Mechanics of Respiration in Apneic Anesthetized Infants

Robert N. Reynolds, M.D.,* and Benjamin E. Etsten, M.D.f

The hanics of respiration were studied dur-
ing nitrous-oxide halothane anesthesia in 15 apneic
infants (weight range, 2.2-5 kg.) ventilated by a
timecycled constant flow ventilator, The dy-
namic lungthorax compliance was 2.8 = 0.3 ml./
cm. of water. The dynamic lung compliance was
3.3 = 0.3 ml./cm. of water and the dynamic chest
wall compliance was 22.3 = 3.5 ml./cm. of wa-

ter. The inspi v airway Judi
tissue viscous resistance) was 63.9 = 3.7 cm. of
water/liter/: d. The calculated inspi

P b4
work was 6,499 = 567 g. cm./minute. The clastic
inspiratory work was 4,697 = 427 g cm./minute.
Seventy-two per cent of the total inspiratory work
was done against clastic forces. The static total,
lung and chest wall compliances were determined
in the same infants and did not differ significantly
from the corresponding dynamic values.

Substituting the determined values for compli-
ance and resistance in a simplified equation of
motion for the lung thorax, it was found that the
pressures required for inflation of the lung in anes-
thetized infants are in the same range as in adults.

DerraiTive and  quantitative studies on the
mechanics of respiration in the anesthetized
and nonanesthetized subject have served as a
basis for the physiclogic management of ven-
tilation of the adult during anesthesia. Data
obtained from studies on adults unfortunately
cannot serve as a basis for the physiologic re-
spiratory management of the anesthetized in-
fant because of anatomical and physiological
differences.

A review of the literature reveals one study
relating the mechanics of respiration in anes-
thetized infants, which reports only the static
total or combined lung and chest wall compli-
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ance (i.e., during a sustained inflation with no Z
flow of gases). Studies on the dynamic as- 2
pects of lung inflation in the anesthetized in-
tubated infant have not been reported. The N
present study was undertaken to analyze the %
dynamic lung, chest wall and combined lung- §
chest wall compliance (i.c., a breath-to-breath g
analysis) and the nomelastic or viscous resist- =
ance of the airway and lung and chest wall 3
tissues. This study will determine the con-&
tribution of the clastic resistance (reciprocal 3
of compliance) of the lung and chest wall and 3
of the nonelastic or flow resistance of the air-g-
way and lung-thorax tissues to the total pres-8
sure required for the inflation of the lungs andS
thorax in anesthetized infants. Data will beZ:
presented showing that this information can®
serve as a basis for the physiologic manage-g
ment of controlled respiration (intermittent)
positive pressure breathing) of the infant dur-=
ing anesthesia and operation.
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Procedure

00/€06¥82/€)

Fifteen infants scheduled for inguinal herS
niorthaphy or pyloromyotomy, ranging in age3
from 3 days to 105 days without apparentg
signs of cardiorespiratory disease, were sel
lected for this study. The tracheas of the ing
fants were intubated with a snugly fitting unS
cuffed endotracheal tube (size 14-16 Frcnch)§
without anesthesia one hour after premedicag
tion with 0.12 to 0.13 mg. of atropine sulfateS
Induction of anesthesia was carried out by
means of a Y tube insufflation technique usin®
a 2 liter per minute flow each of N2O andy
O,. Halothane 1 to 2 per cent was added ag
y from a Fluotec vaporizer. Induc§
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tion of anesthesia averaged 8 to 10 minutesy
After obtaining a surgical level of anesthesia;,
controlled respiration was instituted using ag
electronic Y tube ventilator.* The tidal vol§
ume was adjusted to that predicted by the
Radford nomogram at a frequency of 20 r§
30 cvcles per minute. Dynamic respiratory
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TRACHEAL PRESSURE

flow, pressure and volume observations were
made during a steady state of anesthesia with

the infants in the supine position.
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F1c. 1. Schematic rep-R
resentation of apparatuso.
for measurement of air-<
way and esophageal pres-3
sure and respiratory gas>>
flow in an anesthetized
infant. ¢
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were inflated to the predicted tidal volume by3

means of a calibrated syringe.
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. Respiratory gaso
flow (V), inspiratory3
tidal volume (Vi), air-3
way pressure (Pz), andS
esophageal pressure (Pr) ©
as recorded from an anes-S
thetized 4-kg. infant. The S
total airway pressure was &>
divided into the flow re-3
sistive component (Prr) =
and the elastic compo-<
nent (Pelr) by droppinga
a vertical line from theg
point of zero flow at the %

end of inspiration to theg
pressure tracing to deter-_,
mine the pressure at thato
instant.
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Fic. 3. Method for
determining  inspiratory
work. The volume-pres-
sure diagram_was con-
structed by plotting cor-
responding inspiratory

volume and pressure in- 2 €

crements  {points A m o
through F) on graph pa- v, 3

per. The area of triangle T a

AFG inspi
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tory clastic work. The

area ABEF  represents  misec
flow resistive work. The
units of work are g. cm. ¥
The work per minute is
determined by multiply-

ing the work per breath

——t bt
by the respiratory fre- Time in QI seconds P Ocm H,0

quency.

was maintained for one second to obtain static
pressure volume observations.  The studies
were completed within 13 minutes after in-
duction of anesthesia prior to the start of op-
eration.

Mcthods

Respiratory flow measurements were ob-
tained by means of a heated Fleisch pneumo-
tachograph (number 00, dead space 1.7 ml.)
in conjunction with a Statham PM 3 trans-
ducer. The pneumotachograph was calibrated
for the 50 per cent N.O, 50 per cent O» mix-
ture by placing it in scries with a Fischer-
Porter Tri-flat flowmeter that had previously
been calibrated for this gas mixture. The ad-
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brated against a water ter. Figure 1
is a diagram of the arrangement of the appa-
ratus. The flow, volume and pressure curves
were simultancously recorded on a 4-channel
Grass direct writing oscillograph (fig. 2).
The frequency response was 100 per cent at
8 cycles per second in the flow and pressure
recording systems.

Dynamic compliance was caleulated by di-
viding the tidal volume (Vy) by the appropri-
ate pressure change (AP) at the point of zero
flow at the end of inspiration as determined
by the flow curve:

Ve

Compliance total = —
APl
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dition of 1 per cent halothane vapor did not I o _ VT

affect the calibration. Inspiratory tidal vol- Compliance chest wall = APg

ume (Vy) was determined by electronic inte- i Ve

gration of the flow signal and corrected to Compliance lung = APr — APy

BTPS. The integrator was calibrated by pass- T F

ing known volumes through the pneumotacho- The reported data for compliance are the

graph. mean values obtained from the analysis of S
Intrathoracic pressure (Py) was ed seven ive breaths. Similarly, mathe- @

by means of an esophageal balloon techniq

matical calculations were made to determine§

a modification of the method of Schilder ¢t al.®
The balloon was 4 cm. long and the teflon
catheter (internal diameter 1.0 mm.) was in-
serted 16 to 18 em. from the nares. The bal-
loon volume was adjusted to less than 0.5 ml.
after insertion. The tracheal pressure (Pr)
was measured at the junction of the endo-
tracheal tube and pneumotachograph through
a catheter similar to the esophageal catheter.
Statham PM 131 TC transducers were used
for the pressure measurements and were cali-

the static compliance during sustained infla- &
tion of the chest; this was done one sccond S
after flow had ceased. &
The flow resistive pressure (Pr) was detcr-g‘
mined during controlled respiration by sub- >
tracting the pressure at the poitit of no flow ©
at the end of inspiration from the peak airway S
pressure.  The viscous resistance (R) was o,
then caleulated by: R = Pr/V’, where V stands S
for inspiratory flow velocity. This viscous re-
sistance consists of the resistance to gas flow
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in the airway and the viscous resistance of thed
lung and chest wall tissues.  The airway reS
sistance is the major portion of the total visQ
cous resistance.

The inspiratory work was caleulated [,I"lphl&
cally as indicated in figure 3.

3p

Results

The vital statistics of the 15 infants shuhetg
and the mean values for dynamic and stati®
compliance and the airway resistance are tabu:
lated in table 1. The mean age of the in@
fants was 41.5 days with an average wcighE‘
of 3.8 kg. The dynamic total lung-thorax com=’
pliance during controlled respiration ranged
from 1.5 ml./em. of water to 4.9 ml./em. of
water with a mean value of 2.8 ml./em. o
water. The mean static total lung-thorax coms
pliance was 2.6 ml./cm. of water with a rang
of 1.5 to 5.0 mlL./cm. of water; this value
not significantly different from the dynamig

value for total hung-thorax compliance (P >
0.4).

Dynamic lung compliance averaged 3.3 ml.E
em. of water, range 2.0 to 5.7 ml./em. of \\1;)h
ter. There was no significant difference bc_;
tween the dynamic and the static Jung comph@
ance, 3.1 ml./cm. of water (P> 0.5). g

Dynamic chest wall compliance ranged fronﬁ
8.7 ml./cm. of water to 48.1 em./cm. of \\ntcg
with a mean value of 22.3 ml./ct. of \\ntcro
This value was not significantly different frong
the static chest wall compliance 23.68 ml. /cnﬁ
of water (P> 0.5). There was no apparen§
correlation of any of the compliance \a]uch
with age, weight, or height within this grou%
of patients.

The inspiratory resistance averaged 63.9 cng
of water/liter/second, with a range of 43.8
to 94.4 cm. of water/liter/second. There wn§
no apparent correlation with age, weight, o&%
height within this group of patients. 5

The average caleulated work of lnsplrntmn:
was 6,499 g. cm./minute. Elastic work averd
aged 72 per cent of the total of mspnmlnrﬁ
work (table 2).

Discussion
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The dynamic total lung-thorax compliancy
value of 2.8 ml./cm. of water in this study &
lower than the value of 5 ml./cm. of water
reported by Richards and Bachman! in a
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group of infants of similar age. This discrep-
ancy may be due to a difference in technique
for determining the pressure and volume re-
lation rather than the difference in anesthetic
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agents. In Richards and Bacl
the static compliance was determined after
chest inflation had been maintained for 10
scconds. Prolonged inflation has been shown
to increase compliance, probably by increas-
ing the number of alveoli expanded ¢ or by
the phenomenon of stress relaxation.®  In our
study the static compliance was determined
after one second of inflation, and there was
no difference between the dynamic and the
static compliance. According to Mead ¢ there
should be no difference between static and
dynamic compliance in patients with normal
lungs.

We have observed that the lung-thorax com-
pliance of infants obtained during routine
clinical anesthesia and operation approxi-
mates the value for total compliance reported
in this study. The compliance of infants re-
quiring prolonged intermittent positive pres-
sure breathing because of nervous system dis-
case is also within the same range. Smythe?
reported values for total Jung-thorax compli-
ance in curarized newborns with tetanus that
are similar to our values.

The values for lung compliance obtained in
this study of anesthetized infants are only two
thirds of the values obtained by Cook et al.®

Tante 2. Inspiratory Work During Controlled g
Respiration: Halothane-N;O Ancsthesia e

E

Wz 2

. Pt Wr/min. We/min. o s
s cases, wr g
1 5312 4,432 834 S

2 4,020 2,664 663 o

3 6,062 1,476 38 &

4 7,949 5,988 53 =

5 4,062 3,054 6L5 2

6 3,360 2,424 72.1 I

7 6,608 5,068 76.7 7%

8 5,202 3,432 64.8 g

9 7,118 5,454 766 3

10 10,851 7,716 7Ll g

i1 6,281 5,114 81.4 =

12 5,191 2,957 57.0 8

13 10,832 7,304 7.4 3

14 8,217 6,336 7.1 )

15 5,421 4,020 743 2

=0

Mean 6,409 4,607 719 8
S.D. 2,196 1,655 73 [<X
é
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inflating an infant only a small increment in ?_:
@

pressure is required to overcome the elastic.!
resistance of the chest wall.

The total lung-thorax airway resistance, 63 3
em. of water/liter/second, is considerably <
higher than the pulmonary resistance, 29 cm.
of water/liter/second, reported by Cook et al.®
for hetized young inf: His value S
for resistance does mot include chest wallS
tissue viscous resistance, but only gas ﬂow§
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¥8¢/€

and by Swyer ¢t al® in hetized in-
fants of slightly younger age. Similarly in
adults, the reported values for dynamic pul-
monary compliance during controlled respira-
tion in anesthetized patients or in patients
with neurological disease requiring prolonged
artificial respiration are decreased in compari-
son to the values during spontaneous respira-
tion.1% 11 The decreased compliance may re-
sult from a decrease in lung size either with
or without alveolar collapse.t®

The chest wall compliance found in the in-
fants in this study is very high compared to
the lung compliance. Agostoni 3 also found
very high compliance in newborn puppies.
The high chest wall compliance may be asso-
ciated with the horizontal position of the ribs
in infants. In adults the chest wall compli-
ance approaches a value equal to the lung
compliance.’* These findings show that when

resi and lung tissue resistance. NoQ
measurements of chest wall viscous resistance ™
have been made in infants. In adults it has$
been found to be as high as 40 per cent of 3
the total viscous resistance.** The princ:'palé
reason for the discrepancy in airway resistance ©
is the added resistance of the cndotmcheal§
tube. The resistance of the endotrachealR
tubes used in this study was 35 to 45 cm. ofg
water/liter/second. The variation in resist-o
ance from patient to patient is great; Cooky
also found a wide range in ainvay resistance®
in nonanesthetized infants.
The total work of inspiration in these in-2
fants is considerably increased over values re-2
ported by Cook et al.# for pulmonary work ing
nonanesthetized infants. His values for worky
of respiration do not include the work nects—§
sary to inflate the chest wall because he meas-
ured work during spontaneous respiration.

uo 1si
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The high compliance of the chest wall in in-
fants requires that little work be done to in-
flate it, however. The increased work in the
apneic anesthetized infant is to be expected
because of the decrease in compliance of the
lung associated with anesthesia and artificial
respiration and the increase in airway resist-
ance associated with intubation,

The peak inspiratory ainvay pressure is fre-
quently used as a guide to lung inflation dur-
ing clinical anesthesia. This parameter is the
sum of the dynamic or flow resistive and the
static or lung expansive pressures. Thus, the
peak inspiratory pressure reading is not a
good indication of the degree of inflation of
the lung because it also reflects the flow re-
sistive pressure. Infant airways are narrow
and flow resistive pressure thus may become
the major component of the peak ainwvay pres-
sure particularly when the inspiratory flow of
gas is rapid.

The pressure necessary to obtain the de-
sired tidal volume during controlled respira-
tion can be determined by substituting our
values for compliance (2.8 ml./cm. of water)
and resistance (60 cm. of water/liter/sccond)
in the young infant in a simplified equation of
motion for the lungs (sce Appendix for deri-
vation):

Pr= : Vr+ RY.

The pressure necessary for inflation of the
lungs in the average 4 kg. infant to a tidal
volume of 28 ml. at a peak inspiratory flow
rate of 6 liters/minute (100 ml./second) will
be:

1
2.8 ml./em. 11:0

60 em. ;0 (0.1 liter)

liter/sec. sec.

Pr = (28 ml.)

= 18 em. H,0.

The peak pressure of 16 cm. of water neces-
sary to obtain the predicted tidal exchange in
an anesthetized infant during controlled res-
piration is of the same magnitude required to
produce the predicted tidal volume in adult
patients. \When instantaneous inspiratory flow
is more than 6 liters/minute through a tube
of 4 mm. intemal diameter, the flow becomes
turbulent; ¥ the last term in this equation be-
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comes more complex (RV + KV?, where K=5
a constant), and the pressure  necessary 103
overcome resistance increases  disproportiond
ately more rapidly than the increase in flow;

This emphasizes the need for slow flow ratesy
during artificial respiration in infants a8
pointed out by Mushin ¢t al.'® When ancsZ
thetists use excessively high flow rates ( 12-202
liters/minute) to control respiration in the in3
fant, a high inspiratory peak pressure is necesd
sary to ventilate the infants because of the&
high flow resistive component of the total ing
spiratory pressure. The use of pressure-cyg
cled ventilators in infants results in inadequatg
ventilation when the inspiratory flow is high3
unless the cycling pressure is also set at a higlg
value. I the cycling pressure is sct low th@
ventilator triggers prematurely because the
pressure cycled valve responds to the sudg
den high peak pressure due to flow resist§
ance and an adequate tidal volume is nof
achieved. Therefore, it is essential to set :ué-
appropriate  peak pressure to assure propel®
cveling. B

LIVILZHP!

Summary

The mechanics of respiration were studied?
during nitrous oxide halothane anesthesia in®
15 infants ranging in age from 3 to 105 dn)'§
and weighing from 2.4 to 5.7 kg.  Air flows
and volumes were measured by pneumotachS
ography and airway and esophageal pressurcs%
were ed to ble cal

calculation of com-i
pliance and resistance. The dynamic toh@
lung-thorax compliance was 2.8 = 0.3 ml./emS
of water. The dynamic lung compliance wasS
3.3 0.3 ml./em. of water, and the d)mamicg
chest wall compliance was 22.3 = 3.5 ml./em.S
of water. The inspiratory airway resistance™
(including tissue viscous resistance) was 63.958
% 3.7 cm. of water/liter/second. The calcuZ
lated inspiratory work was 6,499 = 567 gQ
em. per minute.  The elastic inspiratory work
was 4.697 = 427 g. em./minute or 72 per centg
of the total. 3

The static total, lung and chest wall compli->
ance, were also determined in the same pa-2
tients by inflation of the chest with a known®
volume from a syringe. There was no signifi-X
cant difference between the static and dy-
namic compliances.
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The mechanics of respiration in these apneic
anesthetized  infants were compared with
previous studies in nonanesthetized infants
reported by other authors. Lung compliance
was decrcased compared to the nonanesthe-
tized spontancously breathing infant. The air-
way resistance was increased due chiefly to
the added resistance of the endotracheal tube.
Thus, the work of inspiration was increased.

The values for compliance and r
that were determined in this study were sub-
stituted in a simplificd equation of motion for
the respiratory system, and it was found that
the pressure necessary for inflation of the lung
of ancsthetized infants is of the same magni-
tude as required in adults.

APPENDIX
Derivation of Equation of Motion

The totzl or peak inspirttory pressure (Pr)
needed during controlled respiration is the sum of
the pressure necessary to overcome the elastie
(Pely) and the airway resistance (Pre):

Pr =DPelr + Prr {Equation 1}

Compliance is the tidal volume (V1) divided
by the pressure necessary to overcome elastic
resistance:

C =T, Per=LVs (Equation2)
Pa, CTTgT thawton=

Resistance is the pressure necessary to overcome
flow resistance divided by the flow rate:

P - .
R= %; Prr = RV {Equation 3)

Therefore, substituting equations 2 and 3 in equa-
tion 1:

1 ’ .

Pr= EVT + RV (Equation 4)

This equation is a simplified form of the complete

equation of motion of the lungs. It is true for

low instantancous flow rates such as occur during
normal quiet respiration.

The authors acknowledge the technical assist-
ance of Jaye Robinson, A.B. This work was sup-
ported by Grant H4645 from the National Insti-
tutes of Health of the U. S. Public Health Service.
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