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Abstract— An algorithm that estimates the patient and
ventilator work components of mechanically ventilated pa-
tients is presented. The algorithm requires the continuous
measurement of inspiratory airflow rate and mouth pres-
sure and it is suitable to be incorporated in ventilators for
on-line estimation of the patient and ventilator contribu-
tions to the total work of breathing.
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1. INTRODUCTION

Under normal breathing conditions the respiratory mus-
cles perform the necessary work to maintain the airflow
required for gas exchange. However, under abnormal con-
ditions, the respiratory muscles may fail to ventilate the
lungs adequately or may even fail completely. In these
situations, it is necessary to provide partial or total sup-
port with a ventilator. Depending on the respective lev-
els of support supplied by the ventilator and by the res-
piratory muscles, three types of breaths may be identi-
fied, namely, spontaneous, controlled and assisted. Spon-
taneous breathing occurs as a result of active muscular
contraction. The energy required to suck air through the
conducting airways into the alveoli is supplied by muscu-
lar effort. A breath that is unassisted by active muscu-
lar contractions is a controlled breath where all energy is
supplied by a ventilator. On the other hand energy for
an assisted breath is supplied both by the ventilator and
the muscles of respiration. In this paper necessary equa-
tions are derived for separating the patient and ventilator
components of work.

II. PROPERTIES OF THE RESPIRATORY SYSTEM

The ability to force air to flow from the mouth into
alveoli depends on the compliance or elastance of the lung
structure and the airway resistance.

A. Compliance

The compliance is defined as the gradient of the relax-
ation pressure curve [1]. This curve records the pressure in
the alveoli at any lung volume when the respiratory mus-
cles are relaxed (i.e Pmus(t) = 0). The curve of change in
inflation pressure (A P) against the change in volume pro-
duced in the lungs (AV) is then the relaxation pressure
curve. Compliance (C) is expressed as

AV
C=33 (1)

B. Airway resistance

Airway resistance refers to the ease with which air flows
through the tubular structures of the respiratory system,
starting from the mouth and leading up to the alveoli.
For a given airway structure, resistance is a constant and
the airflow rate varies proportionally with the pressure
differential

Pn(t) — Pay(t) = RV(2), 2)

where t is time, Pr(t) is the pressure at the mouth, Pay(t)
is alveolar pressure, V() is the inspiratory airflow rate and
R is airway resistance.

III. WORK AND PRESSURE-VOLUME RELATIONSHIPS

The total work of breathing has been defined in [2], [3]
and [4] as

insp | 2
Weow = [ " R+ ( / " V(t>dt) G

where Tinsp is the inspiratory time. From the definition
of compliance it is clear that if the muscles of respira-
tion are relaxed, then alveolar pressure varies according
to Puy(t) = % OT insp V(t)dt during inspiration. However
if they aie not relaxed the contraction of these muscles
brings about a reduction in pressure and therefore alveo-
lar pressure during inspiration can be written as

Pan(t) = é /0 t V (t)dt — Pmus(2), (4)

where Prys(t) is the reduction in pressure created by the
muscles of respiration. Combining (2) and (4) gives,

Pa(t) + Pmus(t) = RV + -é /0 t V(t)dt. (5)

From (3) and (5) it is clear that

Tinap s
Wiata = /0 (Pa(t) + Prs())V (0)d1. (6)

The above integral represents the sum of areas bounded
by the curves Pp(t) and Pmus(t) with the volume axis.
When there is no energy contribution from the respiratory
muscles (i.e. Pmus(t) =0 and Pu(t) >0V 0 <t < Tingp)
all the energy is supplied by the ventilator and (6) reduces
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to

Wtot al = Wvent

Tinlp R
/ Pu(t)V (t)dt, )
0

where Wyent is the energy component of the ventilator.
Similarly, when there is no energy contribution from the
ventilator (i.e. Pn(t) = 0and Pnus(t) > 0V0 <t < Tingp)
all the energy is supplied by .the muscles of respiration and
(6) reduces to

I

Wiotat = Wpati

Tinep .
= ] Prus()V ()dt, (8)
0

where Wpai; is the energy component of the patient. From
(6), (7) and (8) the following can be written:
Whotal = Wpati + Weent- (9)

The expression for Wpati in (8) can be rewritten in terms
of measurable quantities by combining (5) and (8),

Woasi = /OT‘“P (RV(t)+-é— /0 tV(t)dt—Pm(t)) V(6)dt. (10) ol .......... .......... .................... .......... ..... S

It is clear from (7) and (10) that the measurement of
Wyent and Wpayi requires measuring inspiratory airflow
rate, mouth pressure, compliance and airway resistance.
The measurement of compliance and resistance can be
done by delivering the patient a controlled breath. From
(8) it is clear that the flow and pressure relationship of
such a breath satisfies

Y:A*[§]+T. (11)
The terms Y, A and T are defined as follows
Y = [ Pa(0) Pu(T) P(nT) |
4 = [ V() V(T) V(nT) ]
V() V(T) V(nT)
T = [ e(0) (T e(nT) |,

where n is a positive integer, T is the sampling time, ¢(iT')
is the measurement and modeling error at the #*" sample
and A’ is the transpose of A. Using the method of least
squares it follows that

[ g ] — (4 A)AY. (12)

IV. REsULTS

Figure 1 is a recording which shows the airflow and
mouth pressure waveforms of a controlled breath and
the estimated compliance and airway resistance measure-
ments. Figure 2 shows a sample pressure-volume curve of
an assisted breath. Using (7) and (10), the ventilator and
patient components of work was found to be 8.08 and 5.24
Joule respectively.

Constart flow waveform Mouth prassure curve

40 30
B2
E -
£E10 -
"o 0.5 1 15
Time (sec) Time (sec}
Predicted Compliance Predicted Resistance
0.04 : ; 12
;Ul 1 1 .......................................
E 1Yo 72 RRTIITCTISPE SR
ol T4} SR T P T R PR PRTTTY e
3 £ 10,
" E : :
o 05 1 15 o 0.5 1 15
Time (sec) Time (sec)
Maasuremant error

Fig.1. Pressure and airflow waveforms used to calculate Compliance
and Resistance
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Fig. 2. Pressure-Volume Curve of an Assisted Breath Delivered
From A. Ventilator

V. CONCLUSIONS

This paper has presented an algorithm for finding the
patient component and ventilator component of work.
The proposed algorithm is non-invasive and can be used
in ventilators for on-line estimation of work components.
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