{ Clinical Investigation
0. 4, 1966

Journal o,
Vol. 45,

Endogenous Carbon Monoxide Production in Patients
with Hemolytic Anemia *

R. F. Cosurn,t W. J. WiLLiaMs,f AND S. B. KAEN §

(From the Departments of Physiology, Graduate Division, and Medicine, School of Medicine,
University of Pennsylvania, Philadelphia, Pa.)

It is desirable in many studies to be able to
rapidly measure rates of erythrocyte and hemoglo-
bin destruction. Labeling techniques have been
utilized for this purpose but have the disadvantage
‘of requiring several days to weeks to obtain the
desired data plus the hazards of radioactive iso-
topes. Estimations of hemoglobin turnover from
measurements of fecal bile pigment or serum bili-
rubin concentrations contain large sources of er-
ror (1). Studies in which bile pigment is collected
via bile duct fistulas have been of value in animal
experiments (2) but are not usually possible in
man, and subjects who have bile fistulas cannot be
called normal. At the present time it appears that
many in vivo investigations of red cell survival in
patients with hemolytic disease are limited by the
lack of a precise rapid method for detecting
changes in the rate of red cell destruction.

It has been shown previously (3-9) that CO is
an in vivo catabolic by-product of hemoglobin and
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that it probably originates from the heme e-methine
bridge carbon atom. Data obtained in experi-
ments where CO production was measured after
intravenous injections of suspensions of damaged
erythrocytes or solutions of hemoglobin have indi-
cated that the molar yield of CO produced to heme
catabolized is approximately unity in normal man
(6) and anesthetized dogs (9). Apparently,
therefore, the measurement of CO production is
useful in studying hemoglobin and red cell turn-
over and can be utilized in studies of patients with
increased erythrocyte destruction. The quantita-
tion of erythrocyte and hemoglobin - catabolism
from CO production measurements has the advan-
tages that it is rapidly accomplished, does not re-
quire isotopes, and can be repeated.

Early workers (4, 10) attempted to estimate red
cell survival with measurements of the venous
blood carboxyhemoglobin per cent saturation
([COHb]) in patients with hemolytic anemia;
this approach seems inadequate in view of the
uncertainties of the relationship of [COHb] to
the actual rate.of CO production in these patients
(11). The development of a method of estimating
the rate of CO production (Vco) based on the
measurement of the rate of increase in CO body
stores under conditions where CO excretion from
the body is prevented by having the subject re-
breathe in a closed system has apparently circum-
vented this difficulty (5).

In the present report we describe a modification
of the rebreathing system that has allowed us to
measure Vco in seriously ill and debilitated pa-
tients. With this system Vco has been determined
in seven patients with hemolytic anemia. The re-
sults show that the measurement can be used to

" quantitate erythrocyte and hemoglobin destruction

in' these patients and that there is a fraction of the
Vco that apparently cannot be explained on the
basis of catabolism of circulating hemoglobin.
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and pumping system are shown. RB, rubber bag; CO. ABS, carbon dioxide absorber; P, pump;
0:M, oxygen meter; 0DV, oxygen demand valve.

Methods

CO ‘production measurements. The rate of CO pro-
duction was determined by the rebreathing method de-
scribed in detail in a previous publication (35), except
that the apparatus used was modified so that the sub-
ject breathed in a plastic hood rather than through a
mouthpiece. The studies were performed with the O.
tension in the hood and rebreathing system adjusted to
approximately 150 mm Hg. The first venous blood
sample was drawn at least 15 minutes after the start
of rebreathing; additional samples were taken every 30
minutes for a total of 2 hours. After this the body CO
dilution was determined by adding 10 ml ‘of CO to the
rebreathing system and measuring the resultant increase
in [COHb]. Blood [COHb] was measured with an in-
frared CO method (12), the rate of increase in [COHb]
was determined graphically, and the Vco was calculated
from this value and the CO blood volume or CO dilution
in the body (5). The error in the Vco measurement is
*3.1 wmoles per hour (SD) (5). This method as-
sumes rapid mixing and équilibration of endogenously
produced CO and CO added at the end of each experi-
ment in the blood and extravascular CO stores, which
include CO bound in muscle, liver, bone marrow, and
possibly other organs (5). The available data regarding
equilibration and mixing of the body CO stores have
been reviewed previously (5). These data and un-
published data obtained in our laboratory (13) indicate
that for the purposes of the Vco measurement the body

CO stores can be assumed to be a single rapidly equili--

brating “pool” without the introduction of significant
error. The hemolytic patients studied in the present in-
vestigation presumably had more bone marrow than nor-
mal man, and it seems likely that the portion of the body
CO stores present in this tissue would be greater. The

marrow is, however, a vascular structure, and it would

be expected that marrow CO, like other extravascular

CO stores, would equilibrate rapidly with intravascular

CO and that this larger marrow CO pool would not
cause significant crror in the Vco measurement.

The rebreathing system. We have modified the re-
breathing system used in our previous investigations so
that the subject does not have to breathe through a
mouthpiece and wear a noseclip but rather breathes in a
plastic hood that fits over the head and is sealed about
the neck with a rubber diaphragm (Figure 1). A pump
constantly circulates the gas in the hood through a CO.
absorber and cooler. The hood is made of #-cm plastic
and has' the shape of a cylinder closed at one end. The
outside diameter of the cylinder is 30 cm, and it is 23
cm in length. Five gas taps lead into the hood. Two
of these are 3 cm in diameter and are used in pumping
gas to and from the CO; absorber and cooler. A tap 1
cm in diameter leads to the oxygen meter. The fourth
tap, 4 cm in diameter, is connected to a rubber bag that
is used as a gas reservoir. The fifth tap is connected to
an oxygen demand valve adjusted so that oxygen is
added to the system at the end of each inspiration. The
patient'’s neck is greased with silicone grease before
fitting of the diaphragm to improve the seal between the
neck and hood. We have diaphragms® for varying neck
sizes, and it has been possible to achieve a tight seal in
all patients without neck constriction. The air pump 2 used
in the system has a maximal flow through our system of 60
L per minute. The canister contains approximately 800 ml
of CO. absorbant 3 and is placed in an insulated container
filled with ice. The air flow through the CQO. absorber
is sufficient to keep the COs in the system below 0.5%.
The apparatus as described has a total gas volume of ap-
proximately 7 L (with head in hood and CO; canister
filled wnth Baralyme) The volume of the apparatus plus

1 Made by Stockwell Rubber Co., Philadelphia, Pa.

2 Collins motor blower, catalogue no. P-553, Warren E.
Collins, Inc., Boston, Mass.

3 Baralyme granules, National Cylmder Gas Co.,
cago, Il
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Fic. 2, Simuratep CO PRODUCTION IN A NORMAL MALE
suBJEct. Endogenous CO production was “simulated”
by adding CO to the rebreathing system every 30 minutes
for 2 hours. The “rate of CO production” was deter-
mined in the usual manner by measuring the rate of in-
crease in blood carboxyhemoglobin per cent saturation
and calculating the rate of increase in the body CO stores.
In this experiment 3.64 ml CO per hour was added. The
measured rate of CO increase in the body was 4.00 ml
per hour. The difference is entirely explainable by en-
dogenous CO production.

lung volume is approximately 12 L. In designing this
system we kept the volume as small as possible to
minimize CO loss from the body into gas, which oc-
curs as [COHb] increases during the procedure. The
CO loss that could occur in our system from this process
is less than 0.02 wmole per hour in a normal subject.
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During most of the studies we checked the system for
leaks by injecting small quantities of neon into the gas
in the rebreathing system and monitoring the neon con-
centration in this gas with a gas chromatograph. In
all of the studies the neon concentration decreased slightly
during the first 30 minutes and then remained constant
during the remainder of the study. The initial decrease
in neon concentration presumably resulted from wash-in
of neon into the lungs and solubility in body tissues
rather than leakage out of the system. Although the sys-
tem proved to be free of leaks, the Vco measurement is
not highly sensitive to leaks. A leak of 1 L out of the
system in 2 hours would cause an error of less than 0.5
pmole per hour in measured Vco in a normal subject;
leaks into the system would result in proportionately
smaller error, since the CO concentration in room air
is usually less than in the equilibrated air in the re-
breathing system.

Simulated CQ production experiments. We performed
two experiments designed to measure the precision of the
rebreathing method and determine if the precision of
=+ 3.1 umoles per hour (SD) (0.07 ml per hour) could
be achieved when Vco was elevated. A known amount
of CO was periodically added to the body stores by in-
jecting CO into the rebreathing gas. The rate of CO in-
jection was compared with the measured Vco calculated
from the rate of increase in [COHb]. Data from an
experiment performed on a normal male subject are
shown in Figure 2. The patient initiated breathing in
the closed system. A venous blood sample was drawn,
and 1.82 ml (standard temperature and pressure, dry) of
CO was added to the rebreathing system. This se-
quence was repeated every 30 minutes so that 3.64 ml
of CO was added per hour to the body stores. Meas-
ured Vco was 4.00 ml per hour. The difference between
the simulated Vco and measured Vco was 0.36 ml per
hour and is entirely explainable on the basis of normal
endogenous CO production. The Vco in normal young
male subjects averages 042 (SD %0.07) ml! per hour
(5). The second experiment was performed on an anes-
thetized dog breathing in.a closed system. Simulated

TABLE 1
Pertinent indexes
Age 5 5 Total body uCr
Patient Sex Height Weight Diagnosis hemoglobin ty K"™*
years inches pounds . g days %o/ day
BS 16 F 59 88 Autoimmune 196 4.7 13.41
HM 22 M 67 170 S-St 518 6.8 8.99
GH1 22F 61 109 S-S . 235 7.0 8.61
MC 62 F 65 144 Autoimmune 349 18 2.55
FS, 25 M 72 137 Hodgkin’s disease 467 22 1.84
FS;i 26 M 72 141 Hodgkin’s disease 306 15 3.31
CJi 21 M 70 159 S-S 621 16 3.13
IBi 23 M 68 131 S-S 430 7 8.61

* K’, the measured decay in blood ®'Cr minus correction for elution of 1.29%, per day.

t S-S, sickle cell anemia.

In these patients we measured serum folic acid (17) and urine formiminoglutamic and urocanic acids after a histidine

load (18). Normal values were found in GH, FS, and CJ.
increased urine formiminoglutamic and yrocanic acid levels.

1B had slightly decreased serum folic acid level and slightly

Material may be protected by copyright law (Title 17, U.S. Code)
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TABLE I1
CO production and hemoglobin destruction data*

R
incfetaese . . . .
Patient Date [COHb] [COHb] Vco Vheme Vco/Vheme
%/ hr % satu- umoles/hr umoles/hr umoles/hr/umole/hr
ration
BS 10-23-61 0.56 2.62 72 65 1.10
HM 4-19-62 0.36 2.46 11§ 114 0.99
4-20-62 0.36 2.33 109
GH 7-9-62 0.42 2.24 62 49 1.32
7-11-62 0.51 1.71 68
MC 1-9-62 0.15 1.34 31 22 1.41
FS, 5-14-62 0.11 0.81 32 21 1.62
5-16-62 0.13 0.77 35
FS, 10-20-62 0.26 2.47 48 25 1.92
GJ 9-10-62 0.16 1.46 62 47 1.33
9-12-62 0.18 1.85 64
IB 12-11-62 0.53 2.10 138 91 1.54
12-13-62 0.58 2.12 143
Average 1.40 & (SE) 0.10
Normal 0.05 0.88 18.7 14.7 1.27 £ (SE) 0.08

* [COHb], venous blood carboxyhemoglobin; Vco, rate of CO production; Vheme, rate of blood heme catabolism.

Vco was again 3.64 ml per hour, and measured Vco was
3.70 ml per hour. The average endogenous Vco found
in anesthetized dogs is 0.18 (SD %0.08) ml per hour
(9). These experimental results suggest that the pre-
cision of the measurement is similar with normal and
markedly elevated Vco.

Measurement of erythrocyte and hemoglobin destruc-
tion rates. Erythrocyte survival studies were performed
with radiochromate by the method of Read (14) except
that acid-citrate-dextrose anticoagulant was used. The
method was then nearly identical to that of Cline and
Berlin (15). These data were expressed as a half-time,
t3, the time at which blood radioactivity reached 50% of
the initial value. From this we calculated the time con-
stant, K, using the following equation which assumes
that erythrocyte destruction was random: N =N, eX¢,
No is the initial red cell radioactivity at zero time, N the
radioactivity at time t, and K the time constant in per
cent per day. K was corrected for elution, assuming
this process is constant and exponential and equal to
1.29% per day (15) giving a corrected time constant K'.
The rate of blood heme destruction was calculated by
multiplying K’ and the total body hemoglobin calculated
from the CO dilution measurements (16). The results
are expressed as micromoles heme destroyed per hour.

The patients used in this study had documented hemo-
Iytic diseases. Vital statistics and diagnoses are listed
in Table I. All of the patients were thought to be clini-
cally in a stable or steady state. Five of the seven pa-
tients were brought into the hospital specifically for this
study. Drug regimens were not changed during the

study period. None of the patients had been transfused
for 3 months before the study. One of the patients (FS)
was studied completely at two different stages of his dis-
ease (May and November of 1962). Three of the pa-
tients (BS, FS, and CJ), were smokers but were not al-
lowed to smoke for 2 days before the Vco measurements;
the remainder of the patients denied smoking.

Results

Total body hemoglobin, 5*Cr t;, and calculated
K’ values are listed for each patient in Table I.
The t, of 5:Cr varied from 4.7 to 22 days; K’
ranged from 1.84 to 13.41% per day. Calculated
values of Vheme are listed in Table II. These
were found to range from 21 to 114 pmoles per
hour, or 0.36 to 1.94 g hemoglobin per hour. The
rates of blood hemoglobin catabolism were, there-
fore, approximately 1} to 8 times the normal value
of 14.7 pmoles per hour. '

Table II shows the data on CO production in
these patients. The venous blood [COHDb] of the
first sample drawn in each study was greater than
normal in seven of the eight studies, ranging from
0.77 to 2.62%. The average [COHb] in patients
without hemolytic disease is 0.88 = 0.11% (SD)
(12). Vco was elevated compared to normal in
all of the patients. The range of values was 0.70
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Fic. 3. THE INCREASE IN BLOOD CARBOXYHEMOGLOBIN PER CENT SATURATION IN FOUR PATIENTS BREATHING IN THE
REBREATHING SYSTEM. This Figure shows the actual measured data and demonstrates the precision with which the
rate of increase in blood carboxyhemoglobin can be determined. These duplicate studies were performed at 1- to 2-

day intervals.
these data and CO dilution in the body (5).

to 3.18 ml per hour or 31 to 143 pmoles per hour.
Normal Vco is 18.7 = 0.8 pmoles per hour (SE)
(5). Vco was estimated in five patients on two
occasions 1 to 2 days apart. Vco varied only
*+4.5 umoles per hour (SD) in the duplicate
studies, and [COHb] varied *=0.35% (SD).
Figure 3 shows the increase in blood [COHb] in
four patients studied on two occasions and illus-
trates the reproducibility and precision of the
method.

Vco is compared to Vheme in Figure 4, where
both are plotted in micromoles per hour. The
data obtained from the patients with hemolytic
anemia are plotted in closed circles, and the aver-
age Vco and calculated Vheme in ten normal su-
pine male subjects at rest (5) are depicted by the
filled square. The slope of the regression line is
1.04. The correlation coefficient is + 0.94.

The ratio of Vico to Vheme is listed in Table II
for each study. This ratio varied from 0.99 to
1.92, averaging 1.40 =0.10 (SE).

The relationship between venous blood [COHb]
and Vheme is plotted in Figure 5. The correla-
tion coefficient between these variables is + 0.59.

The regression lines were drawn by “least squares.”

The rate of CO production is calculated from

Discussion

The rebreathing system developed for this study
has made the measurement of Vco clinically
feasible. Only two of the first twenty patients
studied were not able to complete the procedure:
one was a 70-year-old man with arteriosclerotic
heart disease who could not lie flat as required
with the present equipment.

In this study elevated Vco and blood [COHDb]
were found in seven patients with hemolytic ane-
mia. The finding of elevated [COHDb] in these
patients confirms the report of Engstedt (10), and
the elevated Vco demonstrates that the elevated
[COHD] in patients with hemolytic anemia is ac-
tually a result of increased CO production. Rather
poor correlation between the venous blood
[COHDb] level and Vheme was found (r = 0.59)
in this study. The explanation for this finding ap-
pears to be that the blood [COHb] does not closely
reflect the Vco. It has been shown in a previous
publication (11) that [COHDb] is influenced by the
physiological processes that determine excretion
of CO via the lungs, and by the quantity of CO in
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inspired air, as well as by Vco. In that study
Vco and venous blood [COHb] were compared
in 13 experiments, including the eight in the pres-
ent investigation, and a correlation of + 0.62 was
found, a value similar to the correlation found
here between Vheme and [COHb]. Since the
relationship between Vheme and [COHb] cannot
be closer than Vco to [COHb], the venous blood
[COHb] measurements appear to be a relatively
imprecise index of red cell survival.

In the present study those patients with the
shortest red cell survival times had the highest
Vco values, suggesting the Vco might be used to
quantitate red cell destruction rates. Since the
error in the Vco measurement is very small (less
than 5% of total Vco in these patients), the pre-
cision with which erythrocyte destruction could
be quantitated would depend on @) whether CO
was produced as a result of processes other than
catabolism of hemoglobin in significant amounts
and b) whether the molar yield of heme to CO
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HEME DESTRUCTION IN PATIENTS WITH HEMOLYTIC ANE-
m1A. Hemolytic data expressed in closed circles; average
of ten normal subjects as closed square.

varied when the rate of hemoglobin catabolism was
markedly increased.

Evidence is available that CO arises from proc-
esses other than circulating hemoglobin catabolism.
In normal man approximately 20% of the Vco
cannot be explained on the basis of destruction of
hemoglobin from circulating erythrocytes (5).
It is of interest that this “extra” CO is of the
same magnitude as the “extra” stercobilin, which
does not arise from circulating hemoglobin (19).
It has recently been shown (20)_ that *CO appears
in the expired air of humans shortly after the ad-
ministration of glycine-2-1*C and that the CO spe-
cific activity parallels that in bile pigment. These
findings suggest a common molecular origin or
origins for extra CO and extra bile pigment.
Extra bile pigment, sometimes called “shunt” bile
pigment, is thought to originate as a result of in-
effective erythropoiesis (catabolism of immature
erythrocytes in the bone marrow, or short-lived
cells in the circulation) or as a by-product of
porphyrin metabolism in the liver, or both (19,
21-23). It would be expected in patients with
hemolytic anemia that the quantity of CO origi-
nating from cataholism of erythrocytes might be
very large compared to that originating from these
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other sources, since the turnover of erythrocytes
is so rapid. ‘

To determine the per cent of total CO produc-
tion arising from destruction of circulating erythro-
cytes in our patients, we estimated the rate of
erythrocyte hemoglobin catabolism from ®Cr-la-
beled red blood cell measurements and compared
this value, expressed as Vheme, with Vco. The
estimation of Vheme from 5!Cr curves has many
inherent errors. It requires an assumption re-
garding the mechanism of hemolysis and has un-
certainties regarding a) elution of chromate from
the labeled erythrocytes and b) steady state. The
calculation of Vheme is in addition affected by er-
rors in measuring total red blood cell mass; how-
ever, this error cancels out in the comparison of
Vheme and Vco, since the red blood cell mass
measurement is used in the calculation of Vco as
well.

In all the patients the curve of disappearance
of °'Cr from the blood was exponential, and it
therefore appeared that the hemolytic mechanism
was random. Six of the seven patients had either
S-S disease or autoimmune hemolytic anemia, and
in these conditions others have reported that red
cell destruction is random (24, 25). We, there-
fore, assumed that destruction was random in all
the patients. The error from some degree of non-
random destruction in these patients would be
small; for example, if one-half of the red cells
were destroyed in a nonrandom fashion, assuming
a random mechanism would lead to an overestima-
tion of Vheme of only 12%.

The recent study of Cline and Berlin (15) has
made it possible to estimate errors in **Cr red blood
cell survival measurements arising from uncer-
tainty regarding the rate of elution of the label
from the injected cells. These investigators meas-
ured decay curves of erythrocytes labeled simul-
taneously with 32diisopropyl fluorophosphate, **C,
and *'Cr in 38 patients who had a variety of he-
matological diseases. It was assumed that the dif-
ference in decay rates between *'Cr and the other
labels was due to chromium elution. The rate of
elution was found to be constant in most of the
patients, was not related to the rate of hemolysis
or the disease, and averaged 1.29% per day. We
have calculated the standard deviation from the
data presented by Cline and Berlin in this paper
and found it to be = 0.42% per day. This un-

R. F. COBURN, W. J. WILLIAMS, AND S. B. KAHN

certainty in chromate elution rate is relatively
small compared to our average rate decrease in
51Cr radioactivity of 7.6% per day; the average
error in Vheme resulting from variation in elution
rates should be considerably less than 10%. Even
if any of our patients were at the extremes of the
rates of chromium elution reported by Cline and
Berlin, error in calculated Vheme would be less
than = 15% of total Vheme.

It is not possible to assess the error due to pos-
sible variations in the rate of erythrocyte destruc-
tion from day to day. The constant hemoglobin
values and the close agreement of duplicate Vco
measurements suggest the patients were in a steady
state.

From these considerations the error in Vheme
is estimated to be approximately = 6 to 8 pmoles
per hour. Most of these errors should be random
and thus cause scatter of points in Figure 4. This
estimate of the error in Vheme appears to be in the
correct range, since the scatter about the regression
line in Figure 4 averages approximately 8 upmoles
per hour. The error in measurement of Vco is
only approximately = 3 umoles per hour, so it
would appear that most of the scatter found in
this Figure is a result of errors in the calculation
of Vheme.

If the average value of 1.29% per day used in the
correction for elution is in error, or if finite cell
destruction was significant in our patients, a con-
sistent error would result that would alter the re-
gression line in Figure 4. Both of these possi-
bilities appear to be very unlikely as discussed
above.

If 1 mole of CO is produced from the destruc-
tion of 1 mole of heme, the data in Table II and
Figure 4 show that an average of 74% of the CO
produced arises from the destruction of circulating
heme, whereas the remainder arises from other
sources. This extra CO appears not to be an
artefact. It cannot be explained on the basis of
error in the calculation of Vheme. The extra CO
is most likely the result of the same processes that
yield extra CO in normal man. The absolute
amount of extra CO is considerably greater than
in normal man, suggesting that this fraction may
arise primarily as a result of ineffective erythro-
poiesis. This concept is supported by the study
of Gray and Scott (21), who stimulated erythro-
poiesis in one man by hemorrhage and found an
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increase in shunt bile pigment. Furthermore, in
patients with sickle cell anemia (26) the plasma
radioiron turnover ratio is increased followed by
reduced red cell radioiron incorporation, as is seen
in patients with the ineffective erythropoiesis syn-
drome. It seems unlikely that the extra CO found
in our patients could be explained on the basis
of folic acid deficiency. The serum folic acid lev-
els and quantities of histidine metabolites in the
urine were found to be normal in three of four pa-
tients where these measurements were performed
as indicated in Table I.

Estimation of mean erythrocyte life-span from
CO production. The mean erythrocyte life-span
(MLS) can be considered to be equal to the total
body hemoglobin (Tyeme) divided by the quantity
of hemoglobin destroyed per day if a steady state
exists where the rate of hemoglobin destruction
equals the rate of production. Since CO is prob-
ably produced in a molar ratio to blood heme
catabolized in these patients, the following rela-
tionship should exist : MLS = Tyeme (micromoles) /
Vco (micromoles per day). In Figure 6 is shown
the relationship of MLS calculated from Vco, to
MLS calculated from the 5Cr red cell survival
studies, where MLS = 1/k’ X 100. The points
plotted in this Figure are all close to the least
squares regression line. The slope of this line
is 0.6 instead of 1.0 because of the extra CO pro-
duction already discussed.

Because of the extra CO fraction, MLS should
be calculated from Vco as above, and then the
“actual” life-span can be read from the abscissa in
Figure 6. MLS can be computed from the Vco
in this manner in our series with an error of only
=+ 3 days compared to the chromium method.

If most of the extra CO originates as a result
of ineffective erythropoiesis, calculation of erythro-
cyte life-span from Vco without correction might
indicate the average life-span of all erythrocytes,
not just those labeled in the circulation. The mean
erythrocyte life-span calculated from Vco without
correction for extra CO may also prove to be a
most useful determination when compared with
results of measurements obtained by labeling cir-
culating erythrocytes with radioactive tracers.

Summary

We have investigated the relationship of en-
dogenous carbon monoxide production to red blood
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cell and hemoglobin catabolism in seven patients
with hemolytic anemia. The rate of carbon mo-
noxide production was markedly elevated in all of
the patients. The rate of carbon monoxide pro-
duction was found to correlate closely with the
rate of blood heme destruction calculated from
radiochromate red blood cell labeling studies (r =
+ 0.94). Greater amounts of carbon monoxide
were produced in six of eight studies than could
be explained on the basis of blood heme catabo-
lism. The average molar ratio was 1.41 = 0.28
(SD). We suggest that the fraction of CO ap-
parently not explainable on the basis of circulating
hemoglobin catabolism, “extra CO,” is a by-prod-
uct of the metabolic processes that cause “shunt”
bile pigment. Mean erythrocyte life-spans can
be calculated from the rate of carbon monoxide
production corrected for extra CO with an error of
=+ 3 days (SD).
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