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Monitoring the Lung:

Mechanics and Volume

Roger S. Wilson, M.D.*

ADVANCES IN ENGINEERING, electronic and
computer technology during the past decade
have improved the capability for intermittent
and continuous monitoring of specific organ-
system function. Monitoring of respimtory
function, necessary because of the high inci-
dence of complications, with significant mor-
tality and morbidity, unfortunately has experi-
enced slow advancement. There is general
lack of sophistication in the area of respira-
tion, in contrast to those methods routinely
employed for the monitoring of other systems,
especially cardiovascular function.
Pulmonary function can be assessed

several ways: 1) function as a gas-exchange
organ, including measurement of alveolar and
rascular function; 2) mechanical function of
the lung, including lung volumes and me-
chanical properties of the diaphragm and chest
wall; 3) metabolic or non-respiratory function.
The object of this review is to focus on the
development and availability of currently ex-
isting techniques used to measure the complex
mechanical pm])(.mu of the respinttory
tem. Special emphasis is placed on .mplm.x-
tion and clinical utility of such techniques in
management of acute pulmonary injury and
respiratory insufficiency.

Physiology and Measure of
Pulmonary Mechanics

The study of respirtory mechanics is con-
cerned with the physical process of gas trans-
port in the respiratory system. This includes
the action of the chest wall {rib cage and dia-
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phragm) and the physical properties of gas
flow within ainways. Mechanical function of
the lung is inherently related to other aspects
of pulmonary physiology, including gas ex-
change and non-respiratory function. In acute
and chronic respiratory disease, abnormalities
in respiritory mechanics are important patho-
physiologic features, both as primary mech-
anisms in creating disturbance in function
and as being altered secondary to injury.

Measurement of mechanical function of the
Jung or the mechanics of breathing requires
continuous recording of pressure, flow and
volume during the respimtory cycle. Pres-
sure—volume relationships are defined during
airflow (dynamic conditions) and at times of
zero flow (static conditions). Although a com-
plete review of pulmonary mechanics is not
warranted, certain definitions and principles
must be considered. Specific pressures are de-
fined as follows:

Pleural pressure (Py) is the pressure on
the pleural surface and cannot easily be
measured directly in the patient. Instead, it is
measured by means of intraesophageal pres-
sure (Pgg). Change in esophageal pressure has
been found to correlate well with change in
pleural pressure during the respirtory cy-
cle.'

Transpulmonary pressure (Py) is the pres-
sure difference across the lung, measured as
the pressure difference between the ainway
opening (P,,) and the pleural surface (Pyy).
During inspiration and expiration this pres-
sure gradient is produced by a number of
factors, including resistance to airflow, pul-
monary and chest-wall compliance, and tissue
and gas inertia. At points of no flow, both
resistance to airflow and inertial forces are ab-
sent; thus, Py become a function of pulmonary
compliance alone. Transpulmonary pressure
is equal to the difference between mouth
and esophageal pressures (P = Pyo — Piy)
and by definition is a positive value.

Transrespiratory pressure (Pyg) is the pres-
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INSPIRATION EXPIRATION

Fi1G. 1. Tidal volume, airway flow, and pleural
pressure change during a single respimtory evele.
(Reproduced with permission from Laver MB, Aus-
ten WG: Lung function: Physiologic considerstions
applicable to surgery, Davis-Christopher Textbook
of Surgery, Tenth edition. Edited by Sabiston DC]Jr.
Philadelphia, W.B. Saunders, 1972.)

sure difference across the respiratory system
(the lung and chest wall) measured as pres-
sure differential between airway and atmos
pheric pressures (Pps = Py — Pym). It is im-
portant specifically in deseribing the pressure
changes occurring during mechanical or posi-
tive-pressure ventilation. This pressure is not
important during spontaneous respiration.
Changes in volume, airway flow, and trans-
pulmonary pressure during a single respira-
tory cvele are shown in figure 1. Inspiratory
and expiratory periods are separated at points
of zero flow. These analog wavefonus provide
information from which a number of important
values may be derived. Compliance (volume
change per unit pressure change) may be cal-
culated by determining the change in volume
and corresponding change in pressure on the
appropriate curves in this figure. A change in
pressure is necessary to overcome two forces:
elastic recoil and resistance to airflow. Pres-
sure change necessary to overcome elastic re-
coil can be sepanited from pressure secondary
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to How resistance by selecting a point during
the respiratory evele when resistance to flow,
or flow-resistive pressure, is zero. Ainway
flow is zero at end-inspimtion, immediately
prior to expiration, and at the conclusion of
expiration. At the point of zero flow the rela-
tionship between lung volume and pressure
change vields compliance. This is indicated
by the straight line drawn between points of
zero flow (dashed line in curve D), which indi-
cates that the volume change per unit pressure
change remains constant throughout the in-
spiratory and expiratory eyveles. The pressure
difference between the total pressure gen-
enated (solid line, curve D) and the pressure
utilized to overcome elastic recoil (dashed
line, curve D) represents the pressure needed
to overcome flow resistance. The pressure
(flow resistance pressure) has been isolated for
the entire respimtory cyele and is shown as
an individual curve (curve C). Evaluation
of this curve reveals that resistance to How
is not constant during the respinatory cyele,
but generally has the same shape as the flow
curve generated at the mouth (curve B). There
is need for greater pressure to overcome re-
sistance to flow as the flow rate (0.5 lsee
in this case) reaches a maximum.

Mechanical Work Done by
Respiratory Muscles

In breathing, respiratory muscles work
against three principal types of forces. Elastic
Sorces are developed in tissues of the Tung
and chest wall when a volume change occurs.
Flow-resistive forces oceur due toresistance to
flow of gas within airways and the resistance
secondary to nonelastic deformation of tissue.
Inertial forces, which depend on the mass of
tissue and gases, are generally considered of
minor importance and neglected in the cal-
culations. During quiet breathing the respir-
tory muscles do active work only during the
inspiratory phase; expirtion is passive. In-
spiratory work is divided into those factors that
work against elastic forces and those that work
against flow-resistive forces. Work during
inspiration may be expressed as the product
of pressure and volume: Wt = PdV.

f Units of work are gram-centimeter (g-cm) or
kilogram-meter (kg-m) when pressure is em H.0/
em? or gem?® and volume is em.

20z Iudy 60 uo 3sanb Aq jpd'$0000-000809.6 L-Z¥S0000/€592SH/SE L/Z/S¥/HPd-01on1e/AB0|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



ON-LINE MONITORING OF LUNG

137

WORK OF BREATHING {Wg, + W)

ELASTIC WORK (#,)

Fic. 2. Components of respine-
tory work; for explanation sce test,
(Reproduced with permission from
Laver MB, Austen WG: Lung funce-
tion: Physiologic considerations
applicable to surgery, Davis-Chris-
topher Textbook of Svrzery, tenth
edition. Edited by Sabiston DC Jr.
Philadelphia, W.B. Scumders 1972)
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Sever] methods are availuble for expressing
the relationship between work and respim-
tion. Perhaps the easiest to comprehend is
the pressure—volume plot, as shown in figure
2. Work of the respirtory muscles may be
expressed as a relationship between pressure
and volume changes during it respinttory (in-
spiratory and expirtory) cycle. The plot of
pressure (trnspulmonary) and volume (tidal)
during inspiration and expiration produces a
closed loop, with points A and C representing
zero flow at end-expimtion and end-inspir-
tion, respectively, The stright line AC indi-
eates the compliance (slope equals change of
volume divided by change or pressure), or
the elastic component of pressure change dur-
ing inspiration (P,). The stippled arca (ACBA)
is the quantity of elastic work (W) done dur-
ing inspiration and is equal to half of the
product of tidal volume and change in elastic
pressure (Py). The elastic pressure change
can be expressed in terms of complianee
(C) and tidal volume (Vy) as follows:

Cc= :’T. (n
and
P, = 1/C x Vi Te)
and since
W, = %P, x Ve (3

then

W, =% x 1/Cx (Ve)* H

Henee, elastic work per breath is inversely
proportional to compliance and directly pro-
portional to the square of the tidal volume.

The right-hand portion of the figure depicts
total pressure applied during a tidal breath in
inspiration, and the hatched area (shown be-
tween the elastic pressure line and total pres-
sure) represents flow-resistive work (W)
performed during inspiration. W, may be
measured by planimetry of the stippled area
shown to be right of the diagonal. It may also
be caleulated by using certain approximations.
First. the rate of volume change must be
known. The value of the Tatter may be
approximated if Vi and the durtion of
inspiration are known. Let us assume
respirtory frequeney (1) and an equal
distribution of time between inspiration and
expiration, then:

60 ) L -
7—[ = duration of inspimtion (scc) (3}
From Equation 3:

2fV.
v
Avenge rte of volume change = 5 see

or 2fVymin (6}

The resistance (R) then:

(%)

Flow-resistive work (W) may be ex-
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pressed as the product of tidal volume and
the avernge How-resistive. pressure:

W = 2R(VyE x f (8)

Thas. How-resistive work during a single in-
spiration is proportional to flow resistance,
respiratory rate, and the square of the tidal
volume. The total respiratory work per unit
time is equal to the sum of the elastic and
the flow-resistive work per breath x the
respinitory rate. This may be expressed as
follows:

Total work per minute = (W, + W, ) X (9)
or

Y% x /C x (Vg x {+ 2R(VL): 2 (10)

Work performed against resistance to flow
is dissipated as heat during inspiration; elastic
work (inspiration) represents potential energy
at end-inspiration to he utilized to provide
work to overcome flow-resistive forces during
expintion—remembering that expiration is
usually  (but not always) a passive phe-
nomenon using elastic lung and chest-wall
recoil, e.g., inspiratory W,

Values for work of breathing and its meta-
bolic correlate, the oxygen cost of breathing,
are shown in table 1. Increased levels
of exercise and @t corresponding increase in
minute ventilation lead to a disproportion-
ate increase in respinttory work (e.g., Kg-m/
unit of ventilation) at the higher levels
of ventilation®* In addition, there is «

parallel increase in oxygen consumption
by the muscles of respiration—a ten-

fold increase from quiet breathing to heavy
exercise. The elastic component, 66 percent of

ROGER S. WILSON v

~thes

Aue b

the total during quiet breathing, decreases to
39 per cent with heavy exercise, while re-
sistive work increases from 33 to 61 percentat
high levels of ventilation. Thus, in normal
lungs, increase in respintory muscle activity
is associated with a disproportionate increase
in cost per unit ventilation (mechanical work
and energy requirement) and a redistribution
of the subdivisions of total work.

On-line Computation

Measurement and computation of the work
of breathing are possible by recording simul-
tineous pressure and volume changes. During
spentancous breathing, transpulmonary pres-
sure (P, — Pp) is measured with simulta-
neous volume change, generlly recorded by
integration of airflow measured with a pneu-
motachograph. This method will measure elas-
tic work of the Jungs and thorix and flow-
resistive work done on moving gas and Jung
tissue; flow-resistive work performed on the
thorax (i.c., rib cage, diaphmgm, and ab-
dominal contents) is not measured.

During positive pressure of mechanical
ventilation, total respiratory work is genemlly
measured utilizing transrespiratory pressure
(Pao — Pupo) and simultaneous volume change,
provided that the subject does not have an
active respiratory (including abdominal) mus-
cular contraction during the measurement.
Use of esophageal pressure, ic., trnspul-
monary pressure, allows one to define the
properties of the lung alone, excluding the
chest wall,

Applictions of analog and digital computers
during the past decade have produced systems
capable of providing breath-by-breath caleula-

TaBLE 1. Work and Oxygen Cost of Breathing

Respine Respiratury Work
Exterual Tidal tony sate
Wark Volume | (breathy 1G] “ (O, eint
Remmind | oo win} Elatic) | Resistivet | mbmin
Quiet breathing 0 500 15 0.3 66 33 3
Modernute exercise 620 1,600 a3 37 1,500 32 57 43 52
Heavy exercise 1,660 2,400 48 115 3,500 35.2 39 61 352
Maxima) volun-
tary ventilation 1] 1,500 120 180 — 20 S0+ —_
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F1G. 3. On-line computation of pulmonary

tinuous from right to Ieft showing simultaneous recording of esophageul pressure, flow, volume, lung
compliance, power, and work of breathing and airway Pe,,.. (Reproduced with permission from Fletcher

G, Bellville JW: On-line computation of pulmonary compliance and work of breathing. J Appl Physiol

2]:1321-1327, 1966.)

tion of mechanics of breathing without manual
A typical configurtion of the re-
corded output of such a system, as described
by Fletcherand Bellville," is shown in figure 3.
Measured and derived values are indicated
as follows:

Volume (Vg): Tidal volume is obtained by
integration of flow = (J‘th).

Compliance (Cygp): Dyniumic compliance is
derived from volume change divided by
change in pressure (P + p) from points of zero
flow at beginning and end-inspiration = (V/
AP,

Power: Expressed in kg-m/sec is the power
developed in overcoming elastic forces or
moving gas and lung tissue. It is obtained from
the product of pressure and flow = (P, x ).

opernitions.

Work: Expressed in kg-m, is obtained by
integration of power = (dek) over i specified
period of time.

On-line computation creates a practical solu-
tion by providing for unlimited duration of
study with direct recording of computed re-
sults in real time. As previously mentioned,
the determination of both power and work of
breathing by conventional methods requires
additional use of planimetry to measure areas
on the photographs of pressure-volume loops.
This is not only tedious but introduces a
number of sources of error and random varia-
tions into results. Examples of error include
recorded artifacts, especially those produced
with use of esophageal pressure monitoring.
Swallowing and other changes in esophageal
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muscular tone occur with slow frequency
and extend over several respiratory cycles.
In continuous on-line recordings such slow-
frequency artifacts are easily detected and
subsequently eliminated. Cardiogenic oscilla-
tions vary in amplitude and phase relation-
ships with the respirtory oscillation. Such os-
cillations are casily filtered from the respin-
tory signal and the effect is greatly reduced
by on-line computation. Otherartifacts suchas
movement of the esophageal balloon during
breathing, effect of weight of the mediastinal
contents on esophageal pressure, and other
extraneous signal noises are greatly minimized
with on-line computation. Such tems pro-
vide anal of multiple breaths (e.g., five
to ten consecutive breaths) rather than basing
information on a single-breath plot of the pres-
sure—=volume relationship. Indeed, studies
have shown that analog computation reduces
considerbly the coefficient of variation in
computed values of respimtory mechanics,
.z, lung compliance, compared with manual
methods.®* While no direct comparison of
on-line work with conventional methods is
available, it is evident that differences in
variability of results with the two methods
may be even greater than those in the com-
putation of compliances. Studies of mechanics
of breathing and respiratory physiology are
facilitated by the use of on-line computation
as a result of reduction in data analysis time,
continuous rather than intermittent computa-
tion, and increased accurey.

During the past decade there has been wide-
spread interest in application and use of the
digital computer in areas of data processing
and storage. Several groups have described
methods for monitoring physiologic variables
with use of time-shared or dedicated digital
computer systems. Efforts have been directed
at their use in the eriticatly ill, with emphasis
on cardiovascular monitoring,*~® and more
specific attempts have been made to focus on
the respiratory system."*~* The applications
include data-processing display and storage.
Analog data are obtained as previously de-
seribed, i.e., flow and pressure generated via
a sensor—amplifier system. Analog signals
initially displayed on an oseilloscope for vis-
ualization, are transmitted via cables, tele-
phone lines, ete., to analog-to-digital con-
verters. Digitalized signals are then directed
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to the computer, which provides both proces-
sing and data storage. Various methods of dis-
play of digital and graphic material, generally
using a bedside cathode-ray tube and com-
puter-generated read-out for permanent
records, are then made available.

Clinical Application

On-line measurement of pulmonary gas ex-
change and mechanics has been .xd\()u.\tcd
to provide the clinical data needed for the diag-
nosis and treatment of pulmonary, cardiovas-
cular, and metabolic abnormalities in the criti-
cally ill patient. These measurements, if they
are to be useful, must be provided simply
and automatically with maximum accuracy.
The relevant question as to ultimate clinical
usefulness is extremely difficult to resolve,
since experience todate has focused on system
design, technical development, and early
applications. Further efforts are needed to
demonstrate whether such systems are justi-
fied on a cost-effectiveness basis.

Thus far, the greatest interest has centered
around the measurement of the work of breath-
ing and its specific components with on-line
methodology, while values such as respiratory
rate, tidal volume, and forced expired \ol-
umes, FEV, and vital ¢
obtained with simple inexpensive bcdsule
techniques. Experience has shown that these
variables are slow to change with time, thus
making elaborite continuous monitoring tech-
niques unnecessary. The work of breathing,
however, has been of interest to many investi-
gators, since it is directly related to oxygen
cost and hence, efficiency of the Tung, under
normal conditions and in the presence of pul-
monary and cardiovascular disease 717719

Several attempts have been made to meas-
ure the work of breathing following trium
especially non-thoracic trauma, and immedi-
ately after major cardiovascular and thoracice
operations. In the late 1960’s, Peters and col-
leagues® used an analog technique to measure
changes in both work of breathing and chest-
wall compliance following thoracotomy. The
study was stimulated by a previous observa-
tion that the breathing pattern after thoracot-
omy was markedly irregular, even in the ab-
sence of pulmonary disease, a variation in
the breath-by-breath pattern that had not been
taken into account during previous analyses.
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Pulmonary compliance (dynamic) and res-
pirtory work were measured in the post-
opertive period on the first, thirdand seventh
davs and approximately two weeks afteropera-
tion, and results were compared with control
values obtained in 15 normal subjects. Re-
sults of this study were divided into groups
depending on the opemtive approach and
operative procedure. Group | consisted of pa-
tients treated by lateral and anterolateral
thoracotomy  without pulmonary  resection:
Group 11, Tateral thoracotomy with excision
of lung tissue; and Group 11, midline ster-
notomy without rescction.  Postoperative
values for compliance and work showed con-
siderable variation within each group and from
aroup to group. Post-operative decreases in
total compliance (lung and chest-wall) were
found in all groups and were similar to values
reported by other investigators. The numbers
of patients and determinations were too small
to define any pattern of compliance change in
response to location of surgical incision. The
work of breathing was generally increased in
the immediate postoperative period (day after
operttion) and remained increased during the
first postoperative week: again, significant
intra-and intergroup

fations were apparent.
Respiratory work was expressed as work per
minute and work per liter ventilation; the lat-
ter, a measure of efficiency of the Tung and
an expression of energy requirement, was
more markedly elevated above control levels
than work per minute.

Proctor et al.® measured mechanical funce-
tion of the lung following direct traumatic
pulmonary injury in Vietnam combat casual-
ties. Total and resistive work of breathing
were increased from the time of hospital
admission until measurements  were  ter-
minated on the tenth post-injury day.

An analysis of mechanical function follow-
ing thomiconbdominal operations by on-line
digital computer has beenreported by Lewis. ™
Variability in technique, patient population,
and the limited number of determinations
limit the usefulness of the specific values.

There has been great interest in application
of on-line techniques in patients with acute
respiratory insufficiency and related multi-
stem disorders. Specific applications of such
stems toward improved clinical manage-
ment have been described, and justification
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for such elaborate s included the
improved feedback relating to patient-ma-
chine interaction during mechanical ventila-
tion, and the early detection of mechanical
problems such as system  leaks, “out-of
phase,” and airway and tube obstruction. In
addition, such a system provides a continuum
with additional information about respiratory
function in real time, including advance warn-
ing of developing pathologic processes that
otherwise would not be detected due to the
lack of repetitive, serial data collection and
analysis. The third and perhaps the most use-
ful bit of information is the availubility of
dynamic measurements of respiratory fune-
tion, especially indices of respiratory work.
The relationship between pulmonary me-
chanies and circulatory function and its altera-
tion by changes in respiratory pattem is shown
in figure 4. With this information it is possible
to improve indications for ventilator support
and increase efficiency for prediction of wean-
ing ability.

In a recent review, Saklad et «f.' listed the
following advantages of clinical on-line moni-
toring: 1) anticipate oncoming ventilatory fail-
ure; 2) recognize ventilatory inadequacy and
the responsible mechanisms; 3) establish the
need formechanical ventilatory support; ) im-
prove management of ventilatory perform-
ance; 5) review the past history of ventilatory
function during therapy and project needs and
trends: 6) establish alarm systems to inform
attendants when certain variables have ex-
ceeded established limits,

These authors have made use of a cathode-
ry tube located at the bedside, and the analog
display includes flow, tidal volume, and air-
way pressure. When the interrelationships be-
tween the simultaneous traces are observed
on the cathode-ray tube, changes in hoth pul-
monary and mechanical function may be diag-
nosed with relative e The examples cited
include early detection of changes in ventila-
tor characteristics, e.g., volume delivery, with
associated changes in pulmonary compliance
and resistance, especially in the case of
pressure-pre-set ventilators. Other aspects of
ventilatory managementand the ventilator set-
ting that become apparent with visual display
of the amalog signals include prolongation
of inspiratory times secondary toa low inspim-
tory Hlow, the relationship of inspiratory to
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SPONTANEOUS MV MECHANICAL
BREATHING VENTILATION
2 Breaths/Minute 12 Breaths/Minute
ARTERIAL
PRESSURE
cyvP
INSPIRATION
EXPIRATION
(vorr)
; 30 TRANSPULMONARY
AA 1
PLEURAL .,\[ oy 20 PRESSURE

PRESSURE
TiDAL
VOLUMS

FiG. 4. Arterial pressure, central venous pressuse, flow, plerual or transpulmonary pressure and

tidal volume shown during sp

breathing (Vy

7, intermittent
tion, measured in one pauen! over a 30-minute steady-state period. A,
=250 ml); pleural pressure A = 10-12 torr; note stability of BP and CVP. B, IMV, 2

v ventilation, and I ventila-
during spunt.mc()ua

Dreaths/min (V3 spont = 250 ml, V; IMV = 750 ml); transpulmonary pressure is shown to (.]\.m;,c by I3

torr during a spontaneous breath Jnd by 30 torr with a ventilator-
at pe.lk inspiratory pressure of ventilatol
pressure decreases 25 torr following a ventilator-assisted breath. C, m
breaths/min; note intermittent spontaneous breathing. There is marked va

iration (. us) and high

pressure compared with previous patterns.

expinatory time, and the effects of an end-
inspiratory pause as well as an end-expiratory
pressure. The appearance of spontaneous res-
piratory activity is easier to detect during the
course of controlled ventilation when analog
signals are available.

With utilization of the digital computer
(as in fig. 3), it is possible to convert flow
and pressure data into a number of derived
variables. The information may be projected
as an alpha numeric display on a remote
or a bedside cathode-ray tube and may be
provided in print-out form with a teletype-
writer. When available, such data allow for
bedside “titration™ of ventilator perfformance
against the mechanical characteristics of the
Jung—chest-wall system. In addition, data may
be stored for future use to enable analysis
of serial, e.g., daily or hourly, vilues in order

CVP is lowest at pq_.lk
ed breathing. Arterial
anical ventilation at 12
ion in CVP and arterial

ed breath,

to appreciate more fully changes in patient’s
respiratory  status. Osborm and colleagues
recently evaluated a computer-based monitor-
ing system in use in the Cardio-Pulmonary
Unit of Pacific Medical Center for the past
eight vears.? Although the system is designed
for both cardine and respiratory monitoring,
the latter, which includes measurement of
flow, pressure and gas composition, provides
a major component of the output. From these
data, oxyvgen uptake, carbon dioxide output,
respiratory quotient and breath-to-breath
measurements of respiratory mechanics are
determined. Derived variables of lung me-
chanics include compliance, nonelastic re-
sistance, ventilation volumes, and total work
of breathing during positive-pressure ventila-
tion. According to the authors, advantages of
the system include: detection of respirator and
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mechanical malfunction, improved facility to
adjust the ventiltor settings appropriately,
and early detection of alterations in pulmotary
function such as hemothorax, pneumothoras
and need for pulmonary toilet.

Turney and colleagues®=# have devised an
on-line respinttory wavefornm and pulmonary
gas-exchange em utilizing botha computer
and a respiratory-gas muass spectrometer. The
utility of the svstem has been limited to
cases where continuous monitoring has been
desirable to provide information about me-
chanical problems, e.g., airway occlusion,
which, if detected early, allow {or intervention
before the physiologic consequences have be-
come serious. 43¢

Although these systems have incorporated
on-line gas analysis (inspiratory and expirtory
oxygen and carbon dioside), their derived
benefits are difficult to substantiate. Complex-
ity and cost of the system are increased sub-
stantially once the need for sampling lines,
ms analyzers, and calibrating  techniques
has been established. When gas analysis is
combined with volume measurement, derived
values include oxygen uptake, end-expiratory
carbon dioxide, and carbon dioxide produce-
tion. Several authors have expressed hope that
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with such non-invasive methods of gas
anabysis it would be possible to reduce or
climinate the need for standard serial arterial
blood-gas analysis. Such on-line gas analysis
does provide a s for alanm systems (e.g.,
inspired and expired oxygen fraction) and ha
in theory and practice detected malfunction
of airway and mechanical apparatus.'%#* Ac-
cording to Hilberman et al., # availability of
ainway gas analysis did not reduce either the
number of days arterial cannulas were in place
or the number of arterial blood-gas deter-
minations.

Perhaps the mostdirect clinical utilization of’
such a monitoring system has been that de-
seribed by Peters ¢t al. in an attempt to de-
lineate objective indicators for respimtor
therapy in both post-truuma and postoperative
patients.* Using a simple bedside cart linked
toa remote digitul computer, respiratory meis-
urements were determined mpidly during
mechanical ventilation in order to assess the
effectiveness of therapy and the feasibility of
discontinuing respirator support. Retrospec-
tive analysis of the data indicated that com-
pliance and airway resistance did not dis-
criminate between patients who could and
those who could not be weaned from respirator
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support. However, ealculation of respimtory
work, as work per liter or work per minute,
appeared to be a relinble method for discrimi-
nating between those in need of continued
ventilator support and those capable of being
weaned. For example, total work per liter was
0.05 kg-m for patients who did not need the
respinator; the corresponding value for those
who needed the respirator was 0.3 kg-m.
Total work per minute was also a good dis-
criminator, with the division between the two
groups at a value of LO kg-m per minute,
although the overlap was greater than that ob-
served with the work per liter determina-
tion. Proctor and Woolson® attempted to pre-
dict respiratory muscle fatigue by measuring
work of breathing (lung) in postopentive
patients and found means of 0.83 kg-m/min
in patients who did not require ventilatory
support and 3.5 kg-m in those who did.
Furthermore, at a caleulated work of breathing
of 1.34 kg-m, the fewest errors were made
(13.8 per cent false-negative: 13.8 per cent
false-positive) in decisions whether to use res-
pirator therapy. In conjunction with standard
bedside pulmonary function analysis (e.2.,
vital capacity, VofVo, QJQr, ete.), Peters et
al.¥ were able to define a total work per
minute greater than LS kg-m, or a work per
liter greater than 0.18 kg-m, as the critical
level beyvond which ventilator support was
needed. Whether such methods are either
clinically beneficial on a general basis,
outside of specific research-oriented intensive
care units, is wnsettled pending  further
evaluation.

Specific aspects requiring further clarifica-
tion include the utility and ease of openition
in clinical units without elaborate engineering
and computer support services, especially if
application under these circumstances will re-
duce accuraey and reproducibility of data
Ovenll cost effectiveness, a problem of grow-
ing importance in intensive care medicine,
bears further analysis.

References

1. Milic-Emili J, Mead J, Turner JM, et al: Im-
proved techniques for estimating pleunl
pressure from esophageal balloon. J Appl
Physiol 19:207-211, 1964

2, Mili-Emili J, Mead J, Tumer JM: Topography

ROGER S. WILSON

. Otis AB, Fenn WO, Rahn H: M

4.

6.

7. Fritts HW Jr, Filler J,

9.

10.

16.

. Warner HR, Gardner RM, Toronto 2

enthesivlogy
V45, No 2 Aue 1976

of esophages] pressure as a function of posture
in man. ) Appl Physiol 19:212-216, 1964

mics of
92-607,

breathing in man. J Appl Physiol 2:
1930

Otis AB: The work of breathing. Physiol Rev
34:4-49-458, 1954

. Mellroy MB, Marshall R, Christic RV: The work

of breathing in normal subjects. Clin Sci
13:127-136, 1954
Mead J, Whittenberger JL: Phy,
of hunan lungs 1du I
respiration. ) Appl Physi -796, 1953
shman AP, et al: The
tilation during voluntary
hyperpnea: Studies in normal subjects and in
dyspneic patients with either chronic pul-
monary emphysema or obesity., ] Clin Invest
38:1339- 1348, 1959

«al propertics

efficiencey o

. Fletcher G, Bellville JW: Online computation of

pulmonary compliance and work of breathing.
J Appl Physiol 21:1321-1327, 1966

Miller JH, Simmons DH: Rapid detennination
of dynamic compliance and resistance. J Appl
Physiol 15:967-974, 1960

Oshorn JJ, Beauwmont JO, Raison JCA, ct al:

Measurement and monitoring of acutely il

patients by digital computer. Surgery 61:
1037-1070, 1968

Raison JCA, Chir B, Oshom J. et al: Oxyuen
consumption after open heart surgery n
ured by a digital computer system. Ann Surg
171:471-484, 1970

Gerbude F: Computerized monitoring of seri-
ously ill patients. ] Thome Cardiovase Surg
66:167- 174, 1973

Cow-
puter-bused  monitoring of ¢ ular
functions in postopentive patients. Circula-
tion suppl 11 37-38, 68-74, 1968

. Peters RM, Hilberman M: Respirtory insuffi-

md control of therapy.
7, 1971

cieney: Diagnos
Surgen: 70:250-2¢

. Hilbermun M, Schill JP, Peters RM: On-line

digital analysis of respirttory mechanics and
the antomation of respiratory control. ] Thorae
Cardiovase Surg 38:821-828, 1969

Saklad M, Paliotta J, Weverhacuser R: Ou-line
monitoring of ventilatory parameters, Clinical
Anesthesia Vol 9/2.3. Edited by WHL Dor-
nette. Philadelphia, F. A. Davis Company,
1973

7. Marshall R, Mellroy MB, Christie RV: The

work of breathing in mitral stenosis. Clin
Sci 13:137- 146, 1954

. Mecllroy MB, Christie RV: The work of breath-

ing in emphysema. Clin Sci 13:147- 154, 1954

. Thung N, Herzog P, Christlieb 11, et al: The

cost of respintory effort in postoperative
cardiac patients. Cireulation  28:552-559,
1963

Peters RM, Wellons HA, Htwe TM: Total com-
pliance and work of breathing after Thoracot-

20z Iudy 60 uo 3sanb Aq jpd'$0000-000809.6 L-Z¥S0000/€592SH/SE L/Z/S¥/HPd-01on1e/AB0|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



o
S
2
3
_ o
Anethesioloy ON-LINE MONITORING OF LUNG 145 s
V45, No 2, Augt 1976 g
omy. J Thore Cardiovase Surg 57:348-353, ments in automatic monitoring of s con- é"
19 centrtion, flow, pressure and temperature. 3
21. g ntine TVN, Broussard ND, et Ann Thore Surg 16:184-192, 1973 =
of pulmonary function fol- 25, Tumey SZ, McAsln TC, Cowley RaA: The 2
lowing penetrati v injury with continuous measurement of pulmon: mis o
recommendations for therpy. Surgery 68: exchange. Ann Thome Surg 13:: 2, 9
92-98, 1970 1972 N
22 Lewis FJ, Shimizu T, Scofield AL, et al: 26. Tumey SZ, Blumenfeld W: Online respiratory-
Analysis of respirtion by an on-line digital waveform analysis using a digital desk calen-
computer system: Clinical data following lator. Med Biol Eng 11:275-283, 1973
ibdominal surgery. Ann Surg 164 27. Peters RM, Hilbenman M, Hogan JS, et al: Ob-
547-557, 1966 jective indications for respirator therpy
23, Hilberman M, Kamun B, Tarter M, et al: An in post-triuma and postoperative patients.
evaluation of computer-based patient moni- Am J Surg 12 269, 1972
toring at Pacific Medical Center. Comput 28. Proctor HJ, Woolson R: Prediction of respiratory
Biomed Res 8:447-460, 1975 muscle fatigue by measurements of the work
24, Tumey SZ, Blumenfeld W, Wolf S, et al: of breathing. Surg Gynecol Obstet 136:367-
Respiratory monitoring:  Recent develop- 370, 1973

20z ludy 60 uo 3senb Aq ypd'$0000-000809.6 1-Z¥S0000/€592SH/SE L/Z/SF/HPd-a1o11e/ABO|0ISaUISaUE/WOD JIeUYDIaA|!



