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Respiratory failure is the most common cause of
morbidity and mortality in the first few days of
life, particularly in the premature infant. How-
ever, the pathologic physiology of both internal
and external respiration in this age group is poorly
understood.
The primary obstacle to the definition of normal

and altered respiratory physiology in the newborn
has been the lack of practical methods for study-
ing ventilation, diffusion and perfusion of the lungs
in the very young infant. Techniques for such
studies in cooperative adults are, with certain
accepted limitations, well established as adequate
means of quantitative measurement. Because of
the marked differences in the size of the subjects,
the volumes of gases to be measured, and the prob-
lems of resistance to expiration and dead space
which arise when such equipment is used in small
infants, these techniques have not previously been
applied to the study of infants. Indirect methods,
using a body plethysmograph (1-9), have allowed
the estimation of some of the elements of ventila-
tion, but cannot be applied to measurements of
diffusion or distribution of inspired air.
The purpose of this paper is to describe equip-

ment and techniques designed to allow direct quan-
titative measurement of ventilation and diffusion
in newborn infants. Results of studies obtained by
these techniques in a series of normal newborn
infants are compared with similar measurements
made by accepted techniques in older children and
adults.

METHODS

The problems of measuring resting pulmonary ventila-
tion in any age group depend upon the ability to meas-
ure the amount of gas respired in a one-way system with
a simultaneous recording of respiratory frequency. The
estimation of the diffusing properties of the pulmonary
alveolar-capillary membrane has been approached by at-
tempting to measure the diffusion capacity for a given gas.

1 This study was supported by a grant from the U. S.
Public Health Service (H-1833).

The diffusion capacity for a gas is defined as that quan-
tity of a gas transferred each minute for each millimeter
of mercury difference in partial pressure of that gas
across the alveolar-capillary membrane (10). Because
of the technical difficulties of applying to infants methods
in current use for measuring the diffusion capacity of
oxygen, and the many assumptions which have to be made
before it can be considered a valid measurement (11, 12),
the steady-state carbon monoxide method of Filley was
chosen as a measure of the diffusion properties of the
lung (13). Since carbon monoxide, when breathed in
low concentrations (0.1 to 0.2 per cent), combines so
readily with hemoglobin, the mean effective pulmonary
capillary partial pressure of carbon monoxide can be kept
essentially zero and may be ignored as a measurement
in this method (14, 15). The method requires, therefore,
only a knowledge of carbon monoxide uptake and alveolar
partial pressure of carbon monoxide.
Because of the necessity of keeping the apparatus dead

space and resistance to expiration at a minimum in the
measurement of carbon monoxide diffusion capacity and
pulmonary ventilation in newborns, a double Donald-
Christie box arrangement was chosen with a 500-ml.
counter-balanced spirometer interposed between the boxes
(16, 17). A small tightly-fitting contour mask of lucite,
molded to fit the death mask of a premature baby, with

DOUBLE DONALD-CHRISTIE BOX WITH SPIROMETER

FIG. 1. DOUBLE DONALD-CHRISTIE BoxEs WITH A
SMALL COUNTER-BALANCED SPIROMETER INTERPOSED BE-
TWEEN THE BOXES
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TABLE I

Data used in calculating the diffusion capacity in infants

Age Wt. CO uptake pH COi content PACOa PACO Doo
Number Sex (hr.) (lb.) (ml.mmn.) (art.) (mM/L. plasma) (mm. Hg) (mm. Hg) (ml./min./mm. Hg)

F 81 8.31
M 29 6.50
M 72 6.19
M 24 6.75
M 50 6.75
M 12 6.94
F 48 7.03
F 54 7.50
F 75 5.82
M 30 9.05
M 30 5.69
F 96 6.82
F 52 7.69
F 30 6.10
M 29 7.75
M 81 7.69
M 80 7.31
F 34 8.57
F 40 5.75
F 58 8.10
M 40 6.81
M 53 6.78
F 64 7.38
F 22 8.25
M 30 8.19
M 48 7.31
F 63 7.81
M 9 7.22
F 53 6.50
F 64 5.56
M 20 7.88
M 32 7.63
F 13 6.13
M 23 7.75
F 36 7.38
M 56 6.81
F 13 8.25
F 30 6.94
M 78 6.08
M 37 8.22
M 20 7.05
M 31 4.00
M 30 8.38
F 80 7.69

an inflatable soft rubber cuff, was interposed between the
neoprene bags with connecting rubber tubing, and small,
low resistance "J" valves were placed on the inspired and
expired sides of the mask to insure one-way gas flow to
and from the bags. As the baby took in a breath from
the inspiratory bag, the pressure in the boxes, which were

widely connected, was lowered and the spirometer fell.
With expiration into the second bag, the pressure in the
box system was equalized and the spirometer rose. Any
difference in inspired and expired volume was compen-
sated for by the slope of the respiratory curve which was

therefore a reflection of respiratory quotient. Respira-
tory frequency could be read from the curve, inspired and
expired gas concentrations analyzed separately without
dilution, and the expired volume measured by emptying
the expired bag into a nine-liter calibrated Collins spirom-
eter. Figure 1 shows a diagram of the system. The in-

spired and expired carbon monoxide concentration were

analyzed with a Liston-Becker Infra-Red Carbon Monox-
ide Meter set at full scale deflection with 0.1 per cent
carbon monoxide, with an accuracy of +±2 per cent of
full scale. The expired and inspired oxygen, carbon
dioxide, and nitrogen concentrations were measured with
the Scholander Gas Analyzer, double determinations be-
ing required to check within 0.04 per cent. With this
system, carbon monoxide uptake, minute ventilation, alveo-
lar ventilation, oxygen uptake, and carbon dioxide output,
frequency of respiration and tidal volume were obtained.

Arterial blood was collected anerobically in greased
sterile 2-ml. syringes, the dead space of which had been
filled with sterile heparin solution. The syringes were

capped with mercury-seal caps and iced immediately.
Arterial blood pH was done in duplicate on the Cam-
bridge pH Meter at room temperature and corrected to

240177
240316
240316
240408
230465
240696
240960
241058
241221
241259
241356
241362
241469
241614
241681
241758
241877
242026
242068
242510
242570
242574
242676
242811
242861
242971
243519
243651
243771
243933
244135
244194
244570
244657
244779
244923
245086
247612
247533
247696
247909
248502
221824
248729

.334

.270

.230

.207

.347

.276

.234

.240

.143

.196

.166

.261

.277

.189

.218

.260

.244

.227

.330

.322

.253

.274

.316

.190

.282

.237

.172

.211

.252

.188

.266

.250

.194

.250

.215

.176

.155

.156

.184

.310

.139

.083

.286

.172

7.43
7.42
7.47
7.39
7.46
7.50
7.44
7.41
7.48
7.42
7.43
7.46
7.39
7.43
7.41
7.47
7.46
7.45
7.45
7.43
7.40
7.43
7.38
7.45
7.42
7.42
7.44
7.39
7.44
7.41
7.44
7.43
7.39
7.44
7.41
7.46
7.41
7.42
7.42
7.44
7.45

7.43
7.50

23.18
16.32
16.03

15.55
22.26
20.60
17.48
23.10
22.48
23.30
19.84
20.91
19.26
21.91
24.10
19.94
23.20
23.04
27.98
23.32
23.03
32.48
23.08
22.39
23.61
26.42
21.18
20.70
21.64
21.35
23.10
22.87
20.87
21.78
21.60
21.52
21.53
25.13
20.16
20.40

20.80
19.95

33.0
23.8
20.9

20.7
27.1
28.7
26.0
29.5
32.7
33.2
26.6
33.2
27.4
32.6
31.8
26.6
31.6
31.4
39.8
35.4
32.8
29.7
31.4
32.6
34.4
36.8
32.9
28.8
32.2
29.7
32.8
35.5
29.0
32.4
28.8
32.0
31.3
36.6
28.1
29.1

29.6
24.3

.146

.086

.234

.159

.138

.231

.218

.222

.223

.129

.056

.047

.234

.130

.246

.201

.168

.088

.130

.184

.235

.214

.097

.180

.141

.218

.101

.110

.138

.065

.072

.105

.111

1.89
3.10
1.03

1.24
1.20

1.14
0.87
0.98

1.09
1.76

1.08
2.11
1.28
0.94
1.68
2.69

1.62
1.37
0.80
1.24
2.58
1.08
1.77
0.99

1.41

1.68
2.25
2.14
1.15
2.72
1.55
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TABLE II

Data used in ventilatory ll s in infants

Mv VA Os uptake CO output
(L./miu.) VT (L./min.) (mI.min. (ml.Imin. Os sat.

Number (BTPS) f/min. (Md.) VD/VT (BTPS) STPD) STPD) (%)

.63 55 11.6

.50 42 11.9

.44 45 9.9

.39 46 8.4

.69 53 13.0

.53 48 11.1

.48 74 6.5

.53 80 6.6

.28 32 8.8

.36 42 8.6

.28 45 6.3

.63 47 13.5

.64 70 9.1

.38 49 7.7

.45 41 10.9

.55 44 12.4

.52 46 11.2

.49 71 6.9

.58 44

.72 60 12.0

.57 57 10.0

.58 73 8.0

.76 62 12.2

.47 44 10.6

.64 74 8.6

.44 46 9.5

.28 38 7.5

.42 47 8.9

.51 56 9.1

.44 44 10.0

.65 49 13.3

.51 59 8.6

.42 62 6.8

.54 59 9.1

.54 64 8.4

.32 41 7.8

.28 37 7.6

.27 74 3.6

.36 49 7.4

.70 46 15.2

.22 48 4.6

.15 35 4.3

.71 53 13.4

.29 46 6.3

.442 22.0
-18.0
17.0'
17.0
27.0

.143 .457 14.0

.265 .352 15.0

.142 .455 19-0
14.0

.113 .320 21.0

.084 .260 16.0
23.0

.178 .525 20.0

.069 .353 18.0

.107 .400 20.0
24.0

.119 .455 17.0

.294 .347 20.0

.232 .444 26.0
.434 24.0

.155 .483 23.0

.286 .417 24.0

.172 .627 27.0

.296 .330 17.0

.250 .478 21.0

.208 .347 18.0

.282 .201 13.0

.200 .336 15.0

.122 .448 18.0

.158 .371 14.0

.247 .489 20.0

.271 .372 17.0

.186 .342 17.0

.259 .400 19.0

.256 .402 20.0
12.0

.169 .233 14.0
.151 5.0

.239 .274 13.0

.287 .499 16.0

.136 .190 7.0

.222 .117 4.0

.401 .425 13.0

.114 .257 8.0

370 C. by subtracting 0.01 pH units for each degree
below 37° C. Oxygen capacity, oxygen and carbon diox-
ide contents were run in duplicate on 02-ml. samples of
whole blood on the Van Slyke Manometric Gas Appara-
tus. The Van Slyke and Sendroy line chart was used to
calculate the plasma carbon dioxide content from that of
whole blood (18).

All babies were from fifteen to forty-five minutes post-
prandial and most were sleepy or frankly asleep. A
generous injection of Novocain@ was administered into
the right femoral triangle and this usually elicited one
or two loud cries which rapidly subsided if the baby was

soothed. A 20-minute wait followed during which time
the baby was held on the operator's lap and rocked; then
a femoral arterial puncture was attempted and, whenever

nificant crying occurred the procedure was abandoned.
As soon as the blood was obtained, the baby was wrapped
in a sheet restraint, placed on the operator's lap and the
mask placed gently on the face. If no crying occurred
(usually the baby went promptly back to sleep if handled
gently), the baby was allowed a two-minute equilibra-
tion period breathing 0.1 per cent carbon monoxide in
air in order to wash the lungs with carbon monoxide and
to insure that the carbon monoxide uptake to carbon di-
oxide output ratio was a constant one (13). The kymo-
graph was then started and the 3-way valves on the two
bags turned so as to allow the baby to breathe out of the
first bag and into the second one. The first bag had
been rinsed and filled with 0.1 per cent carbon monoxide
in air, and the second one rinsed with room air and emp-

possible, three 2-ml. syringes of blood obtained. If sig- tied to its dead space which had been previously meas-

240177
240316
240316
240408
230465
240696
240960
241058
241221
241259
241356
241362
241469
241614
241681
241758
241877
242026
242068
242510
242570
242574
242676
242811
242861
242971
243519
243651
243771
243933
244135
244194
244570
244657
244779
244923
245086
247612
247533
247696
247909
248502
221824
248729

17.0
13.2
12.9
11.9
20.5
14.6
11.8
13.9
9.3

11.8
9.9

20.1
20.3
11.1
14.9
20.1
14.0
12.7
15.7
20.0
19.8
15.7
21.6
11.9
18.3
13.9
8.6

12.9
14.9
1$.8
17.1
14.0
14.1
13.5
15.0
11.0
8.5
5.5

11.9
16.4
6.6
4.7
14.8
7.3

98.3
85.4

99.4
93.5
95.3
89.7
96.7
96.0
95.2
92.9
91.2
94.4
95.8
92.0
94.7
99.0
93.2
96.3
90.8
94.1
94.2
94.9
96.9
89.6
85.4
82.2
97.8
90.8
91.1
97.3
97.6
98.4
96.7
94.0
88.7
88.0
91.1

97.7

96.9
90.0
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TABLE III

The retionship of ventitory and difusion data to body ight in infants

Body weight (jouxds)
Corelation P

4.0 to 6.5 6.5 to 8.0 8.0 to 8.1 Total C value

MV, L./min. N 8 26 9 43
Mean 4 S.E. 0.34 [ 0.04 0.49 i 0.03 0.58 a 0.06 0.49 4 0.02 +0.46 <0.01

VA, L./min. N 6 18 7 31
Mean 4- S.E. 0.29 :i 0.04 0.41 A 0.02 0.43 4 0.05 0.39 + 0.02 +0.41 <0.05

02 uptake, ml./min. N 9 26 9 44
Mean 4 S.E. 15.4 + 1.9 17.7 i 1.1 20.0 4 1.7 17.8 - 0.8 +0.31 <0.05

CO uptake, ml./min. N 9 26 9 44
Mean X S.E. 0.19 A 0.02 0.24 i 0.01 0.27 4 0.02 0.23 + 0.01 +0.39 <0.01

Dco, ml./min./mm.Hg N 6 18 7 31
Mean 4 S.E. 1.13 0.13 1.65 - 0.15 1.70 h 0.20 1.56 A 0.11 +0.24 <0.25

ured as 20 ml. The baby was then allowed to breathe in
the system for four minutes. If crying occurred the col-
lection was discontinued.
The diffusion and ventilation measurements on the

older children and adults were made by the method
of Filley, MacIntosh, and Wright, using a one-way sys-
tem of gas collection, and the same inspired mixture of

.35

.30
IWANTS6e

-/ v/
*5 */ ..

carbon monoxide as that used for the babies (13). An
indwelling arterial needle had been placed previously in
a brachial or femoral artery, and the collection of blood
was made simultaneously with the collection of ex-
pired gas.

Posterior-anterior and lateral X-ray films of the
chest were also made on most of the subjects, both the

// i
/ y

/

' /

7
700

.4 .5 A
ALVELAR VENTILAMN UI

FIG. 2. THE COMENATION OF CO UPTAKE IN ML PER MINUTE WITH ALvEOLAR VEN-
TIIATION IN Lrrs Pim Mnhuz IN 31 NoExAL NEwBoRN INFANTS

The solid line represents the regression line for the data and the broken lines represent
two standard deviations around the regression line.

1084

'0/



PULMONARY VENTILATION AND DIFFUSION IN THE NEWBORN
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INFANTS S ADULTS

- I.O ZU 3. 4.0 5.0 au r.u kuu
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FIG. 3. THE CORRELATION OF CO UPTAKE IN ML PER MINUTE WITH ALVEOLAR VEN-
TILATION IN LITERS PER MINUTE IN 31 Norwm NEWBORN INFANTS AS COMPARED WITH
12 NORAL OLDuR CHILDREN AND ADULTS
The solid line represents the regression line for the combined data.

babies and adults, and all were interpreted by the radi-
ologists as normal. The X-rays of the babies were made
within four hours after their diffusion studies.

Subjects
Ventilation and diffusion studies have been completed

in 31 normal, newborn infants ranging in age from 9 to
96 hours, with a mean age of 38 hours. They varied in
weight from 4 to 9 pounds, with a mean weight of 7.16
pounds. The babies were selected at random from a
small staff newborn service. There were 18 males and
13 females. Ventilatory studies, carbon monoxide uptake
and blood gases were measured on an additional number
of babies on whom, for various technical reasons, dif-
fusion measurements could not be completed.
For purposes of comparison, the same ventilation and

diffusion studies were carried out on 12 normal older
children and adults of varying body size.

Calculations
All definitions and symbols are those designated by the

Committee on Standardization of definitions and symbols
in respiratory physiology of the American Physiological
Society (10). The minute ventilation, Mv, and alveolar
ventilation, VA, were expressed in liters per minute at
BTPS. The CO uptake in ml. of CO per minute was

calculated as E (FISO (vF!n)2 - F"), where VE is the

total gas volume STPD expired per minute, FI and Fz are
gas concentrations in inspired and expired volumes, and
the subscripts refer to the gases in question. The alveolar
carbon monoxide tension was calculated by using a form
of the Bohr relation for the alveolar equation and assuming
that the alveolar CO2 tension, PACO2, is equal to the
arterial CO2 tension, P5CO2. The equation used was (13):

PA~o = Fz, r IO, (PB - 47)1 r
where

VD P.C02 - PECQ2r VT PCO2

RESULTS

It was felt that the "steady-state" was achieved
in 31 of these babies, covering the time between
the taking of femoral arterial blood and the col-
lection of expired gas. In an additional 8 in-
fants, although all data necessary for the calcula-
tion of Du. were obtained, the values for dead
space to tidal volume ratios were found to be so
abnormally high or low that the diffusion capacity
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FIG. 4. THE CORRELATION OF OXYG:Ni UPTAKE IN ML. PER MINUTE WITH ALVEOLAR
VENTILATION IN LOWs PU MINUTE IN 31 NORMAL NEWBORN INFANTS

The solid line represents the regression line for the data and the broken line represents
two standard deviations around the regression line.

could not be calculated. It must be presumed that
these babies were not in a steady state throughout
the collection of blood and gas samples. Table I
shows both direct determinations and data used in
calculating the diffusion capacity on all infants.
Table II shows both direct and calculated ventila-
tory data on all subjects.
The relationship of values obtained on the in-

fants to body weight is shown in Table III.
The correlations of carbon monoxide uptake and

oxygen uptake with alveolar ventilation in infants,
and in infants combined with adults are shown in
Figures 2, 3, 4, and 5. The correlation between
oxygen uptake and carbon monoxide uptake in
infants, and in infants combined with adults is
shown in Figures 6 and 7.

DISCUSSION

The first question which will be reasonably
brought up by pediatricians concerning such a

study on newborn infants is the question of the

safety of using carbon monoxide as a diffusion
gas to be measured. If one takes the mean carbon

monoxide uptake values for these babies of 0.23
ml. per min. with a mean weight of 7.16 pounds,
and a mean total hemoglobin of 35 grams for
babies of the same weight (19), and calculates the
amount of hemoglobin combined with carbon
monoxide in six minutes of breathing carbon mon-
oxide at this low concentration, it amounts to
approximately 1/35 of the baby's total hemo-
globin. Even in conditions of respiratory distress,
when all the hemoglobin may be needed for oxy-

hemoglobin combination, this would seem to be a

negligible amount and would be the equivalent to
the temporary removal of about 7 ml. of blood
from a newborn infant.
The body plethysmograph which has been used

previously in ventilatory studies in infants offers
numerous disadvantages in studies requiring ac-

curate measurements of gas uptake. In addition,
the sensitivity of such a system is such as to
dampen out the very small tidal volumes which
occur with the rapid phase of small infants' ar-

rhythmical breathing. The requirements of a

system utilizing direct measurements of ventila-
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UFANTS S ADULTS

ALVEOLAR VENTLATION

FIG. 5. THE CORRELATION OF OXYGEN UPTAKE IN ML. PER MINUTE AND ALVEOLAR
VENTILATION IN LITERS PER MINUTE IN 31 NORMAL NEWBORNS AS COMPARED WITH 12
NORMAL OLDER CHILDREN AND ADULTS
The solid line represents the regression line for the combined data.

tion and gas uptake in a one-way circuit in small
infants are primarily those of negligible resistance
and dead space. Resistance to expiration was kept
low by using the lowest resistance type of one-way
valves, small "J" valves, the diameter of which
was chosen as 5 mm. The tracheas of six infants
dying between birth and six months of age were

measured in their smallest diameter just above the
coryna at autopsy and none was found to have
dimensions greater than 4 by 6 mm. in their AP
and lateral measurements. The use of a double
"bag-in-box" system With a weight-compensated,
low resistance spirometer interposed between the
boxes contributed toward keeping the resistance to

expiration minimal.

The anatomical dead space of the mask obvi-
ously varied slightly with how tightly the mask
fitted the anatomical outlines of each baby's face.
That the physiological dead space of the mask was

quite small is demonstrated by the low physiologi-
cal dead space measurements which were obtained
on most babies, all of which could be accounted for
by the upper respiratory passages.

The ventilatory measurements of minute ven-

tilation and alveolar ventilation obtained in these
infants agree favorably with those measurements
found in the literature made indirectly with the
body plethysmograph (1-9). Respiratory fre-
quency in this series of babies is higher than in
most series counted by other methods, and there-
fore the average tidal volumes are somewhat less
than those in the literature. However, the dead
space-tidal volume ratios are comparable to other
series of normal newborns and therefore the
physiological dead space measurements are less
than those quoted. All these differences can be
accounted for by the higher respiratory frequency
recorded by this system. It should be noted, how-
ever, that this is a skewed distribution. There are

several possible explanations for such increases in
frequency. The infant's normal respiratory pat-
tern might be disturbed by the mask and valve
system in such a way as to increase the rate of
breathing. Since minute ventilation, alveolar ven-

tilation, carbon dioxide output, oxygen uptake and
their ratios were undisturbed by the system, it is

e
I
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CO UPTAKE (CO

FIG. 6. THE COMEATION OF OXYGEN UPTAKE IN ML. PER MINUTE WITH CO UPTAKE
IN ML m MINUTE IN 31 NoRMAL NEWBORN INFANTS

The solid line represents the regression line for the data and the broken line repre-
sents two standard deviations around the regression line.

unlikely that this increased rate was the result of
any significant change in the overall pattern of
the infants' total respiratory physiology. Other
possible factors to account for this difference in
rate are the sensitivity of this system to small
fluctuations in respiratory pattern as compared
with that of the body plethysmograph, and the pos-
sible difference in ambient temperature between
laboratories. The usual temperature of the room
in which these measurements were made was be-
tween 850 and 90° F. In addition, the baby was
swaddled in a sheet or light blanket restraint. Ad-
ditional evidence that the increased rate was not
due to a disturbance of the normal resting pulmo-
nary physiology and metabolism is that the ven-
tilatory values, when plotted against the gas up-
take values, are well correlated in both infants and
adults despite the fact that they were measured
by different techniques as far as apparatus dead
space and resistance are concerned.
Another factor in judging the validity of these

data is the assumption of the steady-state from the
time of doing the femoral arterial puncture

through the end of the gas collection. If any sig-
nificant crying occurred at any time the proce-
dure was abandoned from that point. To test the
assumption that the arterial partial pressure of
carbon dioxide, as determined from blood taken
from ten to fifteen minutes before the gas collec-
tion, represented the alveolar partial pressure of
carbon dioxide during the time of gas collection,
the Henderson continuous alveolar sampler was
modified for infants (20). A series of 18 consecu-
tive determinations was made comparing arterial
partial pressure of carbon dioxide, as calculated
from arterial whole blood carbon dioxide content
and arterial pH, and the alveolar partial pressure
of carbon dioxide obtained directly from the al-
veolar sample taken during the subsequent fifteen
minutes. These data are shown in Table IV.
Two of the differences were so large that gross er-
ror in determinations or an unsteady state must
have occurred. For the 16 other pairs, the air de-
terminations exceeded the blood determinations
by 0.2 mm. Hg on the average, with a standard
error of ± 0.4 mm. Hg, indicating no evidence of
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FIG. 7. THE CORRELATION OF OXYGEN UPTAKE IN ML. Pm MINUTE WITH CO UPTAKE Mi.P.R MINUTE

IN 31 NoRMAL NEWBORN INFANTS AS COMPARED WITH 12 NoRMAL OLDER CHILDREN AND ADULTS
The solid line represents the regression line for the combined data.

bias. The standard deviation for the distribution
of differences of the 16 pairs was 1.5 mm. Hg.
These -data lend validity to the assumption that
the steady-state was usually achieved, but also
show that occasionally when this is not the case

the calculated values for partial pressure of car-

bon dioxide might be a source of error of con-

siderable magnitude. As has been mentioned,
this was presumably true in 8 of 39 babies.
The validity of calculating the arterial partial

pressure of carbon dioxide from arterial pH
measured at room temperature and the whole
blood carbon dioxide content was checked by
placing six 10-ml. samples of whole blood in a

500-ml. tonometer, filling the tonometer with a

known concentration of carbon dioxide (about
5 per cent), incubating it with constant rotation
at 370 C. for 45 minutes and analyzing the blood
for pH, oxygen and carbon dioxide content and
oxygen capacity as usual. The arterial partial

pressure of carbon dioxide was then calculated
and compared with the known carbon dioxide ten-
sion with a mean difference of 1.03 mm. Hg and
a greatest difference of 1.63 mm. Hg, and it was
assumed that the usual method of calculating
P.CO2 was satisfactorily accurate.
The sources of error inherent in the measure-

ment of pulmonary gaseous diffusion using the
steady-state carbon monoxide method have been
discussed in detail by Filley, MacIntosh, and
Wright (13).
The factors which might be expected to modify

the diffusion capacity of gas, assuming that the
measurements are accurate, are the total surface
area of the alveolar membrane in contact with
patent capillaries, the thickness of this membrane
and its permeability. As yet these three proper-

ties of the membrane cannot be adequately sepa-

rated. It might be expected that carbon monoxide
uptake would have a positive correlation with
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TABLE IV

Comparison of arterial and alveoklr carbon dioxide
tensions in eighteen infants

PACOI P.CO
(mm. Hg) (mm. Hg)

33.9 36.6
28.5 28.1
34.1 24.3
33.3 31.3
30.2 29.5
28.5 26.5
30.4 28.8
24.6 24.8
34.5 34.0
24.6 26.5
28.3 28.2
32.8 31.8
29.5 29.7
24.8 31.3
31.8 33.3
29.2 27.6
29.9 28.7
28.9 31.0

body size since this would be a reflection of the
surface area of the alveolar membrane available
for diffusion, provided the lungs were well ex-

panded. Since oxygen uptake is a reflection of
total body metabolism and since alveolar ventila-
tion reflects the gaseous exchange between the
alveoli and outside air necessary to provide ade-
quate oxygen uptake and carbon dioxide output, it
would be expected that alveolar ventilation and
oxygen uptake would show positive correlations
with body weight as is the case. The alveolar
partial pressure of carbon monoxide, however,
would not be expected to vary with body size but
with the dead space to tidal volume ratio, alveolar
ventilation and Dco and no correlation can be
shown between PACO and body weight. Since
D00 is a calculated ratio between CO uptake and
PACO, it is understandable that, with small dif-
ferences in body size among the babies studied,
the differences in D00 from one weight group to
another are not statistically different although
there is a progressive increase in Dco demon-
strated in each increase in weight group among
the infants.

It can be noted that the pH of arterial blood
in these babies was within the normal adult range
and that the arterial plasma CO2 content was con-

siderably lower. This made the PaCO2 in the
newborn as calculated from the Henderson-Has-
selbach equation lower than the normal adult
level by an average of 8 to 10 mm. Hg.

The oxygen saturation in 15 of the 31 babies
was 95 per cent or above, and was below 90 per
cent in only 6. There was no correlation between
D0o and oxygen saturation and the lungs of these
partially saturated babies appear to be well ex-
panded on X-ray examination, and no baby was
considered to be in respiratory distress at any
time. It is therefore suggested that the degree of
unsaturation found in femoral arterial blood of
these non-crying babies was due to persistent
right-to-left fetal shunts, intra-cardiac or extra-
cardiac (21).
The good correlation of CO uptake and alveo-

lar ventilation in both infants and adults has been
shown by other investigators, not only at rest but
also during work and during voluntary hyper-
ventilation (13). To check whether this spread
in alveolar ventilation values in these infants was
due to true differences in ventilation need, or to
hyperventilation, the oxygen uptake was also
plotted against alveolar ventilation. This also
shows a high degree of correlation for both sets of
data. The RQ's were normal in these babies, the
mean being 0.80, which tends to exclude hyper-
ventilation as a cause for these differences in al-
veolar ventilation from baby to baby. Since oxy-
gen consumption should not be affected in the
same way as CO uptake by hyperventilation, the
data for oxygen uptake and CO uptake were
plotted against each other for both infants and
adults. They correlate well, with the origins of
the regression lines passing through zero. This
is further evidence that hyperventilation was not
an important factor in values obtained for Dco
in these infants.

SUMMARY AND CONCLUSIONS

1. The Filley steady-state carbon monoxide
method of estimating the diffusion of gases across
the pulmonary alveolar-capillary membrane has
been modified for use in newborn infants.

2. A method for making direct ventilation and
gas uptake measurements utilizing a face mask
and double Donald-Christie box with a spirometer
interposed between the boxes has been designed
for use in infants.

3. Diffusion and ventilation studies have been
carried out in 31 normal newborn infants and in
12 normal older children and adults for com-
parison.

1090



PULMONARY VENTILATION AND DIFFUSION IN THE NEWBORN

4. Ventilation studies are described in an -addi-
tional fifteen newborn infants in whom diffusion
studies were not completed.

5. Carbon monoxide uptake, alveolar ventila-
tion, minute ventilation, oxygen uptake, and the
diffusion capacity for carbon monoxide are shown
to increase with body weight in infants.

6. Carbon monoxide uptake and oxygen up-
take are shown to correlate well with alveolar ven-
tilation in both infants and adults and carbon
monoxide uptake correlates well with oxygen
uptake.

7. Although the method has inherent draw-
backs as a measure of gaseous diffusion across the
pulmonary alveolar-capillary membrane, it is
thought that it can be applied to newborn infants
in respiratory distress in an attempt to delineate
the types of pathological pulmonary physiology
which occur in the newborn period.
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