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ABsTRACT The normal relationship between
red cell mass measured, with 5'chromium-labeled
red cells, and arterial oxygen saturation (Sao,)
over the range from 97.3 to 83.4% was ex-
amined by studying 73 normal men residing at
sea level and altitudes of 1600 and 3100 m. A
simple, linear relationship between Sao, and red
cell mass was found over the entire range (r = —
0.7524, P < 0.001). In contrast, a correlation be-
tween red cell mass and arterial O, tension was
found only over the lower half of the range of O,
tensions where Sag, was also decreased (r = —
0.7731, P < 0.005). This suggested that O, satu-
ration rather than tension is the more important
determinant of the erythropoietic response to
chronic hypoxia. If this response is regulated by
tissue O, tension, then it will be influenced by O,
transport, which, in turn, is a function of blood flow
and arterial O, content, and hence Sap,. In nine
patients with chronic obstructive airway disease
the relationship between red cell mass and Sao,
was also determined and was found to be steeper
than in the normal subjects (P < 0.05).

INTRODUCTION

That chronic hypoxia stimulates red cell produc-
tion in normal man is well recognized, but the ef-
fects of hypoxia on erythropoiesis in certain patho-
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logical states has remained in question. It has, for
example, been commonly observed that in patients
with chronic obstructive airway disease, hypoxe-
mia is often not associated with a significant in-
crease in hemoglobin concentration or hematocrit
(1, 2). This apparent absence of polycythemic re-
sponse in these patients has led to some specula-
tion regarding possible mechanisms of bone mar-
row suppression in chronic pulmonary disease.
However, Shaw and Simpson (3) and Vanier,
Dulfano, Wu, and Desforges (4) demonstrated
that hypoxemia in chronic obstructive airway dis-
ease is in fact generally accompanied by an in-
crease in red cell mass. They also pointed out that
these increases in red cell mass are often not re-
flected in a rise in hematocrit or hemoglobin con-
centration because of an associated and variable
plasma volume expansion.

Although red cell mass is increased in these pa-
tients, Ratto, Briscoe, Morton, and Comroe (5)
pointed out the difficulty in determining the ap-
propriateness of an observed increase in red cell
mass in relation to the associated level of hypoxe-
mia. Quantitative information concerning the effect
of hypoxemia on red cell mass in normal man,
free from complicating disease processes, would
be required to resolve this question. Shaw and
Simpson (3) approached this problem by collecting
data from the literature on red cell mass in high
altitude natives and combining this information
with published values for normal arterial oxygen
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saturations at those altitudes. Such data, however,
constituted a collection of results of different work-
ers who used different methods in a variety of
ethnic groups. In addition, the arterial blood gas
data were from individuals other than those in
whom the red cell mass measurements were made.

To establish more firmly the normal relationship
between arterial oxygenation and red cell mass,
we undertook the present study. Normal men re-
siding at sea level, 1600 m (5300 ft) and 3100 m
(10,200 ft), who provided a range of values of
arterial oxygenation and red cell mass suitable
for this purpose, were studied by a single team of
investigators who used identical methods through-
out.

METHODS

Subjects. The subjects participating in this study were
normal males residing in Los Angeles, Calif. (sea level) ;
Denver, Colo. (1600 m), and Leadville, Colo. (3100 m).
All had lived at their respective altitudes of residence
for at least 2 yr. The Los Angeles subjects comprised
a group of 15 male volunteers of mean age 40 yr, who
were selected from the medical and technical staffs of the
pulmonary disease sections of the University of Southern
California and the UCLA medical school. All were in
good health. The 19 Denver subjects, mean age 42 yr,
were selected from the executive staff of a large manu-
facturing firm in Denver and were subjected to a general
clinical and laboratory examination by the company
within the last year, the results of which were entirely
normal. The Leadville subjects comprised a group of 39
men of mean age 39 yr. These were selected from a
larger group of men, who had volunteered for a previous
study (6), and their clinical histories, physical examina-
tions, chest x-rays, pulmonary function studies, and elec-
trocardiograms done in the course of that study were
found to be normal. Serum iron determinations were done
in all Denver and Leadville subjects; any individual with
an abnormally low value was excluded. In addition, a
separate group of nine men with obstructive airway dis-
ease, documented by. history, physical examination, chest
x-ray, and pulmonary function tests was studied for pur-
poses of comparison with the normal group. The nature
and purpose of our study was explained to the subjects
and informed consent was granted by all participants.

Procedures. The studies were performed in the pul-
monary laboratories of the Los Angeles County Hospital
and the UCLA medical center, in the Cardiovascular Pul-
monary Research Laboratory of the Colorado General
Hospital (Denver), and in the University of Colorado
High Altitude Research Laboratory established at St.
Vincent’s Hospital in Leadville.

Blood volume measurements were performed with au-
tologous ®chromium-labeled red cells in all subjects.
With the subject supine, an 18-gauge needle was placed
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in a large antecubital vein and kept patent throughout
the procedure with a small syringe containing heparinized
saline. A 12 ml sample of unheparanized blood was drawn
and added to 50 uc of ®sodium chromate and 2.5 ml of
strumia-ACD solution in a sterile, plastic centrifuge bag.l
After a 3 min incubation at room temperature the red
cells were centrifuged and washed twice with normal
saline. This technique results in the binding of about 85%
of the originally added chromium by the red cells with
less than 0.1% unbound isotope left in the system after
the second wash. Serial counting in six subjects indicates
that red cells treated in this fashion have an initial disap-
pearance rate of 0.72*0.13 (sem)%/hr. The labeling
procedure requires about 20 min, at the end of which time
5-ml of packed, labeled cells containing 20-25 uc of ®Cr
was drawn into a disposable 5-ml syringe and the total
radioactivity content measured in a semiautomatic, flat-
field counting apparatus (7).2 This aliquot was then in-
jected intravenously in the arm contralateral to the sam-
pling site. A single venous blood sample was taken from
the indwelling needle without stasis 15 min after injection
of the labeled cells, i.e., after a total of 45 min of recum-
bency. The radioactivity of this blood sample, which is a
function of the dilution of the originally injected activity
by the total circulating blood volume, is expressed by the
counting apparatus directly as blood volume. This di-
rectly measured blood volume was partitioned into red
cell mass and plasma volume by using the hematocrit
of the 15 min blood sample. Hematocrits were done in
duplicate using the microcapillary method. No correction
for trapped plasma was made, since this is very small
(8). In addition, no correction for body-venous ratio was
used in the calculation of plasma volume. Plasma and
blood volumes measured in this fashion are consistently
smaller than those derived from the use of albumin la-
bels such as T-1824 or radioactive iodine-labeled serum
albumin.

The accuracy of the counting apparatus was tested by
measuring in vitro volumes of water with ®Cr. On five
occasions the difference between known and measured
volumes, ranging between 4000-6000 ml, averaged 10 %
424 (sp) ml or 0.26 =0.88%. Three separate counting
units were used in the course of this study and each was
calibrated against in vitro volumes before use.

Brachial arterial blood samples were taken with the
subject supine. Disposable 20-gauge needles were used to
minimize trauma. Blood samples were drawn anaerobically
into heparinized syringes and analyzed within 5 min for
Po.;, pH, and Pco. directly using the appropriate elec-
trodes.3 In Leadville, Sao, was measured within 10 min
with a reflection oximeter.# We have compared this ox-
imeter with the Van Slyke method by analyzing 48 blood
samples with both methods and found the standard devia-
tion of the difference to be 1.64% saturation. The Sao,
was also calculated from Pao, and pH using the Severing-

1 Unitag, Abbott Co., Oak Ridge, Tenn.

2 Volemetron, Ames Atomium Co., Bellerica, Mass.
3 Radiometer, Copenhagen, Denmark.

4 American Optical Co., Buffalo, N. Y.
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TaBLE I

Sea Level Normal Residents

Subject iAge Height Weight BV RCM PV Sao, Pao, pH Pacos Hct
yr cm kg liters liters liters % mm Hg mm Hg %
B. A. 47 178 81.8 4.88 2.10 2.78 95.5 71.0 743 37.0 43.0
L. G. 55 163 74.3 4.65 1.98 2.67 96.2 74.5 7.45 36.0 42.5
R.E. 27 174 69.8 4.20 2.02 2.18 96.1 80.0 7.42 40.0 48.0
W. B. 36 170 72.1 4.70 2.19 2.51 96.0 82.0 7.40 40.0 46.6
J. M. 34 183 90.9 4.90 2.28 2.62 96.8 83.0 7.42 39.0 46.6
R. W. 46 169 68.0 3.20 1.54 1.66 95.6 85.3 7.40 — 48.1
L. G 55 175 72.7 4.65 2.00 2.65 96.6 86.0 7.41 46.0 43.0
D. V. 48 186 83.1 5.61 2.54 3.17 96.6 86.0 7.42 40.0 45.2
G. H. 47 182 88.5 4.52 2.13 2.39 96.1 86.7 7.43 —_ 471
R. M. 44 178 88.5 4.98 2.24 2.74 95.9 86.7 7.41 — 45.2
B. G. 30 178 78.6 4.90 2.17 2.73 96.9 89.0 7.43 39.0 44.3
S. Y. 20 186 73.6 4.92 2.03 2.89 96.9 90.0 7.43 39.0 41.3
H. H. 33 175 72.8 3.68 1.64 2.04 96.6 91.9 7.44 — 44.6
J. M. 39 194 81.8 4.40 2.06 2.34 97.0 95.6 7.43 — 46.7
R.]. 35 189 84.1 6.65 297 3.68 97.3 96.0 7.39 42.0 44.7
Mean 39.7 179 78.7 4.72 2.13 2.60 96.4 85.6 7.42 39.8 45.1
SEM 2.6 2.12 1.91 0.20 0.09 0.12 0.35 1.78 0.004 0.87 0.53

BV, blood volume; RCM, red cell mass; PV, plasma volume; Sao,, arterial oxygen saturation; Pao,, arterial oxygen
pressure; Paco,, arterial carbon dioxide pressure; Hct, hematocrit.

haus slide rule (9). The subject’s Sao, was taken as the
average of the calculated and oximeter figures. In Los
Angeles where Pao, falls on the flat portion of the oxy-
gen hemoglobin dissociation curve, Sao, was calculated

TaBLE II

1600 m Normal Residents

from pH and Pao.. Pao, and pH on each arterial blood
sample were measured on two separate electrode units
in two separate laboratories and the mean of the two val-
ues was used. In Denver, Sao, was taken as the mean of

Subject Age Height Weight BV RCM PV Sao, Pao, pH Paco: Hct
yr cm kg liters liters liters % mm Hg mm Hg %
G. M. 42 166 62.7 3.80 1.81 2.00 91.5 60.8 7.41 34.2 47.5
J. R, 36 174 1.9 4.62 2.00 2.62 92.5 61.8 7.44 32.8 43.3
E. P. 51 182 87.3 4.40 1.96 2.44 92.5 62.5 7.43 36.3 44.5
J. M. 38 183 91.8 5.00 2.48 2.53 93.2 63.2 7.43 31.0 49.5
C. H. 57 184 90.0 5.42 241 3.01 92.4 63.2 7.42 35.9 44.5
B. P. 51 174 73.0 3.98 1.77 2.21 93.0 63.9 7.43 36.9 44.5
L. L. 41 172 72.8 4.80 2.12 2.68 93.2 64.2 7.41 36.6 43.1
C. H. 43 184 81.6 4.88 2.29 2.59 92.3 64.3 7.39 38.8 47.0
R. D. 43 192 94.5 4.60 2.14 2.46 93.2 68.2 7.41 39.7 46.5
F. R. 61 178 82.5 4.50 1.96 2.54 94.5 69.0 742 37.8 43.5
W. K. 43 185 95.0 5.82 2.53 3.29 93.2 70.8 7.40 39.8 43.5
J. T. 35 183 85.5 5.50 2.56 2.94 95.4 70.9 7.45 329 46.5
C. B. 48 181 81.4 5.00 2.28 2.73 93.6 71.0 7.40 38.0 45.5
H. C. 42 183 80.5 4.65 2.05 2.60 94.8 72.0 741 36.2 44.0
W. H. 45 183 87.3 4.48 2.11 2.38 94.4 72.3 7.42 35.8 47.2
G.]J. 45 178 80.0 4.62 2.10 2.52 93.9 72.6 7.42 35.0 45.5
L. F. 26 177 69.8 4.40 2.02 2.39 95.3 73.2 7.43 35.6 45.8
E. C. 45 174 80.0 4.00 1.82 2.18 95.8 77.8 7.46 36.7 45.5
R. C. 33 177 91.4 5.80 2.40 3.40 96.5 81.9 7.46 31.0 41.5
Mean 42.1 180 81.3 4.77 2.18 2.59 93.9 69.0 7.42 35.6 45.2
SEM 2.01 1.44 1.99 0.12 0.06 0.07 0.31 1.2 0.004 0.57 0.45
See Table I for explanation of abbreviations.
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the values obtained from Van Slyke analysis and calcu-
lated from Pao, and pH.

RESULTS

Anthropometric data, arterial blood gases, blood
volume and its components, and hematocrits shown
individually for all normal subjects grouped ac-

cording to altitude of residence are presented in
Tables I, II, and III.

Correction for body size. In order to study the
effects of oxygenation on red cell mass, it is neces-
sary to somehow normalize the data for body size.
Several methods employing height-weight data
have been proposed. These include expressions of
red cell mass per kilogram of body weight, red
cell mass per square meter of body surface area
(10), red cell mass expressed as per cent of pre-

TasLE III
3100 m Normal Residents
Subject Age Height Weight BV RCM PV Sao, Pao, pH Paco, Hect
yr cm kg liters liters liters % mm Hg mm Hg %
E.K 61 173 58.9 448 2.35 2.13 83.5 46.4 7.46 34.4 52.5
R. K 34 172 66.4 4.82 2.75 2.07 83.4 41.5 7.43 34.0 57.0
E.K 34 175 83.2 5.98 2.66 3.32 85.9 51.0 7.43 33.7 44.5
H.S 63 170 83.4 5.73 2.58 3.15 85.3 51.1 7.44 32.3 43.0
J.F 37 177 76.4 5.19 3.08 2.11 87.1 53.2 7.43 27.0 59.5
M. C 44 179 64.5 5.48 2.52 2.96 86.8 53.8 7.41 41.0 46.0
L.K 29 160 55.5 3.72 1.82 1.90 88.2 54.0 7.46 34.0 49.0
R.O 33 183 78.0 5.62 2.86 2.76 87.0 54.0 7.41 33.0 51.0
H. K 33 180 70.7 4.60 2.07 2.53 89.5 54.8 7.42 35.3 45.0
M.D 32 180 75.5 4.28 1.90 2.37 88.5 55.0 7.43 34.7 44.5
D. W 38 182 70.9 5.85 2.49 3.36 89.0 55.3 7.47 30.9 42.5
T.F 52 175 83.6 6.09 2.59 3.50 87.0 52.4 7.41 36.8 42.5
W. G 51 180 73.4 4.54 2.29 2.25 81.5 55.9 7.40 37.8 50.5
J.D 26 177 67.0 4.26 2.09 217 89.5 56.1 7.41 329 49.0
G.S 48 180 78.8 5.41 2.49 2.92 88.8 56.1 7.45 29.3 46.0
AP 31 181 92.3 5.50 2.79 2.1 88.2 56.2 7.39 38.8 50.8
M. R 36 175 70.2 5.10 2.32 2.78 88.8 56.3 7.44 33.7 54.5
L.J 26 178 64.1 4.76 2.38 2.38 89.7 56.8 7.41 33.2 50.0
C. W 38 172 62.3 5.19 2.36 2.83 89.1 57.0 7.45 33.0 45.5
wW. M 51 169 67.5 4.22 2.11 2.11 88.8 57.8 7.43° 32.2 50.0
C.T 32 172 63.0 4.01 1.85 2.16 88.7 57.9 7.41 33.8 45.5
C. G 33 182 75.9 5.00 2.40 2.60 90.9 58.0 7.44 33.8 48.0
L.C 30 183 94.5 4.82 2.41 2.41 90.0 58.0 7.41 29.9 50.0
E. 1 56 170 68.4 493 2.22 2.1 88.6 58.2 7.39 39.5 45.0
R. R 14 179 88.9 4.60 2.19 2.41 90.0 58.4 7.43 33.7 417.5
T.F 33 184 79.6 4.69 2.58 2.11 89.5 58.5 7.42 27.2 55.0
J.K 28 188 817.3 5.43 2.69 2.74 92.0 58.7 7.43 30.6 49.5
R. W 34 184 83.4 5.66 2.66 . 3.00 89.0 59.3 7.40 37.8 47.0
PV 32 175 74.8 5.39 2.35 3.05 90.1 © 599 7.41 32.3 43.5
C.R 14 170 66.8 4.51 1.98 2.53 91.0 61.0 7.46 33.7 44.0
R.F 55 180 84.3 5.05 2.40 2.65 90.8 61.0 7.43 34.7 47.5
G.D 38 180 70.9 4.88 1.95 2.93 90.8 61.3 7.46 32.2 39.8
R. M 38 188 79.1 5.16 2.43 2.74 90.9 61.7 7.46 33.9 47.0
T.B 45 183 70.7 5.22 2.35 2.87 91.4 62.3 7.45 31.7 45.0
R.C 32 160 63.9 4.18 1.92 2.26 90.7 62.5 7.43 334 46.0
N. N 34 170 70.0 4.06 1.97 2.09 91.6 62.7 7.44 28.3 48.5
D.M 42 180 80.5 5.19 2.34 2.85 91.5 62.8 7.45 29.9 45.0
D.J 40 172 63.9 4.25 2.04 2.21 91.8 63.5 7.44 33.1 48.0
B. H 37 178 75.2 4.92 2.24 2.68 92.1 64.8 7.42 32.2 45.5
Mean 39 176 739 494 2.35 2.60 89.1 57.2 7.43 33.3 47.7
SEM 0.49 1.02 1.49 0.09 0.05 0.06 0.34 0.68 0.004 0.47 0.66

See Table I for explanation of abbreviations.
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dicted blood volume (11), and red cell mass as
per cent of predicted red cell mass (12). To deter-
mine which of these techniques most successfully
minimized the influence of body size in the present
study, these indices were tested by measuring the
effect of each on the scatter about the rell cell
mass—Sag, regression line. The results of this
analysis are shown in Table IV. These data repre-
sent the calculated regressions of standardized

variates, i.e, X__;(X. Therefore, the standard errors
of estimate (SEe) calculated for each regression
and shown in the table are independent of the
original units and, hence, may be compared directly
with each other. The sEe was lowest for red cell
mass expressed as per cent of predicted red cell
mass, which indicated that this index represented
the most successful means for correction of body
size in the present data. However, the SEEs all were
so similar in magnitude that no method had any
substantial advantage over any other. This proba-
bly is due to the fact that this group of subjects
contained very few individuals with unusual
height-weight relationships (12). We, therefore,
elected to use the most common correction, i.e.,
volume per kilogram of body weight.

TaBLE IV
Effect of Various Indices of Bodv Size on
RCM-Sao, Regression

RCM as 9 of predicted RCM = 422-3.4 Sao,
RCM (12) r = 0.7580
seEe = 0.0753
P = <0.001
RCM /kg of body weight RCM = 124.96-1.037 Sao,
' r = —0.7524
see = 0.0761
P <0.001
RCM/m? of body surface RCM = 0.450-0.0063 Sao,
area (10) r = —0.7401
- see = 0.0776
P <0.001
RCM as % of predicted RCM = 370-2.82 Sao,
blood volume (11) r = —0.6979
SsEe = 0.0827
P <0.001

See Table I for explanation of abbreviations.

Red cell mass and arterial oxygenation. Table
V presents a summary of the data in Tables I,
II, III, with red cell mass, blood volume, and
plasma volume expressed as volumes per kilo-
gram of body weight. Between sea level (PB=

TABLE V
Hematologic and Arterial Oxygen Values in Normal Men at Various Altitudes

Elevation Ps BV RCM PV Hct Saoy Paoy
mm Hg ml/kg ml/kg ml/kg % % mm Hg
Sea level (n = 16) 760
Mean 60.0 27.1 33.0 45.2 96.4 85.6
SD 8.62 3.72 5.27 2.01 0.54 6.91
SEM 2.21 0.93 1.31 0.50 0.14 1.78
1600 m (n = 19) 625
Mean 58.7 26.8 31.9 45.2 93.9 69.0
SD 5.78 3.24 3.35 1.91 1.38 5.66
SEM 1.32 0.70 0.72 0.45 0.21 1.22
3100 m (n = 39) 530
Mean 66.8 31.8 35.2 47.7 89.1 57.2
SD 8.54 6.65 5.27 4.12 2.15 4.22
SEM 1.31 1.04 0.84 0.66 0.34 0.68
Difference:
1600 m-sea level -1.3 —0.3 —1.1 00 -2.5 —16.6
P NS NS NS NS <0.005 <0.005
3100 m-1600 m +8.1 +5.0 +3.3 2.5 —4.8 —11.8
P <0.005 <0.005 <0.01 <0.01 <0.005 <0.005
NS, not significant. See Table I for explanation of other abbreviations.
Oxygen-Red Cell Mass Relationship 1631



760) and 1600 m (PB = 625), there was a sub-
stantial fall in Pag, of 16.6 mm Hg from 85.6
=+ 1.8 mm Hg to 69.0 = 1.2 (sem) (P < 0.005).
Because of the minimal slope of the oxygen-hemo-
globin dissociation curve in this range, the asso-
ciated change in Sao, was quite small, 2.5% from
96.4 = 0.14 to 93.9+021% (P < 0.005). Red
cell mass, plasma volume, blood volume, and
hematocrit were not significantly different at these
two altitudes. Between 1600 m (PB = 625) and
3100 m (PB = 530) Pao, again fell by about the
same amount, 11.8 mm Hg from 69.0 = 1.2 to
57.2 = 0.68 mm Hg (P < 0.005). Here, however,
the steeper slope of the dissociation curve produced
a greater fall in Sag, of 4.8% from 93.9 = 0.21 to
89.1 2 0.34%. Associated with this, the red cell
mass was significantly higher at 3100 m by 5.0
ml/kg, 31.8 = 1.04, as compared with 26.8 = 0.70
ml/kg (P < 0.005). Hematocrit was also 2.5%
higher, 47.7 = 0.66%, as compared to 45.2 = 0.44
(P <001). In addition plasma volume was
slightly but significantly higher at 3100 m by 3.3
ml/kg, 35.2 == 0.84, as compared with 31.9 = 0.72
ml/kg (P < 0.01). Thus blood volume was ac-
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represent 95% confidence limits on individual estimates.
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Ficure 2 Red cell mass-Pao, relationship in normal
men residing at sea level, 1600 and 3100 m. Confidence
limits could not be calculated due to the complex nature
of the curve. Symbols have same significance as in
Fig. 1.

cordingly 8.1 ml/kg higher, 66.8 == 1.31, as com-
pared with 58.7 =1.32 ml/kg (P < 0.005).
Although these data were collected at three dis-
crete altitudes they do in fact constitute a con-
tinuous spectrum of hematological and blood gas
values. The range covered extends from an Sao,
of from 97.3 to 83.4% (Pag,, 96.0-46.5) with an
associated range of red cell mass from 22.4 to 41.8
ml/kg, and regression analyses of the entire collec-
tion of data were performed. The regression of red
cell mass on Sag, is shown in Fig. 1. This relation-
ship appeared to be simple and linear (r=
— 0.7524 and P < 0.001). In contrast, the relation-
ship between red cell mass and Pag, was more
complex and appeared to be biphasic with an
inflection point at a Pag, of about 67 mm Hg
(Fig. 2). Consequently, the data were divided
into two groups at this point and separate regres-
sions were run on those values above and below
this point. For Pag, greater than 67 mm Hg no
significant relationship between Pag, and red cell
mass was observed (r =0.0327, P > 0.005),
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TaBLE VI
Male Patients with Chronic Obstructive Airway Disease

Subject Class Age Height Weight BV RCM PV Sao, Pao, pH Paco: Hct
yr cm kg liters liters liters % mm Hg mm Hg %
A K. PP 50 173 49.3 3.42 1.49 1.93 91. 62.4 7.39 46.0 43.5
S. M. PP 58 169 89.6 4.18 2.01 2.17 91.5 64.0 7.42 34.0 48.0
F.E. PP 51 17 77.6 4.27 2.07 2.20 92.6 67.1 7.39 42.2 48.5
T. R. PP 62 173 71.5 4.12 1.85 2.27 93.1 68.9 7.38 42.2 45.0
A. H. Mixed 67 183 78.6 4.80 2.64 2.16 85.7 48.8 7.42 40.1 55.0
F. F. Mixed 43 172 80.8 4.80 2.62 2.18 89.0 58.0 7.42 36.6 54.5
G. B. BB 62 178 77.2 6.00 3.93 2.07 80.3 43.7 7.32 44.0 65.5
L. L. BB 62 170 73.6 5.00 3.30 1.70 80.5 45.2 7.33 42.8 66.0
C.B BB 62 162 86.3 6.30 3.97 2.33 80.9 48.1 7.38 48.7 63.0
Mean 574 173 76.7 4.77 2.65 2.12 87.3 56.2 7.38 41.8 54.3
SEM 2.58 1.47 3.80 0.31 0.30 0.06 1.83 3.29 0.012 1.51 2.92

See Table I for explanation of abbreviations.

whereas for Pao, less than 67 mm Hg, a significant
relationship was found (r = — 0.7731, P < 0.005).
This biphasic relationship between arterial oxygen
tension and red cell mass stands in marked con-
trast to the simple linear relationship between
arterial oxygen saturation and red cell mass.

Plasma volume, blood volume, and hewmatocrit.
The relationships between plasma volume, blood
volume and hematocrit and Sap, were examined in
a fashion similar to that already described for red
cell mass. The results are shown in Fig. 3. Plasma
volume rose very slightly with decreasing Sao,,
but this relationship was not significant (r =
— 0.01006, P > 0.05). Blood volume, on the other
hand, rose progressively with falling Sao, due
mainly to the rise in red cell mass (r = — 0.6560,
P < 0.001). Because the rise in red cell mass was
greater than the rise in plasma volume there was
an increase in hematocrit with decreasing Sag,
(r =—0.6083, P < 0.001).

Studies in patients with chronic obstructive air-
way disease. Red cell mass, plasma volume, blood
volume, and hematocrit in relation to Sag, were
investigated in a group of patients with well-
documented chronic obstructive airway disease.
Four of these patients were of the “pink puffer”
(PP) or class A variety (13, 14), in whom alveo-
lar ventilation is typically well maintained with
minimal derangement in blood gases, little eleva-
tion in hematocrit, and no history of cor pulmonale.
Three patients were of the “blue bloater” (BB) or
class B type (13, 14), in whom alveolar ventilation
is typically reduced causing substantial hypoxemia
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associated with increased hematocrit and a history
of past or present bouts of cor pulmonale. In addi-
tion, two patients had elements of both of the above
types (mixed). None of these patients was receiv-
ing diuretic therapy. The results of the studies in
these patients are presented in Table VI.

The individual values for these patients when
plotted in relation to Sag, fell almost entirely
within the 95% confidence limits on individual
estimates calculated in normal subjects. Because
these patients all had in common the presence of
severe airway obstruction, regression analyses have
been calculated for red cell mass, plasma volume,
blood volume, and hematocrit on Sag,. The calcu-
lated regressions are shown in comparison with
the corresponding regressions observed in the nor-
mal subjects in Fig. 4. The regression analysis of
the patients’ data suggests a steeper increase for
red cell mass with falling Sao, (r = — 0.9558),
which differed significantly from the curve for
normals (P < 0.05). Plasma volumes were smaller
than those observed in the normal group, but, as
in the case of the normal group, no significant
relationship between plasma volume and Sap, was
found (r = — 0.4520, P > 0.05). These differ-
ences resulted in blood volumes slightly lower
than those in the normal group. There was, how-
ever, an accentuation in the hematocrit rise (r =
—0.9713), which was significantly steeper than
that found in the normal group (P < 0.005).

When red cell mass was calculated in relation
to the indices of body size listed in Table IV, the
regressions on Sao, differed from the normal in the
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Ficure 4 Red cell mass, plasma volume, blood volume, and hematocrit plotted against Sao, in patients
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same fashion described above, suggesting that dif-
ferences in height-weight relationships between
patient and normal groups were not responsible
for the observed differences in regression lines.

DISCUSSION

In this study a method of measurement of red cell
mass has been employed that greatly reduces the
time required for this determination. We have
made use of the fact that even a brief exposure of
whole blood to ichromium results in the binding
of substantial quantities of the isotope. That this
binding is as firm as that which results from a
longer incubation was demonstrated by Mollison
and Veall (15) who showed that elution of ichro-
mium from the red cells incubated for very brief
periods with the isotope was no greater than that
from red cells that had been incubated for much
longer periods with ®chromium. This permitted
the use of a 3 min incubation period at room tem-
perature which, in our experience, results in the
uptake of about 85% of the isotope added to the
system. The remaining unbound isotope was re-
moved with two saline washings. Washing the
cells does not seem to seriously affect subsequent
in vivo red cell disappearance rates, as the experi-
ence of others has shown (16). 15 min is reported
to be sufficient time for virtually complete mixing
of the labeled cells in the circulation over a wide
range of hematocrits. Use of a semiautomatic ra-
dioactivity counting apparatus abbreviated the pro-
cedure further and, in addition, proved to be quite
accurate in in vitro tests, possibly because the pro-
cedure circumvents several volumetric operations
that would ordinarily constitute additional sources
of error. This method yielded a value of red cell
mass at sea level of 27.1 = 3.72 (sp) ml/kg, which
is in good agreement with the results of others who
have employed washed 5!Cr-labeled red cells in
normal males at sea level-Huff and Feller, 28.3
+4.09 (sp) ml/kg (17); Eisenberg 27.8 = 3.27
ml/kg (18); and Lertzman, Frome, Israels, and
Cherniack, 26.2 = 1.93 ml/kg (19).

Red cell mass, when viewed in relation to in-
dices of arterial oxygenation, showed a strikingly
different relationship to Sag, than to Pao, (Figs.
1 and 2). With falling Sag, red cell mass rises in
a simple and linear fashion over the entire range
examined. In contrast, a falling Pag, was associ-
ated with no rise in red cell mass until a “critical”
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value of about 67 mm Hg was reached. Below this
point Pag, and red cell mass were linearly related.
It is noteworthy that this critical value falls on the
shoulder of the oxygen-hemoglobin dissociation
curve (Fig. 5). Hence, changes in Pag, above
this point result in very little alteration of Sao,
because of the minimal slope of the dissociation
curve in this range. On the other hand, changes in
Pay, below 67 mm Hg fall on the steeper portion
of the dissociation curve and accordingly result in
substantial alterations in Sag,. It would thus ap-
pear that only those changes in Pag, which cause
a change in Sag, are associated with alterations in
red cell mass. This would suggest that Sag, is the
more important determinant of red cell mass.

A possible mechanism which might explain this
relationship involves the hypothesis that erythro-
poietin production is regulated by renal interstitial
or intracellular Po, rather than by arterial Po,
(20). Oxygen delivery, an important determinant
of tissue Po, thus would be a major regulator of
erythropoiesis. Oxygen delivery, in turn, depends
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Ficure 5 Comparison of Pao,red cell mass relation-
ship with oxygen-hemoglobin dissociation curve (broken
line). Note the similarity of the behavior of red cell mass
and arterial oxygen saturation with changing oxygen
tension.
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upon blood flow and arterial oxygen content, and
the latter is saturation dependent. Other factors
that were not investigated in the present study,
but which could be expected to affect oxygen
delivery and, hence, erythropoiesis include fluctua-
tions in arterial oxygenation, cardiac output, and
pattern of regional distribution of blood flow,
particularly during exercise or sleep. Oxygen de-
livery may also be influenced by variations be-
tween different individuals in the amount of
2,3-diphosphoglycerate within the red cell which
would influence the affinity of hemoglobin for
oxygen (21).

Plasma volumes in the present study were un-
related to Sag, but tended to be slightly larger in
those individuals with lower Sag,. These findings
are at variance with results of studies comparing
plasma volumes in residents of Lima, Peru, (sea
level) with those in natives of Morococha, Peru
(4540 m) in which plasma volumes were found to
be consistently smaller in the Morococha natives
when measured with %°Fe (22), vital red (23),
and T-1824 (24). It has, however, been pointed
out that natives of Morococha comprise an ethni-
cally unique group which in addition, is very
probably genetically different as well, a conse-
quence of existence at high altitudes since pre-
historic times (25). In fact, the cardiovascular
responses of this group to hypoxia are in certain
respects different from those seen in non-Indian,
high altitude populations that have been estab-
lished in more recent times (26). Reynafarje,
Lozano, and Valdivieso (27) were able to provide
a clearer picture of the effects of hypoxia on
plasma volume uncomplicated by genetic and eth-
nic factors by conducting serial studies on sea
level residents who were taken to Morococha for
1 yr. In these individuals plasma volume mea-
sured with T-1824 was reduced for 6-8 months,
but by the end of 1 yr it had returned to sea level
values.

Relative hematocrit changes associated with de-
creases in Sag, were considerably smaller than the
parallel changes in red cell mass in this study, as
the experience of others has shown (3, 4). A fall
in Sap, which produced a 100% increase in red
cell mass, produced a relative increase of only
28% in hematocrit. This is quite similar to the
value of 33%, which is the theoretical relative
change in hematocrit that would result from a

doubling in red cell volume in the presence of a
constant plasma volume. This is simply a conse-
quence of the fact that hematocrit is the ratio of
red cell volume to the sum of red cell volume and
plasma volume.

This information regarding the pattern of he-
matological response to hypoxia in normal man
provided a quantitative frame of reference with
which to view the data of patients with chronic
obstructive airway disease who were studied by
the same methods. Although the number of pa-
tients studied was small, certain consistent patterns
emerged that differed significantly from those ob-
served in the normal group. These consisted of a
steeper red cell mass—Sao, relationship in associa-
tion with lower plasma volumes which resulted in
a greater rise in hematocrit with decreasing Sao,.
These variations from the normal patterns may be
due in part to the possibility that the value of
Sag, measured at rest may not be representative
of the average Sao, throughout the day, particu-
larly in those patients with a low Sao,.

The above conclusions differ in some respects
from those of other authors. Vanier et al. (4), for
example, concluded that the response of red cell
mass to hypoxia was less than that in high altitude
dwellers, whereas Shaw and Simpson (3), on
the other hand, concluded that it was similar.
Plasma volumes were found to be increased in
both the series of Vanier et al. (4) and Shaw and
Simpson (3) who attributed these increases to the
frequent existence of cor pulmonale or to a history
of cor pulmonale in these groups. On the other
hand, Hume and Goldberg (28) found lower
plasma volumes in their patients with obstructive
disease than in those of the control group. This
latter finding is in agreement with that of the
present study and is consistent with the reports of
decreased plasma volume in other types of sec-
ondary polycythemia, such as cyanotic congenital
heart disease (28-30). In our series, patients with
past and present cor pulmonale (type BB) did not
have larger plasma volumes.

These varying results may be due to differences
in patient selection, differences in the size and
composition of control groups, or may be due to
systematic differences in methods of measurement.
When red cell labels such as 5:Cr or 2P are
employed, the calculated values for plasma volume
are always 10% smaller than the values obtained
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with albumin labels like T-1824 or 31 (31).
The latter measurements may include a significant
extravascular component (32) due to diffusion of
labeled albumin molecules out of the vascular
space. When progressively larger molecules are
labeled, progressively smaller plasma volumes are
found which approach those calculated from la-
beled red cells (33-35). Furthermore, hypoxia
and chronic obstructive airway disease may alter
the distribution of labeled albumin between intra-
and extravascular spaces. The present study, em-
ploying exclusively a red cell label in both normal
subjects and in patients, has avoided some of these
pitfalls.

ACKNOWLEDGMENTS

The authors wish to express their sincere thanks to Mr.
William Vert of the Ames Company by whose special
efforts counting apparatus was made available in both
Leadville and Los Angeles. We are grateful to the citi-
zens of Leadville, the executive staff of the Gates Rubber
Company in Denver, and to the physicians and tech-
nicians at the University of Southern California and the
University of California at Los Angeles who volunteered
to participate in this study. Dr. Strother Walker of the
University of Colorado, Department of Preventive Medi-
cine and Dr. Bruce Armstrong of the Pulmonary Dis-
ease Section of the University of Southern California
were of great assistance in the processing and statistical
evaluation of the data. We wish also to thank Dr. John
A. Lichty of the Colorado State Health Department for
his advice and encouragement during this project. The
analyses of arterial blood gases were, in part, performed
by Mr. Walter Brady, Mrs. Sharon Snider, and Mrs.
Eva Toyos, to whom we are grateful. We thank Mrs.
Audrey Van Camp for her valuable assistance in prepa-
ration of the manuscript.

Dr. John V. Weil is a recipient of U. S. Public Health
Service Postdoctoral training fellowship 1-F2-HE-33,-
642-01 and during part of this work Dr. Weil was an as-
signee of the U. S. Public Health Service Heart Disease
Control Program. Dr. Robert F. Grover is a recipient of
U. S. Public Health Service Career Development Award
K3-HE-29,237. This work was supported by grants
HE-08728 and GRS FR-5357 from the U. S. Public
Health Service.

REFERENCES

1. Wilson, R. H., C. W. Borden, and R. V. Ebert. 1951.
Adaptation to anoxia in chronic pulmonary emphy-
sema. Arch. Internal Med. 88: 581.

2. Baldwin, E. de F., A. Cournand, and D. W. Richards,
Jr. 1949, Pulmonary insufficiency. III. A study of 122
cases of chronic pulmonary emphysema. Medicine. 28:
201. »

1638

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Shaw, D. B,, and T. Simpson. 1961. Polycythaemia in
emphysema. Quart. J. Med. 30: 135.

. Vanier, T.,, M. J. Dulfano, C. Wy, and J. F. Des-

forges. 1963. Emphysema, hypoxia and the polycy-
themic response. New Engl. J. Med. 269: 169.

. Ratto, O., W. A. Briscoe, J. W. Morton, and J. H.

Comroe, Jr. 1955. Anoxemia secondary to polycythe-

mia and polycythemia secondary to anoxemia. Am. J.
Med. 19: 958.

. Okin, J. T., A. Treger, H. R. Overy, J. V. Weil, and

R. F. Grover. 1966. Hematologic response to medium
altitude. Rocky Mt. Med. J. 63: 44.

. Williams, J. A., and J. Fine. 1961. Measurement of

blood volume with a new apparatus.
Med. 264: 842.

New Engl. J.

. Garby, L., and J. C. Vuille. 1961. The amount of

trapped plasma in a high speed micro-capillary he-
matocrit centrifuge. Scand. J. Clin. Lab. Invest. 13:
642,

. Severinghaus, J. W. 1966. Blood gas calculator. J.

Appl. Physiol. 21: 1108.

Baker, R. J., D. D. Kozoll, and K. A. Meyer. 1957.
The use of surface area as a basis for establishing
normal blood volume. Surg. Gynecol. Obstet. 104: 183.
Nadler, S. B, J. U. Hidalgo, and T. Bloch. 1962.
Prediction of blood volume in normal human adults.
Surgery. 51: 224,

Wennesland, R., E. Brown, J. Hopper, Jr., J. L.
Hodges, Jr., O. E. Guttentag, K. G. Scott, I. N.
Tucker, and B. Bradley. 1959. Red cell, plasma and
blood volume in healthy men measured by radiochro-
mium (Cr®™) cell tagging and hematocrit: influence
of age, somatotype and habits of physical activity on
the variance after regression of volumes to height
and weight combined. J. Clin. Invest. 38: 1065.
Dornhorst, A. C. 1955. Respiratory insufficiency.
Lancet. 1: 1185,

Burrows, B.,, C. M. Fletcher, B. E. Heard, N. L.
Jones, and J. S. Wootliff. 1966. The emphysematous
and bronchial types of chronic airways obstruction.
Lancet. 1: 830. '

Mollison, P. L., and N. Veall. 1955. The use of the
isotope ®Cr as a label for red cells. Brit. J. Haemat.
1: 62.

Nomof, N., J. Hopper, Jr., E. Brown, K. Scott, and
Wennesland. 1954. Simultaneous determination of the
total volume of red blood cells by use of carbon
monoxide and chromium®™ in healthy and diseased hu-
man subjects. J. Clin. Invest. 33: 1382.

Huff, R. L, and D. D. Feller. 1956. Relation of cir-
culating red cell volume to body density and obesity.
J. Clin. Invest. 35: 1.

Eisenberg, S. 1954. The effect of congestive heart
failure on blood volume as determined by radiochro-
mium-tagged red cells. Circulation. 10: 902,
Lertzman, M., B. M. Frome, L. G. Israels, and R. M.
Cherniack. 1964. Hypoxia in polycythemia vera. Ann.
Internal Med. 60: 409.

J. V. Weil, G. Jamieson, D. W. Brown, and R. F. Grover



20.
21.
- 22

23.

24.

25.

26.

Fried, W., L. F. Plzak, L. O. Jacobson, and E. Gold-
wasser. 1957. Studies on erythropoiesis. III. Factors
controlling erythropoietin production. Proc. Soc. Exptl.
Biol. Med. 94: 237.

Benesch, R., and R. E. Benesch. 1967. The effect of
organic phosphates from the human erythrocyte on
the allosteric properties of hemoglobin. Biochem. Bio-
phys. Res. Comm. 26: 162.

Huff, R. L, J. H. Lawrence, W. E. Siri, L. R. Was-
serman, and T. G. Hennessy. 1951. Effects of changes
in altitude on hematopoietic activity. Medicine. 30:
197.

Merino, C. F. 1950. Studies on blood formation and
destruction in the polycythemia of high altitude.
Blood. 5: 1.

Hurtado, A., T. Velasquez, C. Reynafarje, R. Lozano,
R. Chavez, H. A. Salazar, B. T. Reynafarje, C. San-
chez, and J. Munoz. 1956. Mechanisms of natural ac-
climatization : studies on the native resident of Moro-
cocha, Peru at an altitude of 14,900 ft. U. S. School
of Aviation Medicine, USAF Randolph Air Force
Base, Texas. Report No. 56-1. 1.

Cardich, A. 1960. Antiguo Perii. Espacio y Tiempo.
Juan Mejia Baca, Editorial Lima.

Grover, R. F., J. H. K. Vogel, and S. G. Blount, Jr.
1967. Pulmonary hypertension in normal man resid-
ing at 10,000 ft. I» Biometeorology II. S. W. Tromp
and W. H. Weihe, editors. Pergamon Press, Inc.,
New York. 199. '

27.

28.

29.

30.

31

32.

33.

34.

35.

Reynafarje, C., R. Lozano, and J. Valdivieso. 1959.
The polycythemia of high altitudes: iron metabolism
and related aspects. Blood. 14: 433.

Hume, R., and A. Goldberg. 1964. Actual and pre-
dicted-normal red-cell and plasma volumes in pri-
mary and secondary polycythaemia. Clin Sci. 26: 499.
Verel, D. 1961. Blood volume changes in cyanotic con-
genital heart disease and polycythemia rubra vera.
Circulation. 23: 749.

Berlin, N. I, J. H. Lawrence, and J. Gartland. 1950.
Blood volume in polycythemia as determined by P*-
labeled red blood cells. Am. J. Med. 9: 747.
Gregersen, M. I, and R. A. Rawson. 1959. Blood vol-
ume. Physiol. Rev. 39: 307.

Lawson, H. C. 1962. The volume of blood: a critical
examination of methods for its measurement. /n Hand-
book of Physiology. W. F. Hamilton and P. Dow, edi-
tors. Am. Physiological Society, Washington, D. C.
1: 23.

Larsen, O. A. 1965. The plasma volume in man.
Scand. J. Clin. Lab. Invest. 17 (Suppl. 86) : 63.
Andersen, S. B, and T. G. Gabuzda. 1964. Simultane-
ous determination of plasma volume with T-1824 and
I*.labelled autologous and homologous paraprotein.
Clin. Sci. 26: 41. .
Boyd, G. W. 1967. The reproducibility and accuracy
of plasma volume estimation in the sheep with both
] gamma globulin and Evan’s blue. Aust. J. Exptl.
Biol. Med. Sci. 45: 51.

Ozxygen-Red Cell Mass Relationship 1639



