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Abstract. A mathematical model has been evolved for the estimation of ‘recovery
ventilation following an exercise, The model has been used to estimate recovery
ventilation in moderate to heavy exercige for a perlod of 32 minutes. The model gives

 satisfactory predictions for persons of different age groups and urider different
environmental conditions thus establishing its umversal applicability.

1. Imtroduction

Pulmonary ventilation has an effective and important role during exercise and recovery.
During recovery it takes long time for ventilation to come back to. pre-exercise base
level. Stainsby and Barclay* stated that high ventilation continued for only a very
. short period of time but Welch et al.2 found that hyperventilation and laboured breath-
ing could persist for upto and above five minutes during récovery. For determination
.of oxygen debt the pulmonary ventilation has been taken into consideration for periods
varying about 12 to 60 minutes after the cessation of exercise* ', In field conditions
and atheletic cvents the determination of oxygen debt during recovery poses a problem
as it requires a well equipped laboratory. The measurement of .recovery ventilation
for long periods causes inconvenience to the subject. Katch et al.'% in minute to minute
recovery described ventilation by a two-component exponential equation.. An
attempt has been made in this paper to utilise the behaviour of exponentiality for the
prediction of recovery ventilation with the help of a mathematical model. The relation-
ship between recovery ventilation and oxygen debt has been evaluated with a view to
suggest that recovery ventilation may be used as a measure of oxygen debt.

2. Derivation of Prediction Formula

“The model function of recovery ventilation!™? is shown in Fig. 1 by the curve profile
“OC where time is plotted on X-axis and recovery ventilation is plotted on Y-axis.
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- Figure 1. Recovery ventilation as a function of time ¢ (¥v,—total recovery ventilation,
Y.—recovery ventilation at instant z).

dt

directly as the recovery yet to be made i.e. {¥Yvm — ¥v) where Yvm is the tota} reco-
very ventilation and Yv is the recovery ventllauon during the interval .
‘Mathematically this means

dYv]dt = k(Yvm — Yv) o . (1

The rate of recovery ventilation above resting value (ﬂ ) at instant ¢ should vary

where k is the rate constant characteristics of the recovery process. Equation (1) on
integration yields

In(Yvm — Yv) = -kt C
‘since Yr=10atst=0

in Yvm = C
substituting the value for C and removing logarithm
we obtain,© Yv = Yvm (1 — e7*) . (2)

This is a model of the recovery ventilation describing it as a single exponential

recovery process. Katch ef al.'? have found that the recovery process of ventilation
can be described by a two-component exponential equation. Sen Gupta et al.’® have -
assumed that for practical purposes, the resultant of two functions exponential
with respect to time but having different velocity constants, can be closely approxi-
mated by a single function which is exponential not with time but with respect
to some fractional power of time over the period of recovery. Therefore, for

the sake of generality, taking the fractional power of ¢ as g, the general model
of recovery ventilation may be modified to

Yv = Yom[l — exp (— k19)] )
Let Yv;, ¥v; and Yv, be the values of Yv at times #, #; and 1 respectwely such that

fr =2y, t=2 = 4:1, _ ' (4}
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substitution of these vahaeé in Bqn. (3)' yields

Yv, = Yvm [l — exp (— k1;)] : o _ -(5)
Yva = Yom [l — exp (— 2k£0)] ‘ ' . )
Yoy = Yom [1 —exp ( — 4kt})] S - @

From Eqns. '(5) and {6), we have :
(Yvm — Yo = Yvm(Yvm — ¥¥;)
whence o
 Yre = DVQYY — Yr) o ®
Similarly from Equations (6) and (7) we have .
Yvm = Y0§/(2¥ve — Yvy) - (9
Eliminating Y between E:qns. (8) and (9) we have finally _
Yy, = 2Yv, — (Yv /Yyt QTv, + Yvy) . (10)
Equation (10) can therefore be used to predict total recbvery ventilation ¥v, over a
recovery period 7, from values ¥y, and Yv, measured over recovery periods 1, and /;.
Evaluation of g
The fractional power g can be evaluated from Eqn. (3) by writing it as
' (YVm — ¥v) = Yvm [exp (——kt")] |
Taking logarithms to the base 10, we have
log (Yvm — Y¥) = log ¥Yvm — (k/2.303) ¢° or
log [Yvm/(Yve — Yv)] = log (k/2.303) 4 g log ¢ | ' (11)

Thus log {¥vm/(Yvm — Yv)} plotted agamst time on a double log paper should
yield a stralght line, the slope of which gives the value of g.

3. Validation of Proposed Equation

Available Experimental Data

The fractional ventilation repayment data was available upto 30 minutes of recovery
on three groups -of subjects from our earlier studies. The physical characteristics of
the subjects and environmental conditions are. summarised in Table 1. Group I (8
subjects) and - Group. 2 (22 subjects) were observed under comfortable environmental
- conditions where as Group 3 (5 subjects) were observed under three different environ-
mental conditions which may be characterised as comfortable, hot humid and very hot
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humid. Group 2 & 3 comprlséd of young healthy subjects ' while Group 1 compnsed
‘middle aged ‘subjects.

Table 1. Physical and physiological characteristics of subjects and epvironménts.

Environmetal conditions
P

Group No. of i Age Ht Wt —

-
subjects (Yr) (cm) - (kg) DB wB RH ET
' o (°C) (%) (°C)
1 8 4.9 . 1695 65.8 29.0 © 213 50 25.6
4513 4570 68 o _
2 2 23,27 165.3 59.4 o217 2 60 24.4
+ 1.93 +523 4 34 :
: (i} Comfortable*
: ( 27 2 60 24.4
3 5 218 1698 60.16 (i) Hot humid*
4084 206 443 oo 60 314
) ) (iii)  Very hot humid* o
' 40 325 60 33.9

*The five (5) subjects of Group 3 wers separately subjected to three chﬂ‘crent cnv:ronments (Sac
Table 2C)

The subjects reported to the laboratory after a lighit breakfast. They were given rest -
for about 2 hours. Their resting ventilation was measured for 10 minutes. Then each
subject was given exercise on a mechanically braked bicycle ergometer for different
grades and durations on different days. The subjects breathed through a Jow resistance
breathing valve and the expired air was collected in meteorological balloon and the -
volume was measured in a K.M. respirométer. The post exercise ventilation repay-
ment was measured during recovery every minute for first 10 minutes and thereafter at
intervals of 5 minutes upto 30 minutes. Tables 2A, 2B and 2C give recovery ventilation
data for each subject.

Table 2A. Fractional recovery ventilation repayment for different rates of work.

_Group Environmental ‘Subject " Repayment (litres)
: . -

condition ~— -
0-1 02 03 0-5 0-8 0-10 015 0-30

Mian.- Min. Min.. Min. Min. Min, - Min, Min.

1 Comfortable 1 13.28 23.53 29,93 3435 3549 4113 43.03 4552
2 52.13 78.85 9414 117.58 137.23 157.04 18494 -218.24

3 |l9.90 3470 40.56 52.70 . 62.57 68.66 7295 102.54

4 57.78 91.32 119.86 143.64 162.19 - 182.77 21542 . _26_4.43

5 29.39. 5350 64.47 75.52 - 79.93 88.62 9580 105.88

6 9.85° 17.00 19.04 2520 33.00 3584 44.61 66.59

7 31,20 4872 56.80 6594 77.19 84.27 92.06 107.54

8 29461 39.13 56.07 60.61 65.80

46.60

32.26

63.31
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‘Table 2B. Fractional recovery ventilation repayment for different rates of work.
Group Environment Subject Repayment (litres)
condition P S —
0-1 02 0-3 0-5 0-8 0-10 0-15 0-30 -
Min. Min. Min. Min. Min. Min, ~ _Min. Min.
2 Comfortable 1 2640 4598 6040 7280 80.50 86.75 98.36 121.50
2 3140 4892 60.84 7836 88.20 9868 118.68  135.65
3 28.72 4648 89.50 5440 69.80 101.54 125.30  165.45
4 30,72 4476 56,32 68.12 87.50 100.54 130.60  176.50
5 33,50 51.30 63.84 8240 99.40 110.14 128.36 173,68
6 3939 6240 11250 7348 91.62 12340 14430 196.40
7 38.54 5865 75.05 9605 114.30 126.76 152,52 205.40
8 3480 5740 6640 82.59 103.80 119.53 125.33 170.93
9 18.88 34.03 43.02 5288 6248 69.50 80.67 104.19
10 3648 53.50 67.86 86.84 105.60 118.68 145.82  197.00
11 4285 6280 79.30 9568 109.36 11818 143.33 168.46
12 3244 47.64 6048 7430 89.50 10136 12240 1e2.00
13 2946 4635 5840 72.68. 86.40 9582 11428  160.80
14 3139 4448 56,57 7238  85.85 91.78 11496  172.06
15 3068 47.80 58.52 :74.84 87.55 95.86 114.36 155,27
16 3466 4792 5784 7258 8840 99.74 117.24 155.62
17 3786 5240 64.13 8377 9880 106.74 12462 168.60
18 3536 48.37 59.27  T6.88  93.50 102.48 123.76 174.30
19 20,62 4438 5430 68.28 78.68 83.60 92.28 133.64
20 3240 44.50 56.94 73.52  86.35 92.34 113.84 169.88
21 3314 5360 96.70 67.84 8430 103.68 12042  151.90
22 20.82 3348 4016 4826 5806 63.00 71.50 87.31
Table 2C. Fractional recovery veutilatioq repayment for different rates of work,
Group Environmental Subject Repayment (litres}
condition r ‘ A —
0-1 0-2 03 0-5 0-8 0-10 - 0-15 0-30
Min. Min. Min. Min.  Min. Min. Min. Min.
3 Comfortable 1 1332 1687 18.09 1819 18.62 1940 - 20.06 20.50
2 - 2848 4297 5423 6332 67.00 70.55  75.88  86.40
3 13.21 15.54 17.32 20.21 23.21 23..88 27.67  30.02
4 19.66 30.77 3532 4577 5176 65.86 80.92 104.72
5 17.77 - 2398 2030 30.27 3094  31.78 32.02 32.34
3 Hot humid 1 15.55 2117 2690 3457 3832 4002 5177  66.41
(H.H.} 2 2474 4474 5321 6611 7206 73.42 8942 10091
3 1610 2197 2462 2976 3160 3523  37.78  38.84
4 3098 4768 57.28. 7020 8034 R6.20 9874 12574
5 13.1? 18.85 2155 2535 3237 35,37 38.84 52.46
3 Very hot humid 1 1991 3348 4090 4849 62.06 71.06 8280 10531
(V.HH) 2 30.86 4680 5434 7028 8595 0430 11136 148.90
3 1338 2353 2047 3458 3549 4161 4373 4724
4  30.62 48952 59.66 7042 86.20 9236 11488 148.4
5 17.85 27.85 - 3440 40.67 48.51 51.55 59.39 7211
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Evaluation of q from Experimental Values

The evaluation of ¢ was done by actual plotting of ¥ against time ¢ and only those
data were utilised for which recovery was more or less.complete, The data were
analysed in terms of Eqn. (11) by plotting log [Yvaw/(Yvm — ¥v)]. against time on
a double log paper separaiely for each individual exercise and a mean straight line
fitted by hand in each case. The individual slopes varied from 0.40 to 0.64 with
mean valoe of 0.56. However, for the purpose of the present paper, ¢ has been taken
to be 0.5 in order to simplify computational work.

Prediction of Recovery Ventilation

Taking ¢ equal to 0.5, Eqn. (4) establishes the relative values of ¢, # and 7, viz
ty=41 and 1, = 161, so that if #; is taken to be 32 minutes then z, = 8 minutes
and #;, = 2 minutes. For practical purposes the 32 minute value estimated from
Equation (10) may be accepted as reasonably close to the 30 minute value actually
observed.

Recovery ventilation over a period of 32: minutes was computed by substituting
2 minute and 8 minute vaiues in Eqn. (10). In all, 45 values were estimated and
plotted against observed values of recovery ventilation in Fig. 2. Reasonable good
predictions are found with correlation coefficient r = 0.99 which is highly significant
(P < 0.001).

Group 3 subjects were observed in three different environmental conditions i.e.
comfortable, hot humid and very hot humid. The predictions of recovery ventilation
were found satisfactory in the three environmental condions with 5 observations in
each environment. The correlation coefficient r between observed and predicted
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Figure 2. Comparison bstween recovery ventilation predicted from 2 observations
{2 min & 8 min) and observed recovery ventilation up to 30 min.
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values of recovery ventilation with 15 observations is 0.99 which is hlghly significant
(P < 0.001). This establishes the general applicability and validity of the proposed
model for different age groups and different environments.

Relationship Between Recovery Ventilution cnd Oxygen Debt

The data of recovery ventilation and oxygen debt were available from the studies
of Welch ef a/.* and our present studies and have been shown in Table 3. The oxygen
debt is well related with recovery ventilation. Ths correlation coefficient for 14
observations in the studies of Welch ez al.® is found to be 0.96 which is highly signi-
ficant (P << 0.001). The correlation coefficient for 23 observations in our studies is
found to be 0.73 which is also highly significant (P < 0.001). This suggests that
recovery ventilation may be used as a measure of oxygen debt.

Table 3. Recovery ventilation (litres) and oxygen debt (litres) during recovery follow-
ing an exercise.

Welch? et al. (1970) Present study
- i — - e : -
0, debt Recovery VEBTPS O, debt Recovery VEBTPS
m () . o )
~ r=096(P < .001) (r = 0.73 (P < .GOD)
1 8.9 174 2.901 45,52
2 34 97 ‘ " 4.748 215.24
3 6.9 140 3.429 102.54
4 6.8 141 ' 7.212 264.43
5 6.4 147 5.614 99,88
6 6.2 135 2.375 64.59
7. 4.8 : 118 2.800 102.54
3 3.8 105 3.531 65.50
9 37 104 . 1.105 20.50
10 1.8 42 1.436 86.40
11 1.6 26 0,985 30.02
12 2.1 67 1.336 104,72
13 1.8 a7 1.284 32.34
14 3.3 104 1.781 66.41
15 — : — 2,933 100.91
16 — ‘ — 1.364 . : 38.84
17 — — 1.615 125.74
18 — — 1.630 . 52,46
19 — — 1.977 105.31
20 — — 2.573 148.90
21 —_— ‘ — 1.545 47.24
2 — — 2.115 148.44
23 — - ‘ 1.806 72.11

4, Discussion

There is a general agreement on the exponential nature of recovery ventilation' 1%t but
scme workers have described the recovery process of ventilation by a two-component
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exponential equation'®. In our present approach it has been assumed that the
resultant recovery process is exponential with respect to some fractional power of
time. . The recovery ventilation process is exponential in nature, also follows indirectly
from the studies of other workers®#™® where they found oxygen consumption recovery
process made of two exponential components i.e. alactacid and lactacid, oxygen debt
and recovery ventilation eventually being measured for determination of oxygen debt.

In exercises light to moderately heavy, the recovery. ventilation is spread over a
limited period of 32 minutes and can be estimated from the observations with the help
of 0-2 minutes and 0-8 minutes of recovery ventilation over the resting ventilation.

Thus, in situations where recovery ventilation is required, this method will be
very helpful for predicting total recovery ventilation. The model has been found
giving satisfactory predictions for persons of different age groups and under different
environmental conditions thus establishing its universal applicability. Recovery
ventilation may serve as a good measure of oxygen debt as the later is highly correlated
with the former. Pulmonary ventilation has already been reported as a good measure
and predictor of energy expenditure'® during exercise.
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