F from the VO, off-transient
response (BSL,,,, = 1,330.2 + 382.6) to submaximal
exercise. The BSL 1,773 + 328 from model G was si-
milar to that from model F (1772 + 327) for heavy
intensity exercise.

¢ Functional gain (G, mLemin™"-W-). Analysis showed that
the effect of submaximal exercise on the fundamental
gain (G,) resulted for MA intensity exercise from model
F (8.4 + 1.0) low compared heavy intensity exercise
from model F (10.7 + 1.8), and MR exercise from model
F (7.3 + 1.1) low compared either heavy heavy intensi-
ty exercise from model F or heavy intensity exercise
from model G (10 + 2.6) (F = 6.8, P < 0.002);
and also the total gain (G,,) resulted for both the MA
exercise from model F (8.4 + 1.1) and the MR exercise

Table 2. Subject characteristics and data for maximal and submaximal exercise in nine old men.

Age (years)  Height(cm)  Mass (kg)  Work rate max VO2 peak V. T
(watts) (lemin) (mLekg'-min’) (mLemin™)  (%VO,peak)
72 + 4 173 + 4 78 + 11 126 + 18 24 + 0.3 293 + 74 1,323 + 129 60 + 6
50 WA Moderate intensity exercise Heavy intensity exercise
VO, % VT % VO,peak PO VO, % V.T % VO,peak PO VO, % VT % VO, peak VT
(mLemin™) W)  (mLemin™) W) (mLemin™) (w)
1,780 87 54k 358 1,020°¢ 76 46k 93f 1,790 122 83! 65"
+ 135 + 11 + 12 + 10 + 168 + 10 + 10 + 13 + 363 + 13 + 16 + 14

All data are mean + SD. *Absolute PO. V,T: ventilatory threshold. PO: power output. %V, T calculated as ( VO, exercise intensity)/
VO, V T)*100. % VO,peak calculated as ( VO, exercise intensity)/ VO,peak)®100. Significant differences between means with
different letter, allocated by ANOVA procedure: Tukey test: *»~dF = 18, P < 0.001; Kruskal-Wallis ANOVA based on Ranks:

e = 25.8, P < 0.001. Student-Newman-Keuls test: *IF

P < 0.001.
96

ratio

= 33.5, P < 0.001; Student-Newman-Keuls test: */F = 15,

ratio



MEDICO

Rev Hosp Jua Mex 2014; 81(2): 92-103

Padilla-Pérez ). Modelling VO, kinetics during off-transient of exercise in old men.

3,000 : Ml Absolute moderate square wave exercise
: [Relative moderate square wave exercise
2,500 "..i [Relative heavy square wave exercise
i (n=9

360

-60 0 60

120 180 240 300

Time (s)

Figure 1. Group off-transient pulmonary oxygen uptake (VO,)
response profiles to absolute moderate (50 W), relative mode-
rate (80% V.T), and relative heavy (120% V,T) square wave
exercise. Exercise offset (start) is at zero min. Data points (sym-
bols) are the breath-by-breath interpolated to second-by-se-
cond pulmonary VO, (experimental data) from one min (-60)
baseline. The nine old subjects submaximal exercise at each
intensity (nm = 9) are displayed.

from model F (7.3 + 1.1) low compared either the
heavy intensity exercise from model F (10.7 + 2.0) or
the heavy intensity exercise from model G (10.8 + 1.9)
(F..=11.5P <0.001)for VO, off-transient respon-
se.

¢ Time delay (TD, s). Analyses showed that the phase
one TDVO, off-transient response from models B, C,
and D resulted similar (2.7 + 7.8) compared those from
either M exercise (3.2 + 2.9) or heavy intensity exerci-
se (2.0 + 2.926); the phase two TDVO, off-transient
response from model A (2.04 + 7.15) resulted low com-
pared those from models D (23.7 + 8.9) and F (25.5 +
5.5) for submaximal exercise; as well as, model E (8.2
+ 5.7) resulted low compared model G (27.0 + 5.5)
for heavy intensity exercise (H = 62.0, P <0.001).

¢ Time constant (t, s). Analyses showed that the phase
one 1 VO, off-transient response from models B (60.0
+ 36.0), and C (48.1 + 12.8) were higher compared
those from either models D (22.2 + 9.9) and model F
(19.8 + 10.2) for submaximal exercise or that from
model G for heavy intensity exercise (13.3 + 7.3) (F .
= 23.382, P < 0.001). The phase two T VO, off-tran-
sient response from model F (42.43 + 7.35) for heavy
intensity exercise resulted low compared M exercise
(56.0 + 14.0) (t = 2.8, P < 0.013). The phase two
VO, off-transient response from model F for MA exer-
cise (51.01 + 12.7) and for MR exercise (61.0 + 14.1)
resulted higher compared those from models E (35.0 +

5.6) and G (38.8 + 6.7) for heavy intensity exercise
(H = 25, P<0.001). The MRTeXp (s) from model F for
M exercise (54.0 + 10) resulted similar to that from
model G for heavy intensity exercise (55.4 + 8.s2).

Thus, generally speaking models E (for H exercise only),
F (for M exercise) and G (heavy intensity exercise ) fitted
best compared either the simple models (A, B, C) or the
complex model D (Table 3) for the ® VO, off-transient
response to submaximal exercise (Figure 2). The summary
of these best physiological and statistical fitting exponen-
tial mathematical models for submaximal exercise in old
men are shown in table 4.

DISCUSSION

Since the VO, asymptote is significantly delayed for
work rate (W) above the ventilator threshold' then it was
not a surprise that the moderate submaximal power output
(W), VO, both relative to v/, T and relative to VO, peak,
and V, T in terms of W resulted low compared those from
heavy intensity exercise.

Modelling

We formally statistically characterize the off-transient
(recovery) VO, kinetics in old men within the moderate
exercise both absolute and relative at 80%V,T, and heavy
relative at 120%V, T exercise domains. A precise physiolo-
gical-biochemical explanation for the recovery oxygen con-
sumption, remains elusive, because no comprehensive ex-
planation exists about specific contributory factors.>?

Statistical assessment of the @, VO, off-transient res-
ponse to submaximal exercise in old men, with seven
exponential mathematical fitting models (A to G), showed
that model A (1C4P ) fitter Stat best compared
model B (1C,3P, . ., offesponse’ single monoexponential
function), and also model F (2C,7P ) did
compared models B and C (1C,4P_ . ) siiresponse)- MO-
dels Fand G BC,T0P_ . 0, ofiresponse) Titted similarly the
@, VO, off-transient response to heavy intensity exercise;
however, taking in consideration the current understan-
ding of the VO, off-transient response (Phys, physiologi-
cal meaning) the model F fitted Phys best moderate in-
tensity exercise (MA and MR)? and model G also did for
heavy intensity exercise.''" In consequence, the VO, off-
transient response to relative heavy intensity exercise in
old men, was fitted Stat best by complex models F and G
compared model E. However, on fitting the VO, entire
off-transient response to relative heavy intensity exercise,
model E (omitting phase one) is both more practical when
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O Table 3. Residual sum of squares and mean square error estimates for kinetic analysis of VO, during the off-transient of recovery steady-state submaximal
exercise as estimated by seven different exponential mathematical models and their 21 two out mathematical model permutations in nine old men.

Exercise intensity S|z
Moderate (50 Watts) Moderate (80% V,T) Heavy (120% V,T) = ;
I Re)
Seven fitting models RSS (x 10°) MSE RSS (x 10%) MSE RSS (x 103) MSE X |2
=
AICAP, 450 + 245 1,336+ 727 6.02 + 415 1,804 + 1,262  7.97 + 8.23 2,378 + 2,466 - %
B1C3P,,, . o 6.25 + 3.10 1,376+ 875 7.90 +537 1,906 + 1,311 13.40 + 12.82 3,229 + 3,107 2|2
C1CA4P, . 596 + 3.15  1,432% 757 21.11 + 42.69 1,855 + 1,284 12.16 + 12.42 2,865 + 3,045 S
D2c,7P, 2.99 + 159 1,240+ 592 3.61 + 1.99 1,548 + 854 6.40 + 8.25 2,746 + 3,541 SIS
E2C,7P, s 6o - - - 7.39 1+ 7.13 2,231 + 2,164 ® 15
F2C,7P i omm 7.22 + 424 1,347 + 709 11.59 + 9.53 2180 + 1800 10.00 + 11.27 2,428 £ 2,750 <|=2
G3Cop, T - - - - 9.96 + 11.06 2,444 + 2,703 NS z
21 FittingModel Permutations Moderate (50 Watts) Moderate (80% V,T) Heavy (120% V,T) § >
“Simple” vs. “Complex” F,...Calculated® Q|
Na FRSS FMSE FRSS FMSE FRSS FMSE %
=)
1 1CAP s s omin 1C3P, i - 6.26* A - 4,98* A - 10.90* A °§
2 1CAP s e min 1C,4P, . ABminC - 1.20*,C - 0.50 - 3.03*,C ;3
3 1CAP s e min 2C,7P,, oo - 0.08 - 0.18 - 0.14 2
4 1 C'4P0.3333 — 6 min 2C'7P0.3333 -6 minE - - - - 8'58*’C0m - :\D'
5 1CAP s 6 min 2C7P o - 0.18 - 3.59*,C__ - 0.44 2
6 1CAP s e oin 3C,10P,, ,..C - 0.0 - 0.0 - 0.68 R
7 1C3P, b 1CAP, .. - 0.0 - 0.0 - 0.0 2
8 1C,3P,, oo 2C, 7P, ... - 0.10 - 0.22 - 0.17 3
9 1C’3PBL1 - 6min 2C’7P0.33334>6min - - B - - 6.21 */Com &
10 1C3P,, . 2C,7P, 11.87%,C, - 28.14%,C, 29.98%,C. - 5
11 1C3P,, 3c,10p, - 0.0 - 0.0 17.23%,C - S
12 1C4P,, ¢ 2C,7Py, o - 0.15 . 0.19 . 0.04 3
13 1 C’4PBL1 — 6 min 2C'7P0.3333 - 6 min - - - - B 4.1 *’Com s
14 1C4P,, 2,7, 20.65%,C, - 96.59% - 25.39%C, - '
15 1C4P,, .~ 3c,10p, " - 0.0 - 0.0 12.85%,C -
16 2C’7PBL1 -3 minD 2C'7P0.3333 - 6 min - - - - - 0.48
17 2C7P,, 2C,7Py, oo - 0.16 . 0.57 . 0.26
18 2C7P,, - 3C,10P,, - 0.0 - 0.0 - 0.24
19 2(:'7P0.3333 — 6 min 2C’7PBL1 — 6 min - - - - - 1 '44*’Com
20 2C’7P0.33334>6min 3C/1OPBL14>6min - - - - - 1'79*/Com
21 2C’7PBSLI min4>6minF 3C/‘IOPBSU min — 6 min - - - - - 0.72
AlIRSS and MSE data are mean + SD. V,T: estimated lactate threshold. -: it did not apply. RSS: residual sum of squares (expressed as RSS x 10°). MSE: mean square
error. 1C, 2C, and 3C refer the one component two components, and three components exponential mathematical models. 3P, 4P, 7P, and 10P refer the three,
four, seven, and ten parameters respectively. A to G: seven fitting models as in table 1. 2The number of circular permutations (nP’ x) for model comparisons (N) was
calculated according to Zar (1996); i.e., 7P’2 = (ZD)/[(7-2)! * 2)] = 21, permutations. PThe best statistical fit model was assessed using either the RSS values for
models which fit the same number of experimental data points or the MSE values for models which fit a different number of experimental data points by
performing a Fisher’stest [F |, at0.05 level of significance and one tailed*: F 40.05 (1) = 1.15] (Motulsky and Ransnas, 1987; Zar, 1996). If F ... > F .
then “complex” model fits best contrary wise, ifF_ - <F_ . then ”S|mpfe Model fits best. BL1: one min baseline. 0.3333 min: the VO, correspondlng t0'30
s after the end exercise with the recovery exercise transient. 3 min: three min recovery exercise transient. 6 min: six min recovery exercise transient. —: fitting

(period of time) window.
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Experimental data
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Figure 2. Two different exponential mathematical models mo-
delling of the pulmonary oxygen uptake ( VO,) off-transient
response to absolute moderate (50W) (A), relative moderate
(80%V,T) (B) and relative heavy (120%V,T) (C) exercise, for a
representative old subject, including the corresponding resi-
dual plots from these two exponential models fitting the res-
ponse with four(1C4P, ... = .o (Aand B) and seven-
(2C, 7P, ssssmin seminees) (O and seven-parameters (2C, 7Pusti s omin
") (A and B) and 10-parameters (3C,10P,,, . *)(C) data
of response. BSL1 is of one min duration (-60 s). Exercise offset
(start) is at zero s. End post-exercise recovery (EER) is at 360 s
(six min). Symbols, breath-by-breath interpolated to second-by-
second pulmonary VO, (experimental data). *Best fitting
model.
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Table 4. The best physiological and statistical fitting models and their exponential mathematical models, that characterized the
(t2) phase two off-transient VO, during submaximal (moderate and heavy) exercise in nine old men.

Exponential mathematical model FittingModel TP, VO,

Moderate intensity (50 Watts, 80 % V,T) exercise

\'/Oz(t)= A() + A, ° [1_e-[((-TD1)/rz]] + AZ ° [1_8-[((-TD2)/12]] 2C,7P

2lsolated_Stat & Phys

T“D1”
Baseline 1 min ~> 6 min Exercise Reu)very 2lsolated_Stat & Phys

(t) - A + A ° [1_6[(tTDZ)TZ]]
Relative (120 % V,T) Heavy intensity exercise

\'/Oz(t) = Ao + A, ° [1_8-[(t-TD1)/12]] + AZ ° [1_8-[(t-TDZ)/rz]] 2C,7P

" ®

“ ”
0.33 min — 6 min Exercise Recover TPl ’ Tq)ZSemi-lsolated

VO, = A, + A, [1-e 1T/

2Semi-lIsolated

3C10P TPl P 2

//q) ”
Baseline 1 min—Exercise Reco olated Stat &

VO =A, +A, [Tt 1 A o1t 1 A o[1-chtTD35] .
VO, ) =A, + A, *[l-€ [t mz;/n]]

2lsolated_Phys & Stat

Exercise transient VO,: pulmonary VO, uptake (O,) corporal response from the end (off) of the exercise of an application of an
ergometric forced function to the 6 min end exercise recovery. V,T: ventilatory threshold. Stat: statistically significant based on
Fisher’s test. Phys: physiological sense based on the differentiation of the phases and the numeric values of the estimated temporal
parameters, of the transient VO, response, according to the intensity of the exercise modelled. VO,(t): mass rate of change per unit
of time (d VO, edt'), mLemin™. TD: time dalay. s: A , baseline (the VO, atthe start of the model, A is a “virtual” baseline). A: the VO,
distance value from A, to the VO, required for phase one (A ), phase two (A,) and phase three (A)) amplitudes, mL; 1-e*, the
negative exponential distribution (Evans, Hasting and Peacock, 1993); e, the die-away factor with the time constant t (s), for an
exponential increase (off-transient VO, response); t: the time in which the transient VO, response is gradually (exponentially)
dying away, when t = T means the time required for the transient VO, response to die away to e part (e’ = 1/2.71828 = 0.3678)
of its original value, thus, T = 1-0.3678 = 0.63, and e = 2.718281 = [(1 + n)]", n> 10 and ‘e’ is incommensurable with one.
One component (1C), TD1. Two components (2C), TD1 and TD2. Three components (3C), 2C and TD3. 4P: four parameters (a,,

a, TD2,t2). 7P: seven parameters (a, a,, a,, TD1, TD2, 11, 12); 10P, ten parameters (7P, a,, TD3, 13). The “®” means that even the
mathematical exponential model fit the entire expenmental data, phase one (“®.”) did’ not behave in an exponential way and

probably phase three will not (“®.").

phase one is extremely difficult to fit it and is less com-
plex compared model G.»

Es

10

timated temporal parameters

VO, baseline (BSL). As expected, models B, C, D, and
F that fitted entire VO, off-transient response to sub-
maximal exercise showed similar baselines; and also
the baseline from model G was similar to that from
model F for heavy intensity exercise.

Functional gain (G, mLemin™-W). Analysis showed that
the effect of submaximal exercise on the fundamental
gain (G,) resulted for MA exercise from model F low
compared heavy intensity exercise, and MR exercise from
model F low compared either heavy intensity exercise
from model F or heavy intensity exercise from model
G; and also the total gain (G, ;) resulted for both the
MA exercise from model F and the MR exercise from
model F low compared either the heavy intensity exer-
cise from model F or the heavy intensity exercise from

0

model G for the VO, off-transient response. These di-
fferences in functional gains agreed with the fact that
VO, (mL-min”-W) above ventilatory threshold exceeds
that for moderate exercise.? 3%

Time delay (TD). Analyses showed that the TD®, VO,
entire (except model D) off-transient response from mo-
dels B (single mono-exponential function), C (one com-
ponent mono-exponential function), and D (two com-
ponent bi-exponential function omitting the last three
recovery min) resulted similar compared those from ei-
ther M exercise or heavy intensity exercise, consistent
with a system manifesting linear control dynamics for
®, VO, off-transient response to submaximal exerci-
se.®1>17n contrast, the TD @, VO, off-transient respon-
se from model A (one component mono-exponential
function omitting ®1 VO,) resulted low compared those
from models D and F (two component doble-exponen-
tial function) for submaximal exercise; as well as, mo-
del E (two component bi-exponential function omitting
®, VO,) resulted low compared model G (three com-
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ponent triple exponential function) for heavy intensity
exercise, that we explain, on one side because those
fitting models omitting one of the VO, faces did no
accomplish with the Phys merit and on the other hand,
because at exercise intensity above V,T, the off-tran-
sient @, VO, response is more complex.*>1

Time constant (). Analyses showed that the 1@, VO,
off-transient response from models B, and C were hig-
her compared those from either models D and model F
for submaximal exercise or that from model G for hea-
vy intensity exercise and this is due to the fact that
those models did not fitted well neither Phys nor Stat
the entire VO, off-transient response.® The 7®, VO, off-
transient response from the model F for heavy intensity
exercise resulted low compared M intensity exercise, in
agreement with the fact that the two component doble
exponential function (model F) fitted well identifying
two off-phases of response and kinetically characteri-
zed (off-t®, VO,) both Phys and Stat merits (best off-
Phys_t®, vO,_Stat) for M intensity exercise but not the
more complex heavy intensity exercise off-transient res-
ponse.®'” Evermore, since during moderate intensity
exercise the T VO, is greater if exercise is initiated from
a raised work rate and metabolic rate at the level of
pulmonary gas exchange,’' then may be it also explain
the slow off-td®, VO, for M exercise observed in our
study, but the mechanisms responsible for these are
under study.>'3* In contrast and, due to the current
knowledge that off-transient phase two VO, response is
more complex with the off-transient supra- v/, T, where
it has been observed that this response consists of a
‘fundamental’ phase (off-®, VO,) well described by an
exponential, and subsequent delayed phase yielding a
slowly developing supplemental rise in VO, (off-®,
VO,) that could be much less prominent at the off-tran-
sient of less intensity exercise;®'>3 the phase two T VO,
off-transient response from model F for MA intensity
exercise and for MR intensity exercise resulted higher
(longer kinetics) compared those from models E (two
component bi-exponential function omitting ®, vO,)
and G for heavy intensity exercise, in agreement on one
hand with the observation that the VO, kinetics across
the recovery transient is independent of the metabolic
profile during exercise and hence independent of the
slow off-t®, VO, contribution to the particular exerci-
se metabolic rate.??** On the other hand, small but con-
sistent deviations from dynamic linearity in the VO,
response to moderate-intensity cycling have been repor-
ted by during square-wave transitions in different regio-
ns of the moderate-intensity domain.® The two compo-
nent bi-exponential function omitting ®, VO, (model

E) for heavy intensity exercise only, should be useful
when the off-® VO, is very difficult to be well fitted
with model G.2'? In consequence, in this study the
three component triple exponential function, fitted well
and kinetically characterized (off-t, VO,) both Phys and
Stat merits (best off Phys-td®, vO,-Stat) for entire reco-
very-®, VO, transient response to heavy intensity exer-
cise, allowing us to isolate off-Phys_t, Stat from both
off-t, VO, and off-t, VO, entire response from 120%
V. T exercise domain. Since recovery oxygen con-
sumption, reflects the metabolic demands of work tran-
sitions of the daily life, in addition to physiologic per-
turbations caused by exercise that last into recovery,
then on studying the PER oxygen kinetics, these best
fitting models (2C, 7P, for M; 3C,10P, for H), they
can be potentially useful for comparison among diffe-
rent experimental interventions in human physiology.

CONCLUSIONS

The statistical assessment of the ®, VO, off-transient
response to submaximal exercise in old men, with two
component (2C) and three component (3C) exponential
mathematical fitting models, showed that the two compo-
nent doble-exponential function (2C,7Parameters) fitted
entire VO, off-transient response well and kinetically cha-
racterized off-t®, VO, both Phys and Stat merits (best off-
Phys_t¢, VO, _Stat) allowing us to isolate off-Phys_t, Stat
from off-t, O, entire response for moderate (50W and 80%
V. T) intensity PER. Also, the three component triple expo-
nential function (3C,10Parameters), fitted entire VO, off-
transient response well and kinetically characterized off-t,
VO, both Phys and Stat merits (best off Phys_t®, vO,_Stat)
allowing us to isolate off-Phys_t, Stat from both off-t, VO,
and off-t, VO, entire response for heavy (120% V,T) exerci-
se domain. The ‘fundamental” phase two VO, sumaximal
PER (off @, VO,) was both physiologically and statistically
well described and kinetically characterized (off-t, VO,) by
atwo component doble exponential function for modera-
te-, and by a three component triple exponential function
for heavy-intensity exercise in old men.
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