:\ETHODS OF MEASUREMENT OF BLOOD AND GAS CARBON DIOXIDE

DURING ANESTHESIA
lonx W, SeveRriNGnavs, M.D.

s section will deal with the measurement
«f carbon dioxide content and tension in gases,
Llood and in tissue, and the special problems
introduced by the presence of anesthetic agents
and apparatus. In the gas phase, the partial
pressure may always be caleulated from con-
tent in volumes per cent, by multiplying by
barometriic pressure minus the water vapor
pressure at body temperature.  We will not
consider separately instruments for analysis of
was partial pressure, although some instruments
are sensitive to pressure rather than content.
IlFurther reference to these instruments may be
{found in Glasser.! .

ALYSIS OF Gas SanzpLES
ANESTHETIC AGENTS

CansonN Dioxine
CoNTAININ

Haldane.  The Haldane analyzer can be
adapted to measure gas CO,_. concentration
fuirly accurately in the presence of nitrous
mide by using extremely concentrated alkali
and  eliminating rubber tubing  connections.®
The errors are due to solution of the anesthetic
irr the absorbent.

Scholunder.  The small volume of absorbent
used in the micro Scholander makes it possible
to correct for this error.  In order to make this
correction, one computes the volume of anes-
thetic agent which went into solution in the

ubsorbent.  The volume of added absorbent is
measured at the end of the analysis by setting
tae mereury-ahsorber interface at the hair line
i.r the capillary, recording it as “V" micrometer
The solubility (S)

f the anesthetic agent may be estimated by

divisions  (below zero).

is of undiluted anesthetic, or a

blank analy
! nown fractional concentration (Co) of the an-
sthetic without CO,. Using M, and M, as the
ricrometer teadings before and after adding
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a volume (Vo) of CO, absorber,

My =M
' CoVo ~
Then the CO, concentration of a sample con-
taining an anesthetic gas is given by

M= M= SCV

Per Cent (O, = i

X 100,
where C is the fractional concentration of the
anesthetic.  Example: A gas sample containing
80 per cent N,O was analyzed. M, read
12,312, M, read 11.741.  The absorber volume
(V) read —.135. In anmalyzing pure N,0, a
value for M, — M, of .057 with a Vo of —.225
was obtained.  Then S = .057, =0.233.
So the sample had [12.312 — 11.741 - (0.253)
(0.80) (.135)]12.312 x 100 = 441 per cent
CO,. If no correction were made for N,O
absorption, the answer would be 4.64 per cent
CO,. Other common sources of error in Scho-
lander analyses are (1) use of Van Slyke re-
agents which have the wrong vapor tension.
and (2) dilution of sample by air through the
end of the transfer pipette if the mercury is
not allowed to fall continuously during trans-
fer from gas source to Scholander apparatus.
The Infrared Carbon Dioxide Analyzer. The
most  satisfactory instrument for continuous
rapidly responding indication or recording of
alveolar or airway CO, in anesthesia is the
infrared analyzer.  The instrument most used
in the United States, the Beckman-Spinea,
(formerly Liston Becker). is available with
two types of sample cells, the large bore (43
ml.) “breathe-through” and the 0.2 ml. “micro-
catheter” cell.  TFor use in anesthesia the
breathe-through cell has several disadvantages.
Its large dead space is undesirable for breath-
ing bi-directionally. It may not wash out com-
pletely if put in the expiratory tubing with a
valved Y picce. It is awkward to support it
in a close fixed relationship to the patient’s
head, and it must be removed from the breath-
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Fic. 1. Schematie diagram of the principal of
the infrured CO, analyzer.  Infrared light, inter-
rupted 60 times per ‘second, enters two sealed
chambers containing some CO. (usually 30 mm.
of mercury pressure in the Beckman instrument)
where wave Tengths of 2.6 and 4.3 micra are ab-
sorbed by this CO., causing it to expand.  When
the two chambers receive equal amounts of these
wave lengths, the pressure rise is the same in hoth
chambers.  The chambers are separated by a very
thin metal membrane pressure manometer which
will be displaced when some of the infrared light
is absorbed by a sample placed in one of the
light paths in the sample coll.  The signal is
logarithmically proportional to the optical density
(for just these two wave lengths) of the Zits in
the sample cell.

ing system for calibration.  The problem of
cross infection arises with the instrument
mounted directly in the airway. For these rea-
sons the microcatheter cell is preferable, and
the remainder of this discussion will refer to
its use.

Interference of Anesthetic Agents in Infrared
Analyzers. The Luft principle which is used
i all modern IR analyzers is a detector cell
filled with the gas to be analyzed (fg. 1).
This detector absorbs only specific wave lengths
of infrared light, which for CO, are 2.6 and
4.3 micra.  These absorption bands are quite
sharp, so anly when the same gas is placed in
the light path (in the sample cell) are some
of these same wave lengths absorbed, reducing
the energy absorbed in the detector.  Of the
common anestheties, only N, O has a significant
overlap of these wave lengths, and this is sur-
prisingly minor considering that it has the
same molecular weight as CO,. 100 per cent
N.O reads about 0.5 per cent CO. when in-
troduced in the IR CO, analyzer®  Fortu-
nately, this effect may be eliminated by filling
the entire analyzer head with N,0, absorbing
the overlapping wave lengths before they
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reach the detector. No overlap is deteetabl -
with cyelopropane, cther or halothane,
Another and more difficalt problem is th -
inereased light which CO, absorbs when mixed
with some anesthetic gases, notably cvelopre-
pane and nitrous oxide.  This effect, know.
as pressure broadening, is a general phenomi-
enon of infrared absorption of gases.' The
increase in the apparent reading of 3 per cent
CO, when various other gases are added is
shown in table 1.5%  Fortunately, the ratio of
the apparent reading to the actual CO. con-
centration in the presence of a fixed anesthetic
concentration, remains approy mately constant
from 0 to 10 per cent CO Thercfore,
calibration curves for CO, in ancsthetics can
be prepared from the CO, in 0, curve by
multiplying the concentration at all points on
the curve by this ratio determined at one par-
ticular meter deflection,
Since the response of the instrument is non-
linear, and this non-linearity varies with the
pressure in the sample cell (g, 2) it is best to
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¢ ablish the shape of the curve frequently
w th 3 to 6 known CO, mixtures.  Generally
it is most convenient to adjust the gain to
boing the highest gas deflection to full scale
o cither the meter or recorder.  Frequent
and resetting can be done using only

It should be noted that even nitrogen
has a small pressure broadening effect making
tle calibration curve for CO, in air read 2—
per cent higher than CO, in O,. Ramwell ¢
h.s taken advantage of this proportionality
over the 0 to 10 per cent CO, range to suggest
a simple method of calibration using a single
plitted curve.  He establishes one curve ac-
curately for CO, in O,. He then introduces a
sample of known CO, concentration mixed
with the desired N,O (or eyclopropane) con-
centration, and resets the gain to make the CO,
read correctly. A further simplification is to
then re-read the meter deflection produced by
the original highest CO,~0, mixture, and in
the future, set this gas to this reading instead
of to full scale. The alternative is to prepare
a series of calibration curves for various ances-
thetics, always setting full seale with a CO_-0,
mixture. It has recently been suggested that
the pressure broadening effect is reduced by
lowering the detector cell Pry, from 50 to 10
mm. of mercury.* However, this adjustment
camot be done escept by the manufacturer.
Greater accuracy can be obtained by optically
suppressing zero, to make the instrument read
sero with a known CO, concentration up to
about 3 per cent, and full scale with some
hicher known CO, misture.

Water Vapor Effect on Infrared CO, An-
alyzers. The pressure broadening effect of wa-
ter vapor very nearly connteracts its dilution
vifeet in the sample cell. Experimentally, the
createst difference we have heen able to de-
teet between extreme drying and saturation at
40 C. is about 2 per cent, whereas the dilution
cifect should have been about 7 per cent. In
| ractice, without this extreme dryving, there is
to difference in reading of wet and dry gas of
te sume CO, concentration (as determined by
chemical analvsis).  Chemical analysis gives
tie dry gas concentration (even though the
<ases are wet in the Scholander, the answer is
i1 dry gas per cent CO,). Therefore, the IR
€O, analyzer may be treated as a dry gas
iaalyzer.*®  The end-tidal Py, is computed
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Fic. 2. The clfect on linearity of response pro-
duced by maintaining low pressure in the sample
cell of the infrared CO, analyzer.

from per cent CO, by multiplying by baro-
metric pressure minus the water vapor pres-
sure (at patient temperature).

Mass Spectrometer. Unfortunately, N.O
and CO, are both of molecular weight 44, and
coincide in the output of a mass spectrometer.
Carbon dioxide must be read using the carbon
fragment at 12, and this means loss of sensitiv-
ity and usually problems in varation of the
amount of breakdown of the gas.  Considering
its cost and complexity, this instrument is in-
appropriate for CO, measurements in anes-
thesia.

Nonspecific Analyzers Sensitice to CO,. The
catharometer is a hot wire forming part of a
Wheatstone bridge, the cooling of which is
affected by the gas around it. It can distin-
guish CO, from anesthetic gases only by com-
paring two samples of the same gas, from one
of which the CO, has been absorbed. It has
the advantage, when used for analysis of CO,
in air, of a lincar direct reading output with
constant sensitivity.  An analysis requires sev-
cral minutes and several hundred milliliters of
gas.  Unfortunately, the ealibration is altered
by anesthetics.  The Sonic Analyzer is very
sensitive to CO, but has a different calibration
curve for cach different combination of hack-
ground gases, and is totally impractical for CO,
analysis of anesthetic gas mixtures,  Mead's 1!
critical orifice CO, analyzer is a simple, non-
electrical device using chemical CO, absorp-
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tion. It also has slow response (4 minutes)
and requires Jarge samples (500 ml.) and the
effect of anesthetics has not been described,

The Carbon Dioxide Electrode.,  This in-
strument, which will be described under blood
CO, analyzers, can also be used for gas analy-
sis. It is totally specific for CO, and unaf-
fected by anesthetics.

CarsoN DIoxibE ANALYSEs OF BLoop SasrLes
CONTAINING ANESTHETIC AGENTS

The buffers in blood combine with CO, to
form bicarbonate. The amount of bicarbonate
is more an index of the acid-base buffer state
than of the P, of the blood. Content must
be known if Pcq, is to be computed from the
Henderson  Hasselbalch  equation.  On  the
other hand, Peg, is only indirectly related to
acid-base balance (via the respiratory center)
but is quantitatively related to alveolar ven-
tilation.  The methodology of both Py, and
CO, coutent determination has changed con-
siderably in the past few years, and this sce-
tion will deal primarily with the newer methods
and the effect, if any, of anesthetics on the
methods.

Metions ror CarsoN Dioxive CONTENT:
Manometric analysis in the Van Slyke appara-
tus is still most widely used, but suffers from
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crrors and complications when soluble gas s
are present. Two procedures for correcticn
lave been described, neither being precis -
These were compared recently by Holaday w d
Verosky 12 who found the Goldstein methed
to be better.1?

The Astrup method %15 s particularly a »-
plicable in anesthesia. It provides values for
Pen.. pH, CO, content, buffer base and stan 1-
ard bicarbonate. It is not affected by ancs-
thetic agents.  The only measuring instrume it
is a pH meter.  The apparatus includes a
tonometer for equilibrating blood with several
known gas CO, tensions at 37 C. The new
Astrup apparatus (Welwyn International Inc )
uses a micro-capillary glass pH clectrode (fiz.
3) which requires only 0. ml of blood o0
fill it, and the tonometers are therefore only
required to cquilibrate about 0.1 ml. of bload
which they will do in 3 minutes.  The plIl of
the sample is first measured, and then remeas-
ured after equilibration with several known
CO, tensions.  These data can be platted on
a pH-log Py, diagram and the other values
derived.  The diagram is dependent on fixed
values for solubility, pK’ and temperature of
the patient. so for CO, content and standard
bicarbonate it is not accurate except at 37 €
Diagrams can be prepared for use at other
temperatures. A small error is introduced by
the complete oxygenation of the blood sample,
due to loss of the hemoglobin buffer, especially
if venous blood is being determined.

Carbon Dioxide Content of Blood Mcas-
ured with a CO, Electrode. The CO, present
as bicarbonate in blood may be converted to
free dissolved CO, in solution Dby dilution of
I ml. of blood with 20 ml. of 0.1N Tactic acid
in a syringe,  The Py, of the resulting solu-
tion, determined with a CO, clectrode, s«
linear function of the original CO, content.
Calibration is accomplished by performing the
same mancuver with 1 mb of a standard solu-
tion of sodium carbonate (25.00 millimoles per
liter) instead of blood. The accuracy is about
that of the dilution, =1 per cent. Anestheti:
agents in the blood have no effect on th
results,

MeTHODS FOr DETERMINATION OF Py
Computed from pH and CO, Content.
Anesthetic agents have no cffect on pil
measurements, but as noted above affec:
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i, 4. Design of the Peo, clectrode (National
Welding Company). The material used to hold
a very thin film of water hetween the sensitive glass
oletrode and the Teflon membrane may be ccl-
Tophane, glass wool or nylon {stocking).

the Van Slyke determination of CO, content.
There are a number of excellent new electrode
systems and pH meters now available for blood
pIl determination.  The Radiometer and
Metrohm Company instruments use the Sanz
tvpe ¢ capillary electrodes in which the blood
volume is kept very small.  The sensitive glass
membrane is the capillary itsclf, and is sur-
rounded by the HCL. When the capillary has
been filled with blooed, one end of it is dipped
in a pool of saturated KCI which conneets with
the calomel clectrode.  This forms a better and
more reproducible junction than the fiber or
sleeve junctions which had been used.  These
capillary clectrodes have water jackets for
precise temperature control with a circulating
thermostat { Haake, Godart).  Beckman Com-
pany have improved their micro-blood pH
clectrode assembly by arranging for a continu-
ens flow of KCI through the fiber liquid junc-
tion (Model 46850).

P, Electrode.’™ The CO, electrode meas-
ures the pH in a very thin film of a bicarbonate
solution which is separated from the blood
siumple by a Teflon membrane permeable to
(0, (as a gas in solution) but not to fons
which could change the pH of the water film.
The pH is a lincar function of the log of the
1lood Peg, over the range from at least 7 to
730 mm. of mercury. The accuracy is limited
Iy by the temperature regulation and the
adability of the pH meter, and is within 1
ot cent (ie. =0.07 mm. at 7 mm. of mer-
iry).  Response time is about one minute
it full equilibrium. The stainless steel cuvette
ig. 4) has a volume of 0.2 ml. There have
en several modifications in the device (Na-
t mal Welding Co.) since the published de-
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scription. The reference clectrode was changed
from silver-silver chloride to 0.1N calomel for
stability. A special glass clectrode was de-
signed with a flatter sensitive membrane and a
groove to retain the cellophane spacer which
holds the bicarbonate solution film. We have
recently found that if the cellophane spacer is
replaced with very sheer nylon netting (7
denier, especially prepared through the cour-
tesy of the Philadelphia Textile Institute) the
clectrode is faster in response, more sensitive
and linear to lower Pgo, (2 mm. of mercury).

The Effect of Body Temperature on Meas-
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Fic. 6. Tissuc Peo.
clectrode with self-con-
tained water jacket.

urement of Pyy, and pH. Large errors are
introduced by small differences between tem-
perature of the patient and the temperature of
measurement.  The factor is 0.015 pH units
per degree and about 4 per cent change in
Peo, per degree centigrade (fig. 5).8  Cor-
rection cannot be accurately made over large
ranges of temperature. When pH and Peo.
measurements are to be made in connection
with hypothermia using pump oxvgenators and
temperatures of less than 20 C. are anticipated,
it is probably more accurate to operate the
clectrodes at an intermediate temperature of
about 25 C. The most accurate way is, of
course, to adjust the eclectrode temperature to
that of the patient. This can be done if the
clectrodes are thermostated by an easily regu-
lated bath. However, the CO, clectrode re-
sponse time becomes very long at low tem-
peratures.

Tissue Peo, with the CO, Electrode. The
Tucite electrolyte jacket may be removed from
the stainless steel CO, electrode cuvette and
the active surface applied to the surface of tis-
sues to measure tissue Prq, dircctly. A tem-
perature jacket must be used around the clec-
trode (fig. 6). This has been done in dogs
and man. Average for the cerebral cortex was
55 mm. of mercury (with arterial P, held at
40 mm. of mercury). Active metabolizing tis-
sues were higher than had been anticipated
(the values for liver, gastric mucosa and je-
junal mucosa were 55-75 mm. of mercury).
Skin varied from arterial levels when warmed
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to over 130 mm. of mercury when blanched
with slight pressure on the electrode.

CoLLECTION OF SaMmpLEs

Blood Sampling. We no longer use (il
to seal syringe barrels, using the anticoagula-t
to fill the dead space and make the seal. No
more than the dead space should be filled with
heparin, and the dilute heparin (10 mg. ‘ml.)
is preferred, the more concentrated being more
acid and therefore tending to clevate P, and
reduce pH. The blood and heparin can he
mixed by closing the syringe cither with mer-
cury filled caps and swirling, or with blood
filled caps, and rolling the syringe Detween
the palms.  Carbon dioxide content values
should be corrected for dilution by anticong-
ulant (1.5 per cent in a 10 ml sample, 10 i,
syringe).  Filled syringes should be kept under
water until analysis to prevent barrel stickine,

For respiratory studies, arterial blood is nsn-
ally necessary. Blood taken from hand veins
after the hand has been thoroughly soaked in
lot water has heen shown to be within 2 mm.
of mercury of arterial Pea.. Foraceurate work
however, arterial blood is usually preferred.

Percutancous  arterial  catheterization  has
been greatly facilitated by the procedure in-
troduced by Seldinger.®  His contribution was
the idea of threading a solid leader into the
artery through the needle, withdrawing the
needle and then sliding a catheter in over the
leader. In its simplest form, this requires only
three parts, as follows: (1) standard 18 gauge
-inch intravenous needle, (2) 24-inch picce
of monofilament 3 pound test (0.7 mm. 0.D.)
nylon fishing leader, sterilized, and (3) 10-
inches of PE-160 polvethvlene catheter, one
end of which has been tapered sharply by pull-
ing to form a sharp leading cdge which will
just pass over the nvlon leader. When the
leader has been threaded through the 18 gauge
needle into the artery, the needle is withdrawn,

the leader wiped with a moist gauze, and the
catheter passed over it, screwing it into tlie
artery while withdrawing the leader. Whea
the leader is out, the same needle may be usel
to adapt the catheter to a stopcock. Thes»
catheters may be left in for many davs if the-
are kept filled with heparin saline solution.
Gas Sampling. Gas samples may be col-
lected by hand from various parts of anestheti::
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br athing systems using a Jarge glass syringe
wiet with dilute HCl or oil, a 1 or 3 way stop-
co k and an 18 to 22 gauge needle.  For exam-
pl. the effectiveness of absorbers may be
¢l.»cked by aspiration from the inspiratory tub-
in s while momentarily stopping all fresh gas
An approximate end-tidal sample can
be collected from the expiratory tubing pro-
vided the directional valves are in the Y picee
ared not on the circle.  Sampling must be done
in small aliquots during the end of expiration.
With care, reasonable end-tidal samples can be
callected from an endotracheal tube during the
latter phase of exhalation, but before outflow
stops. It is hest to either sample from the
carina with a eatheter or add a dead space
{20 ml.) between the sampling needle and
Y picce.  Generally the gas under a mask is
not suitable for collection of end-tidal samples
hecanse of the large dead space.

Several automatic end-tidal samplers have
been deseribed. By far the simplest method,
applicable only with positive pressure con-
trolled respiration, was pointed ou by Capel
and Hodgson.®  If the directional valves are
in the Y picce, a small needle inserted just he-
vend the expiratory valve will deliver a flow
of end-expiratory gas during cach positive pres-
sure inflation of the lungs.  The Raln sam-
pler 21 utilizes the negative ainvay pressure oc-
curring during inspiration in a valved Y piece
to draw air from bevond the expiratory valve
into a thin walled balloon.  The negative air-
way pressure is transmitted to a bottle sur-
ronnding this balloon.  Lambertsen and Ben-
jamin®* Namn and Pincock ¥ and Hesser 7%
luve deseribed more complicated  antomatic
smplers which can seleet a particular phase
of the breath for sampling. Al these devices
vere designed to permit collection of siamples
for analysis in devices with response times
vhich were too slow to follow the instantance-
s changes during the breathing cvele. The
rapidly responding infrared CO, analyzer has
Yirgely climinated the need for these methads.
“ can sample continuously from the airway
“ermitting the CO, concentration to be re-
-orded through the breath cyvele with a time
1z of about 0.2 second.

The leakage of CO, through plastic and rub-
“er may be high.*  Anesthesia bags made of
itex rubber can lose 5 per cent of the CO, in

in-low.
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1 500-ml. sample in 10 minutes. Polyethylene
and vinyl tubing should not be used to transfer
samples or calibrating gas to analyzers. They
can lose measurable amounts of CO, while
flow of gas exists through the tubing. Nylon
tubing (Polymer Corporation of America) is
almost impermeable to gases, and is much
cheaper than polyethylene. A new plastic film,
Mylar (solid Dacron), with polyethylene film
bonded to one side, has low permeability and
can be made into bags by heat welding the
polvethylene.

End-tidal Sampling Methods with Infrared
CO. Analyzers. Suction must be used to per-
mit continuous sampling (except with the
breathe-through cell).  The resistance of the
inlet tubing is such that at most reasonable
flows the pressure in the light path is sub-
atmospheric.®  The absorption of light de-
pends on the number of CO, molecules in the
light path. so the instrument is in fact sensitive
to Py, not percentage CO,. This fact re-
quires that the pressure be kept constant at
all times both for calibration and for measure-
ment. For example, if a catheter (nylon or
polyethylene) is used to conduct samples from
the airway to the inlet to the microcatheter cell,
calibration must be done by allowing the same
catheter or one of the same length and diam-

Sampling needle and regulator for

Fic. 7.
low pressure operation of infrared CO, analyzer.
The needle stylette is flattened on one side so flow

i be adinsted by rotating it.  The infrared an-
alyzer sampling tip was drilled to permit wedging
in a small nylon catheter.
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cter to draw in calibrating gas flowing past the
tip at atmospheric pressure. If a needle has
been inserted into the airway to withdraw sam-
ples, the same or a duplicate needle should be
used to sample the calibrating gas. If this is
not done, any change in the inlet circuit may
change the pressure in the cell and incorrectly
calibrate the instrument.  The volume of the
inlet system should be as small as possible if
rapid responsc time is desired.

Low Pressure Operation.  We have found
the most satisfactory method is to use a needle
with adjustable orifice for controlling flow rate
(fig. 7), and a negative pressure regulator
(model 903-B, C. M. Sorensen Co.) set to 0.1-
0.5 atmosphere. The disadvantages are: (a)
pressure broadening may be increased and
(b) the sensitivity setting must be increased.
a disadvantage in terms of noisc level on some
instruments.  Advantages are: (a) response
time is faster because of the expansion of gas
heyond the needle, (b) the instrument is much
less sensitive to pressure variations in the air-
way or calibration gas, (¢) water vapor con-
densation is eliminated. (d) the response eurnve
is more linear (fig. 2). since 1 per cent Co,
at 1 atmosphere gives the same deflection that
10 per cent CO, gives at .1 atmosphere, and
(e) variations in the vacuum pump or wall
suction have no cffect on calibration hecause of
the regulator.  This system can be used to ob-
tain rapid response with very low flows (20
ml./minute flow with the cell at 0.1 atmosphere
pressure gives the same response time as 200
ml./minute at 1 atmosphere).  This is nseful
in recording end-tidal CO, in very small ani-
mals (e.g. rats) where higher flows will exceed
the total expiration of the animal and there-
fore be contaminated with air.  Mcad (per-
sonal communication) has used another method
to permit sampling from guinea pigs at very
low flow rates. The technique must solve the
dual need for sampling at the nostril at a rate
of about 20 ml./minute maximum but needing
a flow through the analyzer of about 200 ml./
minute to obtain the speed of response needed
to record the individual end-tidal samples. He
constructed a diluter which drew in, for exam-
ple, 180 ml./minute of fresh air together with
the 20 ml./minute of sample. The resulting
signal is, of course, decreased by a factor of
10, as it was in the low pressure technique
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above, but gain is sufficient to recover most f
this. The most serious problem is to keep tie
!io dilution factor constant. This ratio is ¢«
tremely sensitive to pressure variations at tle
sample tip.  For this reason we found it mo-e
satisfactory to accomplish the same thing Iy
working at reduced regulated pressures.

Tue MeaNING or Exp-TiaL SasrrLiNG

End-tidal sampling is done in order to csti-
mate the arterial Peg,. It is known that there
is no difference between the Prg, in alveolir
gas and capillary blood in any particular al.
veolus.  However, mean alveolar and peripi-
cral arterial blood may differ, and end-tidal
CO, concentration may fail to represent even
average alveolar CO,. We need to examine
these problems separately.

Causcs of Differences Between Arterial and
Alecolar (End-Tidal) CO,.  The principa
source of this difference arises in the ventilation
of certain alveoli which have no blood flow.
The CO, concentration in such alveoli will
approximate zero (except for CO, inspired
from dead space), and during expiration will
dilute the gas coming from normally perfused
alveoli.  This dilute mixture will be sampled
as end-tidal gas, and will be lower than arterial
blood in regard to its Peo,. The ventilation of
such alveoli is called alveolar dead space, being
wasted ventilation,®® and has been used in at-
tempts to measure the quantity of unperfused
alveoli, or the size of pulmonary embolism.2%-2
The lung has a compensatory mechanism re-
cently deseribed ' in which areas having no
blood flow, and hence a Jow CO,, develop
bronchoconstriction and atclectasis, diminish-
ing their ventilation about 25 per cent.

In general, patients with severe lung diseasc
of any kind tend to have lower end-tidal than
arterial Peq,. In emphysema we have found
this difference to average 7-9 mm. of mercury
(unreported) and Scherrer et al®® report 14
patients with emphysema and cor pulmonal
having an average gradient of 23 mm. of mer-
cury.

Patients having maldistribution of ventilation
usually have a steeply sloping alveolar platean
when expired CO, is continuously recorded
so that the actual end-tidal concentration i-
highly variable with the time and volume o
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+piration.  Since the poorly ventilated alveoli
eripty last, one might expect to obtain end-
tic al values above the arterial blood, but this
not found in practice.

Two observations can be made during re-
¢ .ding of end-tidal CO, to check the adequacy
aof the recorded sample.  One is to perform a
izeed expiration at the end of a normal breath.
Tiis may be done in anesthetized subjects by
manual compression of the chest cage at the
proper time. Normally, the value of CO, re-
corded in this manner will be a few mm. of
mereury higher than the end-tidal CO,. If a
geat increase is found, one may suspect that
the end-tidal P, is not an adequate reflection
of arterial blood Pio.. The other observations
relate to the uniformity of successive end-tidal
CO, concentrations. When ventilation becomes
too shallow to wash out dead space, no plateau
is recorded, and successive breaths reach dif-
fering concentrations.  The same irregularity
may result from too much lag in the analyzer
or its sampling system, for example from par-
tial plugging.
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