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Effect of Altitude on Erythropoiesis 

By JOSE FAW, JOSE RAMOS, CESAR MAFARJE, 
EUGENW ENGLISH, PER FLVXE AND CLEMEYT A. FLUCH 

RYTHROPOIESIS is stimulated by ascent to high altitude and suppressed E after return to sea level. The resulting changes in the erythron have been 
previously described.'.? The present study was undertaken to characterize the 
role of erythropoietin in mediating this marrow response. 

MATERMLS AND METHODS 
Volunteer subjects participating in this study were inhabitants of Lima and Morococha. 

Group I was composed of 7 healthy males between the ages of 18 and 30 living in the 
sea-level city of Lima, where baseline studies were performed. The group was then trans- 
ported by car over a 4 hour period to hlorococha (4530 meters above sen level ). They 
remained there for 7 days, confined to living quarters in the building where further 
measurements were made. All these subjects experienced some disability for the first 48 
hours at high altitude and subjects B, C, and E were sufficiently symptomatic to be con- 
fined to bed for the first day. 

Group ZZ was composed of male inhabitants of Norococha between the ages of 20 and 
39. They were first studied at  high altitude and then transported to Lima where the ob- 
servations were continued over the following week. One individual ( L )  suffered contusions 
from a car accident on the second day in Lima. 

The procedure for collecting, processing and assaying urinary erythropoietin has been 
described elsewhere.3 All urine specimens were refrigerated at once after voiding at  4 C. 
A 25 per cent aliquot of the preceding day's collection was dialvzed within 24 hours, 
concentrated to less than 100 ml., and frozen. At the time of altitude change 8 hour collec- 
tions were processed. All aliquots were further concentrated in Seattle to 25 ml. and 
assayed in polycythemic protein-starved female, Swiss-Webster mice, 11 to 12 weeks old. 
The assay procedure was identical to that previously reported except that urinary con- 
centrate was injected twice daily for only 2 days. Results were calibrated against a known 
erythropoietin standard* and the activity was expressed as units/24 hours. 

Plasma iron turnover (PIT) measurements were made between 9 and 11 a.m. in each 
subject. 3BFe citrate ( 2  to 5 pc. and less than 1 pg. of iron) was injected intravenously 
and 4 samples were taken beginning at 10 minutes after injection and at intervals of 15 to  
30 minutes depending on the anticipated rate of disappearance of radioiron. Activity was 
measured in a liquid scintillation vial counter to an accuracy of less than 2 2 per cent. 
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Fig. 1.-Erythroid response to high altitude anoxia. Mean value of the seven 
subjects is shown by the solid line; shaded area indicates 1 standard deviation. 
Urinary erythropoietin levels increased within 12 hours of high altitude exposure 
and became maximal a t  24 hours. Plasma iron turnover increased maximally within 
24 hours of the increase in erythropoietin and showed no further increase over the 
following 4 days. Reticulocytes increased threefold, but half of this increase would 
appear to be related to  the prolongation in maturation time. Hematocrit values re- 
mained constant over the 7 day period. 

PIT was calculated by the following formula: 
Plasma iron (fig. % )  x 100 - Hct X 0.9 

T 1/2 (min.) X 100 
On a different date for each subject, 55Fe citrate (15 pc.) was injected intravenously so 
that the marrow transit time as well as plasma iron turnover could be determined. Samples 
were then drawn every 12 hours for 4 days and at the end of 2 weeks for digestion, 
electroplating and differential counting.4 The marrow transit time was calculated as the 
interval after injection required for 50 per cent of the 14 day red cell radioactivity to 
appear in circulation. 

All samples for erythropoietin, isotope and iron determinations were shipped in the 
frozen state from Lima to Seattle where the analyses were carried out. Plasma iron was 
measured by the method of Bothwell and Yallet,j iron binding capacity by a modifica- 
tion of the method of Morgan6 and by the immunodiffusion technic.' Reticulocyte Smears 
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Table 1 .Ferrokinet ic  Measurements of Group I 
Plasma Iron dis- Plasma iron 

Subject Time iron ap arance turnover' 
( hn. ) (Per.%) (T F2-min.) 

A. Basal 113 65 1.02 
14 91 69 0.72 
36 64 39 1.00 
60 49 33 0.88 
132 44 30 0.85 

R. Basal 80 79 0.60 
14 42 45 0.55 
36 76 48 0.95 
60 58 40 0.87 
132 42 40 0.64 

c. Basal 64 53 0.76 
14 43 31 0.86 
36 79 34 1.37 
60 54 26 1.24 
132 42 25 1.01 

D. Basal 79 58 0.80 
14 103 60 1.05 
36 87 51 1.00 
60 63 37 1.01 
132 75 33 1.31 

E. Basal 83 74 0.66 
14 95 78 0.70 
36 161 78 1.22 
60 59 38 0.87 
132 55 33 0.93 

F. Basal 53 55 0.54 
14 141 85 0.96 
36 139 77 1.07 
60 174 92 1.14 
132 79 40 1.09 

G. Basal 114 110 0.63 
14 72 90 0.47 
36 107 80 0.81 
60 131 67 1.07 
132 98 32 1.14 

Average Basal 84 71 0.715 
14 84 65 0.917 
36 102 58 1.06 
60 84 48 1.01 
132 62 36 0.995 

___- 
* mg./100 ml. whole hlood/day. 

were coded and 4000 cells counted blind. Hemoglobin was determined by the cyanmethemo- 
globin method and the packed cell volume by the Wintrobe technic. 

RESULTS 

I. Ascent to High Altitude 
The effect of altitude on erythropoiesis in Group I is summarized in Figure 

1 and Table 1. Over a 7 day period at high altitude, the mean hematocrit 
changed little despite the removal of approximately 400 ml. of blood. Retic- 
ulocytes showed an increase from a mean value of 1.5 to 4.2 per cent with 
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Fig, 3.-Urinary erythropoietin response to low altitude. High altitude dwellers 
were moved to sea level. Original erythropoietin levels were not significantly ele- 
vated in 4 of the 6 subjects. In the two individuals with elevated levels, there was 
an unexplained increase at or just before the descent. In all subjects erythropoietin 
decreased rapidly after descent. 

the greatest increase occurring during the second and third day after exposure 
to anoxia. The PIT increased abruptly from 0.76 at 12 hours of high altitude 
exposure to 1.06 at 36 hours; thereafter it fell slightly. Mean erythropoietin 
output did not change during the first 6 hours at high altitude from the base- 
line of about 7 units per day, but by the second day, it had risen to 20 units 
per day. Over the subsequent 3 days, it fell to a level of between 10 and 15 
units per day. Marrow transit time (Fig. 2) shortened progressively when 
subjects were at high altitude. The shortening occurred whether the iron was 
injected before ascent (subject A )  or immediately before descent (subject C) .  
11. Descent to Low Altitude 

Hematologic values of the second group were more heterogeneous than the 

I 1 9 0 3 5 1  



672 F A U I U  ET AL. 

Table 2.-Hematologic Measurements of Group II 
Cprrected Plasma Iron dis- Plasma iron Erythropoietin 

arance turnover. (units in pre- 
@=.I (%) ( 5 6 )  &%, ( F h u i n . )  ceding 24 hr. ) 

Subject Time Hematocrit reticulocyte 

H. 

I. 

J. 

K. f 

L. 

M . 

Average 

Basal 
16 
40 
64 
88 
Basal 
16 
40 
64 
88 
Basal 
16 
40 
64 
88 
Basal 
16 
40 
64 
88 
Basal 
16 
40 
64 
88 
Basal 
16 
40 
64 
88 
Basal 
16 
40 
64 
88 

54 
53 
53 
51 
48 
72 
72 
70 
70 
67 
54 
57 
55 
55 
48 
64 
64 
61 
61 
56 
73 
71 
74 
74 
70 
60 
60 
59 
59 
55 
63 
63 
62 
62 
58 

1.9 
1.5 
1.4 
2.0 
2.3 
2.2 
1.9 
2.2 
1.5 
1.6 
3.6 
3.0 
3.2 
2.3 
1.7 
2.8 
2.8 
1.8 
1.7 
2.2 
3.0 
3.2 
2.6 
3.0 
2.3 
2.8 
2.8 
2.8 
2.3 
2.4 
2.7 
2.5 
2.3 
2.1 
2.1 

68 
55 
58 
83 
94 
40 
88 
56 

138 
212 

89 
92 

160 
73 

128 
128 
101 
144 
127 
128 
64 

118 
197 
157 
349 
216 
97 

113 
130 
234 
101 
92 

121 
118 
191 

48 
38 
45 
56 
78 
14 
18 
24 
50 

101 
41 
38 
38 
41 
77 
50 
48 
48 

62 
16 
15 
37 
41 
99 
78 
59 
83 
88 

145 
41 
36 
46 
55 
94 

0.72 
0.75 
0.67 
0.79 
0.68 
0.94 
1.70 
0.86 
1.05 
0.82 
1.03 
1.18 
2.13 
0.93 
0.94 
0.99 
0.89 
1.35 

1.02 
1.30 
2.84 
1.78 
1.38 
1.30 
1.14 
0.76 
0.64 
0.70 
0.81 
1.05 
1.11 
1.17 
0.98 
0.98 

7 
2 

< 1  
< 1  
< 1  

18 
27 
3 
2 

< 1  
7 
9 

< l  
< l  
< 1  

4 
< I  

1 
< 1  
< 1  
13 
21 
2 

< 1  
< 1  

4 
3 

< 1  
1 
1 
9 

11 
1 

< 1  
< 1  

* mg./100 ml. whole blood/day. 
t This subject traumatized on the first day at sea level. 

first. Two subjects had basal hematocrits of 72 and 73 per cent and elevated 
erythropoietin levels. The other four subjects had initial hematocrits between 
54 and 64 and erythropoietin levels similar to those of Group I. The effect of 
moving the inhabitants of Morococha to sea level is shown in Figure 3 and 
Table 2. During the two days at high altitude and four days at sea level, ap- 
proximately 450 ml. of blood were removed and their mean hematocrit fell 
from 63 to 58 per cent. Reticulocytes decreased from 2.6 to 2.1 per cent. The 
mean PIT of 1 mg.1100 ml. of whole blood per day at high altitude actually 
rose during the first 42 hours at low altitude and thereafter decreased. The 
rise was largely attributable to subjects I, J, and L who showed increases in 
erythropoietin on the preceding day. During the following three days PIT 
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showed a minimal fall. Erythropoietin levels fell very rapidly after descent to 
sea level and were undetectable within 12 hours. 

There was an increase in iron binding capacity as measured by both char- 
coal and immunologic methods from a mean value of 361 to 392 in Group I 
and a decrease in Group I1 from 376 to 359 pg. per cent. 

DISCUSSION 
Previous studies by Huff et a1.l and Reynafarje et a1.' have defined the 

general response of the erythroid marrow to changes in altitude. The meas- 
urements of mye1oid:erythroid ratios, reticulocytes, and erythroid iron turn- 
over indicate an augmentation of blood production to approximately twice 
normal when sea level dwellers moved to high altitudes, whereas erythro- 
poiesis decreased to about one-third normal when high altitude dwellers move 
to sea level. 

This study was focused on the erythropoietin output and its immediate 
effect on erythropoiesis with such altitude changes. Upon exposure to altitude 
anoxia, there was a lag period of about 6 hours, followed by a marked in- 
crease in erythropoietin output over the next 34 hours and then a decline to 
twice basal levels. These results are consistent with previous data on erythro- 
poietin response in animals, which have been shown to have a peak response 
at 8 to 18 hours, and a fall to normal after 48 to 72 hours.8-14 The more limited 
studies in man also indicate demonstrable erythropoietin activity in plasma 
only during the first 3 days at increased altitude.15-" The reason for the initial 
exaggerated response and secondary fall is not clear. The slight increment in 
marrow activity makes the speculation of marrow utilization less likely. A 
more likely possibility is the reduction in anoxia by another mechanism such 
as the shift in the oxygen dissociation curve which occurred during the first 
2 days.18 

In subjects in Group 11, who were transported from high to low altitude, 
response occurred immediately, so that erythropoietin was not measurable 
within 12 hours. This rate of disappearance is more rapid than would be ex- 
pected from some clearance studies in man.19 The conspicuous rise of 
erythropoietin observed in two subjects at the time of descent and the in- 
crease in plasma iron turnover in all subjects during the first 2 days at low 
altitude is unexplained; it is possible that the increased oxygen supply actually 
reduced blood flow and led to tissue anoxia.20 

Information concerning the mode of action of erythropoietin on the 
erythroid marrow is provided by the ferrokinetic measurements. Radioiron 
taken up by the erythroid marrow is known to be incorporated within minutes 
into hemoglobin.21*22 Thus, radioiron uptake by the marrow is assumed to 
represent the hemoglobin synthesizing capacity of that organ. In the stimulated 
erythropoiesis of high altitude, the amount of iron going to the erythroid 
marrow and appearing in circulating red cells increases from about 80 per 
cent at sea level to 90 per cent or more.' There is then an increase in both 
the proportion of iron turnover concerned with erythropoiesis and the absolute 
amount. This increase in PIT occurred in the Group I subjects between 12 
and 36 hours after altitude exposure or within 24 hours of the erythropoietin 

ALTITUDE AND ERYTHROPOIESIS 
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response. The same time relationship was observed in the two subjects of 
Group I1 who were most polycythemic: a temporary increase in erythropoietin 
at the time of descent was followed by an increase in PIT. Such an effect on 
marrow iron uptake is too rapid to be related to stem cell proliferation; the 
maximum effect of stem cell differentiation and proliferation of normoblast 
progeny requires several days.23 The rapid increase in PIT must then be 
taken as evidence of a direct action of erythropoietin on hemoglobin synthesis 
by the existing erythroid cells. This is in agreement with in vitro studies which 
have indicated an enhancement of hemoglobin synthesis within 24 hours 
though the action of erythropoietin on DNA-dependent RNA ~ynthesis.'~-~8 

Another effect of erythropoietin is to shorten the marrow transit time of 
r a d i o i r ~ n . ~ ~  The time relationships of this effect are illustrated in Figure 2. 
When radioiron was administered at sea level and the subject later moved to 
a high altitude, transit time was shortened from the normal of 90 hours to 84 
hours, suggesting a slight effect on marrow cells labeled with iron before 
anoxic stimulation. The shortening of marrow transit time also persisted in the 
subject injected at high altitude but moved 8 hours later to sea level, sug- 
gesting that the action of erythropoietin on marrow transit time did not re- 
quire continued erythropoietin stimulation. 

The removal of the erythropoietin stimulus in Group I1 did not inter- 
fere with completion of maturation of those cells already synthesizing hemo- 
globin. PIT and reticulocytes remained near normal levels over the following 
3 days. This response resembles the wave of erythropoiesis in the poly- 
cythemic animal given a single injection of erythropoietin, where cells con- 
verted to the stage of hemoglobin synthesis by the injection continue to 
mature despite the absence of further erythropoietin.3O 

This short study permits only an approximation of the rate of erythropoiesis 
which followed erythropoietin stimulation. However, it appears from the in- 
crease of reticulocytes to 1.6 times normal* and the plasma iron turnover to 
1.4 times normal that production was only moderately increased and that the 
iron going to the marrow may actually have decreased after the second day 
at high altitude. The red cell balance cannot be calculated in the absence of 
blood volume measurements; however, considering the decrease in plasma 
volume which usually occursP1 the stable hematocrit with removal of 400 ml. 
of blood over a week also suggests a production rate of less than 2 times nor- 
mal. Any of these estimates falls far short of the production rate e'xpected in 
hemolytic anemia. It has been suggested that the reason for this difference 
may be the limitation of iron supply to the bone marrow in nonhemolytic 
states.32 In the present study (Group 1) the decrease in mean plasma iron to 
62 pg. per cent and the fall in me- clearance time of radioiron from 71 to 31 
minutes are consistent with a restricted iron supply. 

SUMMARY 

Measurements were made to characterize the relationship between erythro- 
poietin output and erythropoiesis in two SOUPS of subjects, one moved from 

OThe absolute increase of three normal in reticulocytes should be reduced to 1.6 
by a factor of 47/90 to correct for the h ' W r  maturation time of "hift" reticuIocytes.32 



ALTITUDE AND ERYTHROPOIESIS 675 

a sea level habitat to high altitude, and the second moved from a high altitude 
habitat to sea level. In the first group, there was a latent period of 6 hours 
followed by a rapid increase in erythropoietin, and a secondary fall to a level 
of approximately twice normal. The increased erythropoietin stimulus was also 
reflected in a shortened marrow radioiron transit time. In the second group, 
there was an initial unexplained rise, after which erythropoietin fell within 8 
hours to undetectable amounts. 

Elevated erythropoietin was associated in Group I with an increased 
iron uptake within 24 hours of the stimulus, suggesting a direct action 
of erythropoietin on hemoglobin synthesis by the existing marrow popula- 
tion. Limitation in erythropoiesis to a rate of less than twice normal 
was tentatively explained by a restricted iron supply. In the second group, 
marrow activity continued for 3 days despite a marked fall in erythropoietin, 
indicating that cells in the maturation phase completed their normal de- 
velopment. 

SUMMARIO IN INTERLINGUA 
Esseva effectuate mesurationes pro characterisar le relation inter le rendimento de 

erythropoietina e le erythropoiese in duo gruppos de subjectos, i.e., un gruppo que habeva 
essite transferite ab domicilios a1 nivello del mar ad un ambiente de grande altitude e un 
secunde gruppo que habeva essite transferite ab domicilios in grande altitudes ad  un am- 
biente a1 nivello del mar. In le prime gruppo, un period0 latente de 6 horas esseva notate, 
sequite de un rapide augmento in le erythropoietina e un declino secundari a un nivello 
de approximativemente duo vices le norma. Le augentate stimulo erythropoietinic esseva 
etiam reflectite in un reducite tempore de transit0 medullari de sero radioactive. In le 
secunde gruppo, un inexplicate augmento initial esseva notate, sequite de un declino de 
erythropoietina intra 8 horas ad nivellos non plus detegibile. 

Elevate nivellos de erythropoietina esseva associate in Cruppo 1 con us augmentate ac- 
ceptation de sero intra 24 horas post le stimulo, suggestionante un effecto directe de 
erythropoietina super le synthese de hemoglobina per le existente population medullari. 
Le reduction del erythropoiese a un intensitate de minus que duo vices le norma esseva 
tentativemente explicate como effecto de un restringite provision de ferro. In Ie secunde 
gruppo le activitate medullari continuava durante 3 dies in despecto de un marcate declino 
in erythropoietina, indicante que cellulas in le phase de  maturation completava lor dis- 
veloppamento normal. 
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A B s T R A c T The relationship between oxygen 
dissociation and 2,3-diphosphoglycerate (2,3- 
DPG) in the red cell has been studied in subjects 
moving from low to high altitude and vice versa. 
Within 24 hr foIIowing the change in altitude there 
was a change in hemoglobin affinity for oxygen; 
this modification therefore represents an important 
rapid adaptive mechanism to anoxia. A parallel 
change occurred in the organic phosphate con- 
tent of the red cell. While this study does not pro- 
vide direct evidence of a cause-effect relationship, 
the data strongly suggest that with anoxia, the ob- 
served rise in organic phosphate content of the red 
cell is responsible for increased availability of oxy- 
gen to tissues. 

INTRODUCTION 

At high altitude the affinity of hemoglobin for 
oxygen is decreased to make hemoglobin-bound 
oxygen more available to body tissues (1). There 
is little information on the manner in which this 
effect is accomplished. Recently Benesch and 
Benesch ( 2 ) ,  Benesch, Benesch, and Yu (3),  and 
Chanutin and Curnish (4) demonstrated that the 
affinity of a hemoglobin solution for oxygen may 
be decreased by its interaction with organic phos- 
phates, particularly 2.3-diphosphoglycerate (2,3- 
DPG) ( 5 ) .  Since this compound is a major 
component of red cell organic phasphate, it may 
play an important role in controlling the equilib- 
rium of oxygen with hemoglobin in vivo. The pres- 
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ent study was undertaken to examine precise 
changes of the oxygen dissociation curve as an 
early adaptive mechanism to changes in environ- 
mental oxygen partial pressure, and to determine 
the relationship between oxygen dissociation and 
red cell organic phosphate concentration in sub- 
jects moved from one altitude to another. 

._  

METHODS 
Seven subjects who resided at  sea level in Lima, Peru, 
were taken to Morococha (elevation 4530 m, P0r=84 
mm Hg) where they stayed for 144 hr before returning to 
sea level. Before ascent, baseline values for OtHb dis- 
sociation of intact red cells and hemolysates, blood organic 
phosphates, and standard hematologic measurements were 
obtained. Hematologic values are reported elsewhere.' 
Further values were obtained during the 6 day period at  
high altitude and again a t  sea level. A second group of 
six subjects who resided in Morococha were studied there 
and after their descent to sea level. Venous blood col- 
lected in heparin was used in all measurements. 

Oxygen dissociation curve. The O*Hb dissociation 
curve was measured by the mixing technique (6) whereby 
saturation is predetermined and Por is the unknown 
parameter. Each sample was divided into two equal 
portions, of which one was totally reduced and the other 
fully oxygenated by equilibration at 37°C. The samples 
were then mixed to achieve approximately 50% satura- 
tion, and thepartial pressure of oxygen and the pH were 
measured in this mixture. To standardize the results, two 
corrections were made. One consisted of converting the 
measured Ph to that of a saturation of 50% using Hill's 
expression (log S/100 - S = n log Pa, in which n =  
2.65) and the other of correcting Pot for a pH of 7.4 US- 

'Faura, J., J. Ramos, C. Reynafarje, E. English, P. 
Finne, and C. A. Finch. Effects of altitude on erythro- 
poiesis. In preparation. 
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ing the factor A log P d A  pH = - 0.48 (7). All the re- 
sults given in this paper are expressed as the oxygen 
tension in millimeters of mercury required to obtain an 
oxygen saturation of 50% at 37°C and pH 7.4 [P, (7.4) 1. 
This Pa, was also determined in hemolysates prepared by 
the addition of saponin prior to equilibration. 

The Po, and pH were measured using a Beckman 160 
gas analyzer equipped with a Beckman macro Ph elec- 
trode (Beckman Instruments, Inc., Fullerton, Calif.) 
mounted in a microcuvette (0.03 ml) and a micro pH 
assembly. 

Organic phosphfes. 4 ml of blood were pipetted into 
centrifuge tubes, and the cells were washed three times 
with cold saline. The white cells were not removed with 
the supernatant since it was established that white cells 
contain only about 3% of the 2,3-DPG in normal blood. 
The acid-soluble phosphates in packed cells were ex- 
tracted and separated according to the method of Robin- 
son, M e r ,  and deGruchy (8). The method was modified 
so that four fractions were collected. These fractions 
contained the following compounds : 

( a )  50 ml water + 50 ml 0.02 N HC1-ino nic phosphate, AMP, 
AD$ haw monophm- 
pbrta, TPN. MPG, 

( b )  100 rnl 0.1 N NH4C1 - h a w  diDhorDhates. 
( c i  LOO ml 0.2 N NH;CI 
( d )  100 ml 0.5 N N&CI ATP 

.2,3-DPG,- 

The fractions were analyzed for total phosphate content 
using the method of Bartlett (9). Using this technique 
we were able to recover 8540% of 2,3-DPG or A T P  
added to a hemolysate before extraction. The range of 
values for 2,3-DPG and ATP in 12 normal subjects re- 
siding in Seattle was for 2,3-DPG, 186-309 pgP/ml 
packed cells (mean 229, SD 34) ; and for ATP, 71-100 
pgP/ml packed cells (mean 80, SD 7.6). These values are 
similar to those reported by Robinson et al. (8). 

RESULTS 

Group I .  The P, sea level value of 26.6 mm 
Hg (SD k0.3) of the first group increased to 28.6 

k0.6 within 12 hr after ascent to Morococha and 
to 31.0 k0.4 at 36 hr. This increase was sustained 
during the 5 days at high altitude but fell after 
descent and was found to be 27.3 20.7 by 60 hr 
(Fig. 1 ) . 

The mean concentration of 2,3-DPG at sea level 
was 90 A11 pg phosphorus/ml of blood. This in- 
creased to 142 k 8  at 36 hr after moving to high 
altitudes; at 132 hr it was 140 *lo. After return 
to sea level this value fell to 87 *13. 

Natives of Morococha had a P,, of 
30.7 k0.6 mm Hg and a 2,3-DPG concentration 
of 155 214 pg phosphorus/ml of blood. On de- 
scent to sea level the Po, decreased to 28.6 20.5 
mm H g  of 12 hr and to 27.3 t0.8 at 36 hr. The 
corresponding level of 2,3-DPG at 36 hr was 
109 *13. The final measurements made 84 hr af- 
ter descent showed a PO, of 28.3 k0.6 and a 2,3- 
DPG level of 87 *14. These changes are shown in 
Fig. 2. 

Changes in the same direction occurred in the 
ATP content of the red cell, but proportionately to 
2,3-DPG, these amounted to only 1/10 in group I 
and 1/3 in group 11. Changes in the phosphate 
content of fractions 1 and 2 were negligible. In 
both groups the P, of hemolyzed blood was paral- 
lel to, but much lower than changes in whole blood 
(Tables I and 11). 

The mean reticulocyte count of subjects in group 
I was less than 2% during the first 2 days at high 
altitude and less than 5 %  during the 1st week.l 
Thus the changes observed could not be ascribed 
to any significant ingress of young erythrocytes. 

Group I I .  

, 
2 6 4  L O  

24 0 24 48 72 96 120 14410 24 48 72 
Hours 

FIGURE 1 Changes in P m  (7.4) and 
2,3-DPG of whole blood induced 
by high altitude. Mean values are 
shown by the lines, one standard 
deviation is indicated by the shaded 
area. Parallel increases with ex- 
posure to high altitude and de- 
creases on return to sea level were 
observed. 
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FIGURE 2 Changes in PI, (7.4) and 2,3-DPG of whole 
blood in natives of high altitude on descent to sea level. 
The shaded area represents one standard deviation. 

DISCUSSION 

The present study shows that in response to high 
altitude hypoxia, the shift of the 0,Hb dissociation 
curve occurs rapidly. Within 2 days after ascent 
to 4530 m, the P60 of lowlanders reached the value 
prevailing in residents of the highlands. This 
change provides an important physiological ad- 
vantage by making more oxygen available to the 
tissues at any given oxygen tension (1 ). There is 
consequently less need for increasing the cardiac 
output, a mechanism which would serve the same 
purpose but at a greater cost to body economy. 

Conversely the suppression of the hypoxic stress 
in highlanders moved to sea level causes a rapid 
decrease in the P,. The response therefore appears 
to relate to oxygen supply and tissue oxygen ten- 
sion and does not correlate with the level of 
hemoglobin. 

The similar changes in oxygen dissociation of in- 
tact red cells and hemolysates suggests that the 
effect is not a function of the red cell membrane. 
It may, however, be related to the concomitant 
changes in red cell organic phosphate. Benesch et 
al. (3) and Garby and deVerdier (10) have shown 
that 2,3-DPG forms a complex with purified de- 
oxyhemoglobin and in doing so, reduces the af- 
finity of hemoglobin for oxygen. The parallel 
changes in 2,3-DPG and oxygen dissociation found 
in subjects moved from one altitude to another 
might well represent the same phenomenon. Other 
examples of this relationship exists. Akerblom, 
deVerdier, Garby, and Hogman ( 5 )  found a linear 
relationship between P, and the sum of the molar 
concentrations of 2,3-DPG and ATP in stored 
blood ; others have observed progressive decreases 
in organic phosphate and increases in hemoglobin 
affinity for oxygen during storage (11-14). Like- 
wise, blood transfused after storage shows a re- 
turn to normal of both oxygen dissociation (2) 
and organic phosphate (4) in vivo. In anemic 
states oxygen dissociation curves shift to the right 
(5-7) and in at least one type of anemia the 
organic phosphate has been reported as increased 

Benesch and Benesch (9) have suggested a 
(8). 

TABLE I 
Group I 

~ ~~~~~ 

Time at high altitude. hr -12 f 3 6  4-132 -I-204 

PbO (7.4), mm Hg whole blood 26.6 1 0 . 3  31.0 f 0 . 4  31.1 f 0 . 5  27.3 f0.8 
hemolysate 18.5 f 1 . 2  20.7 f 1 . 2  22.2 f1.2 20.3 f 0 . 9  

Organic phosphate 
2,3-DPG pgP/ml blood 90 f l l  142 f 8  140 f10 87 f 1 4  

pgP/g H b  588 f 7 4  912 f 8 0  870 f 9 8  554 f 1 0 7  
0.94 f0.08 0.90 fO.10 0.57 f O . l l  Molar ratio 0.61 f0.07 

ATP 

Fraction 1 
Fraction 2 

pgP/ml blood 36 f6.7 45 f3.6 47 f4.6 37 f 3 . 3  
pgP/g H b  238 f 4 1  285 f 2 0  302 f 4 2  234 f 2 3  
Molar ratio 0.16 *0.03 0.20 f O . O 1  0.21 f 0 . 0 3  0.16 f O . O 1  

14.0 f 2 . 4  pgP/ml blood 14 f 2 . 2  1 7  1 0 . 9  15.7 f 1 . 0  
pgP/ml blood 12 f2.6 13 f2.0 12.8 f 1 . 7  12.0 f 4 . 0  
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TABLE I1 
Group 11 

Time at low altitude. hr -36 +I2 +3b +84 

PIO (7.4) mm Hg Whole blood 30.7 f0.6 28.6 f 0 . 5  27.3 h0 .8  28.3 f 0 . 6  
22.5 f l . 0  Hemolysate 24.1 f0 .8  22.0 f l . 1  21.1 f 1 . 5  

Organic phosphate 
2,3 DPG pgP/ml blood 155 *14 109 f 1 3  87 f 1 4  

ATP pgP/ml blood 70 f 1 7  48 f 1 3  38 f l 2  

Fraction 1 pgP/ml blood 20 f 1 . 6  18 f 0 . 2  12 f 1 . 9  
Fraction 2 - rgP/mlblood 16 f2.2 16 f 1 . 3  10 *2.6 

0.58 f 0 . 0 3  0.49 k0.08 Molar ratio 0.80 fO.08 

Molar ratio 0.23 fO.05 0.16 f 0 . 0 3  0.13 f0.04 

sequence of events to account for the increase 
in 2,3-DPG in the anoxic state. Since organic 
phosphate reacts only with reduced hemoglobin, 
the greater the anoxia the greater the amount of 
reduced hemoglobin present and the larger the 
amount of 2,3-DPG bound. This binding depletes 
the soluble organic phosphate in the cell, and gly- 
colysis is stimulated to produce more 2,3-DPG. 
Increased glycolysis and organic phosphate pro- 
duction has been shown to occur in vitro in deoxy- 
genated blood (20 ) .  Such a mechanism would au- 
tomatically control the balance between oxyhemo- 
globin and deoxyhemoglobin and thus would 
counteract the effects of an increase in reduced 
hemoglobin. 

Although an increase in pH has been found to 
cause an increase in 2,3-DPG (21 ) , the changes in 
2,3-DPG observed in our two groups of subjects 
cannot be accounted for by the acid-base status 
usually observed in subjects going to altitude or 
in natives before and after descent to sea level. 
While it is a common finding that alkalosis de- 
velops rapidly and persists in lowlanders subjected 
to altitude hypoxia, it is also recognized that na- 
tives of the highland differ by maintaining a normal 
pH (22, 23). Therefore, the increase in 2,3-DPG 
in lowlanders and the prevailing high level of or- 
ganic phosphate in natives cannot be ascribed to 
the pH. Furthermore, as natives do not become 
acidotic upon descending to sea level, their de- 
crease in 2,3-DPG cannot be explained by such a 
mechanism . 
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A B s T R A c T The relationship between oxygen 
dissociation and 2,3-diphosphoglycerate (2,3- 
DPG) in the red cell has been studied in subjects 
moving from low to high altitude and vice versa. 
Within 24 hr following the change in altitude there 
was a change in hemoglobin affinity for oxygen ; 
this modification therefore represents an important 
rapid adaptive mechanism to anoxia. A parallel 
change occurred in the organic phosphate con- 
tent of the red cell. While this study does not pro- 
vide direct evidence of a cause-effect relationship, 
the data strongly suggest that with anoxia, the ob- 
served rise in organic phosphate content of the red 
cell is responsible for increased availability of oxy- 
gen to tissues. 

INTRODUCTION 

At high altitude the affinity of hemoglobin for 
oxygen is decreased to make hemoglobin-bound 
oxygen more available to body tissues (1 ). There 
is little information on the manner in which this 
effect is accomplished. Recently Benesch and 
Benesch ( 3 ) ,  Benesch, Benesch, and Yu (3),  and 
Chanutin and Curnish (4) demonstrated that the 
affinity of a hemoglobin solution for oxygen may 
be decreased by its interaction with organic phos- 
phates, particularly 2,3-diphosphoglycerate (2,3- 
DPG) ( 5 ) .  Since this compound is a major 
component of red cell organic phasphate, it may 
play an important role in controlling the equilib- 
rium of oxygen with hemoglobin in vivo. The pres- 
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ent study was undertaken to examine precise 
changes of the oxygen dissociation curve as an 
early adaptive mechanism to changes in environ- 
mental oxygen partial pressure, and to determine 
the relationship between oxygen dissociation and 
red cell organic phosphate concentration in sub- 
jects moved from one altitude to another. 

METHODS 
Seven subjects who resided at  sea level in Lima, Peru, 
were taken to Morococha (elevation 4530 m, Pop = 84 
mm Hg) where they stayed for 144 hr before returning to 
sea level. Before ascent, baseline values for OsHb dis- 
sociation of intact red cells and hemolysates, blood organic 
phosphates, and standard hematologic measurements were 
obtained. Hematologic values are reported elsewhere.' 
Further values were obtained during the 6 day period at  
high altitude and again at sea level. A second group of 
six subjects who resided in Morococha were studied there 
and after their descent to sea level. Venous blood col- 
lected in heparin was used in all measurements. 

Orygen dissociation curve. The OzHb dissociation 
curve was measured by the mixing technique (6) whereby 
saturation is predetermined and POZ is the unknown 
parameter. Each sample was divided into two equal 
portions, of which one was totally reduced and the other 
fully oxygenated by equilibration at  37°C. The samples 
were then mixed to achieve approximately 50% satura- 
tion, and the-partial pressure of oxygen and the pH were 
measured in this mixture. To standardize the results, two 
corrections were made. One consisted of converting the 
measured Pot to that of a saturation of 50% using Hill's 
expression (log S/100 - S = n log Pop. in which n = 
3.65) and the other of correcting Pop for a pH of 7.4 us- 

'Faura, J., J. Ramos, C. Reynafarje, E. English, P. 
Finne, and C. A. Finch. Effects of altitude on erythro- 
poiesis. In preparation. 

Altitude Adaptation 2652 



'i 

ing the factor A log PoJA pH = - 0.48 (7). All the re- 
sults given in this paper are expressed as the oxygen 
tension in millimeters of mercury required to obtain an 
oxygen saturation of 50% at 37°C and pH 7.4 [Pm (7.4) 1. 
This PSO was also determined in hemolysates prepared by 
the addition of saponin prior to equilibration. 

The Pol and pH were measured using a Beckman 160 
gas analyzer equipped with a Beckman macro PO, elec- 
trode (Beckman Instruments, Inc., Fullerton, Calif.) 
mounted in a microcuvette (0.03 ml) and a micro pH 
assembly. 

Organic phosphore$. 4 ml of blood were pipetted into 
centrifuge tubes, and the cells were washed three times 
with cold saline. The white cells were not removed with 
the supernatant since it was established that white cells 
contain only about 3% of the 2,3-DPG in normal blood. 
The acid-soluble phosphates in packed cells were ex- 
tracted and separated according to the method of Robin- 
son, Loder, and deGruchy (8). The method was modified 
so that four fractions were collected. These fractions 
contained the following compounds : 

(a) 

( b )  100 ml 0.1 N N&Cl 

( d )  100 ml 0.5 N N&CI .ATP 

50 rnl water -+ 50 ml 0.02 N HC1-inorganic phosphate, AMP. 
ADP hexose mooopbar- 
phtes.  TPN, MPG, 
.hexose diphosphates. 

(c) 100 ml 0.2 N NH4CI .2.3-DPG, 

The fractions were analyzed for total phosphate content 
using the method of Bartlett (9). Using this technique 
we were able to recover SS-90% of 2,3-DPG or A T P  
added to a hemolysate before extraction. The range of 
values for 2,3-DPG and ATP in 12 normal subjects re- 
siding in Seattle was for 2,3-DPG, 186-309 pgP/ml 
packed cells (mean 229, SD 34) ; and for ATP, 71-100 
pgP/ml packed cells (mean 80, SD 7.6). These values are 
similar to those reported by Robinson et al. (8). 

RESULTS 

Group I. The P, sea level value of 26.6 mm 
Hg  (SD C0.3) of the first group increased to 28.6 

20.6 within 12 hr after ascent to Morococha and 
to 31.0 k0.4 at 36 hr. This increase was sustained 
during the 5 days at high altitude but fell after 
descent and was found to be 27.3 k0.7 by 60 hr 
(Fig. 1).  

The mean concentration of 2,3-DPG at sea level 
was 90 *11 pg phosphorus/ml of blood. This in- 
creased to 142 +8 at 36 hr after moving to high 
altitudes; at 132 hr it was 140 *lo. After return 
to sea level this value fell to 87 *13. 

Group 11. Natives of Morococha had a P,, of 
30.7 k0.6 mm Hg and a 2,3-DPG concentration 
of 155 *14 pg phosphorus/ml of blood. On de- 
scent to sea level the PO, decreased to 28.6 kO.5 
mm Hg of 12 hr and to 27.3 k0.8 at 36 hr. The 
corresponding level of 2,3-DPG at 36 hr was 
109 *13. The final measurements made 84 hr af- 
ter descent showed a Po, of 28.3 k0.6 and a 2,3- 
DPG level of 87 214. These changes are shown in 
Fig. 2. 

Changes in the same direction occurred in the 
ATP content of the red cell, but proportionately to 
2,3-DPG, these amounted to only 1/10 in group I 
and 1/3 in group 11. Changes in the phosphate 
content of fractions 1 and 2 were negligible. In 
both groups the P, of hemolyzed blood was paral- 
lel to, but much lower than changes in whole blood 
(Tables I and 11). 

The mean reticulocyte count of subjects in group 
I was less than 2% during the first 2 days at high 
altitude and less than 5 %  during the 1st week.' 
Thus the changes observed could not be ascribed 
to any significant ingress of young erythrocytes. 

26 ! L O  
24 0 i?4 72 96 120 14410 24 40 72 

nours 

FIGURE 1 Changes in PSO (7.4) and 
2,3-DPG of whole blood induced 
by high altitude. Mean values are 
shown by the lines, one standard 
deviation is indicated by the shaded 
area. Parallel increases with ex- 
posure to high altitude and de- 
creases on return to sea level were 
observed. 
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DISCUSSION 

The present study shows that in response to high 
altitude hypoxia, the shift of the 0,Hb dissociation 
curve occurs rapidly. Within 2 days after ascent 
to 4530 m, the P, of lowlanders reached the value 
prevailing in residents of the highlands. This 
change provides an important physiological ad- 
vantage by making more oxygen available to the 
tissues at any given oxygen tension ( 1 ) . There is 
consequently less need for increasing the cardiac 
output, a mechanism which would serve the same 
purpose but at a greater cost to body economy. 

Conversely the suppression of the hypoxic stress 
in highlanders moved to sea level causes a rapid 
decrease in the P50. The response therefore appears 
to relate to oxygen supply and tissue oxygen ten- 
sion and does not correlate with the level of 
hemoglobin. 

The similar changes in oxygen dissociation of in- 
tact red cells and hemolysates suggests that the 
effect is not a function of the red cell membrane. 
It may, however, be related to the concomitant 
changes in red cell organic phosphate. Benesch et 
al. (3) and Garby and deVerdier (10) have shown 
that 2,3-DPG forms a complex with purified de- 
oxyhemoglobin and in doing so, reduces the af- 
finity of hemoglobin for oxygen. The parallel 
changes in 2,3-DPG and oxygen dissociation found 
in subjects moved from one altitude to another 
might well represent the same phenomenon. Other 
examples of this relationship exists. Akerblom, 
deVerdier, Garby, and Hogman ( 5 )  found a linear 
relationship between P, and the sum of the molar 
concentrations of 2,3-DPG and 4TP in stored 
blood : others have observed progressive decreases 
in organic phosphate and increases in hemoglobin 
affinity for oxygen during storage (1  1-14). Like- 
wise, blood transfused after storage shows a re- 
turn to normal of both oxygen dissociation ( 3 )  
and organic phosphate (4) in vivo. In anemic 
states oxygen dissociation curves shift to the right 
(5-7) and in at least one type of anemia the 
organic phosphate has been reported as increased 

Benesch and Benesch (9) have suggested a 
(8). 

TABLE I 
Group I 

Time at high altitude, hr -12 +36 4-132 +2W 

P S O  (7.4). mm Hg whole blood 26.6 f0.3 31.0 f0.4 31.1 f 0 . 5  27.3 f 0 . 8  
hemolysate 18.5 *1.2 20.7 f 1 . 2  22.2 f l . 2  20.3 f 0 . 9  

Organic phosphate 
2,3-DPG pgP/ml blood 90 f l l  142 f 8  140 f10 87 f l 4  

pd'lg Hb 588 f 7 4  912 *so 870 f 9 8  554 f 1 0 7  
Molar ratio 0.61 f0.07 0.94 f0.08 0.90 f0.10 0.57 f o . l l  

ATP pgP/rnl blood 36 f 6 . 7  45 f 3 . 6  47 f 4 . 6  37 f 3 . 3  
d / g  Hb 238 f41 285 f20 302 f 4 2  234 f 2 3  
Molar ratio 0.16 f0.03 0.20 fO.O1 0.21 f0 .03  0.16 fO.O1 

14.0 f 2 . 4  
12.8 f 1 . 7  12.0 f 4 . 0  

Fraction 1 pgP/rnl blood 14 f 2 . 2  17 f0.9 15.7 f l . O  
Fraction 3 pgP/rnl blood 12 &2.6 13 f 2 . 0  

~- 

Altitrrcle Adaptation 26.54 



TABLE I1 
Group II 

~ 
~~ 

Time at low altitude. A i  -36 +12 4-36 +M 

28.3 f 0 . 6  
Hemolysate 24.1 f 0 . 8  22.0 f l . 1  21.1 f l . 5  22.5 51.0 

PSo (7.4) mm Hg Whole blood 30.i f0 .6  28.6 f 0 . 5  27.3 f0.8 

Organic phosphate 
2,3 DPG NgP/ml blood 155 f 1 4  

Molar ratio 0.80 f0.08 

ATP pgP/ml blood i o  f l i  
Molar ratio 0.23 f0.05 

109 f 1 3  8i  f 1 4  
0.58 f0.03 0.49 f0 .08  

48 f 1 3  38 f 1 2  
0.16 f0 .03  0.13 fO.04 

Fraction 1 pgP/ml blood 20 f1 .6  18 f 0 . 2  12 f 1 . 9  
Fraction 2 pgP/ml blood 16 f 2 . 2  16 f 1 . 3  10 f 2 . 6  

sequence of events to account for the increase 
in 2,3-DPG in the anoxic state. Since organic 
phosphate reacts only with reduced hemoglobin, 
the greater the anoxia the greater the amount of 
reduced hemoglobin present and the larger the 
amount of 2,3-DPG bound. This binding depletes 
the soluble organic phosphate in the cell, and gly- 
colysis is stimulated to produce more 2,3-DPG. 
Increased glycolysis and organic phosphate pro- 
duction has been shown to occur in vitro in deoxy- 
genated blood ( 2 0 ) .  Such a mechanism would au- 
tomatically control the balance between oxyhemo- 
globin and deoxyhemoglobin and thus would 
counteract the effects of an increase in reduced 
hemoglobin. 

Although an increase in pH has been found to 
cause an increase in 2,3-DPG (21 ) , the changes in 
2,3-DPG observed in our two groups of subjects 
cannot be accounted for by the acid-base status 
usually observed in subjects going to altitude or 
in natives before and after descent to sea level. 
While it is a common finding that alkalosis de- 
velops rapidly and persists in lowlanders subjected 
to altitude hypoxia, it is also recognized that na- 
tives of the highland differ by maintaining a normal 
pH (22, 23). Therefore, the increase in 2,3-DPG 
in lowlanders and the prevailing high level of or- 
ganic phosphate in natives cannot be ascribed to 
the pH. Furthermore, as natives do not become 
acidotic upon descending to sea level, their de- 
crease in 2,3-DPG cannot be explained by such a 
mechanism. 

ACKNOWLEDGMENTS 
This work was supported by AEC Contract No. AT(45)- 
2048, U. S. Public Health Service Grants 5-ROl-HE- 

2655 Lenfant et al. 

06242, HE12174, and U. S. Army grant DA-ARO 49-092, 
65 G-90. 

REFERENCES 
1. Aste-Salazar, H., and A. Hurtado. 1944. The affinity 

of hemoglobin for oxygen at  sea level and at high 
altitudes. Am. I. Physiol. 142: 733. 

2. Benesch, R., and R. E. Benesch. 1967. The effect of 
organic phosphates from the human erythrocyte on 
the allosteric properties of hemoglobin. Biockenl. 
Biophys. Res. Commun. 26: 162. 

3. Benesch, R., R. E. Benesch, and C. I. Yu. 1968. 
Reciprocal binding of oxygen and diphosphoglpcerate 
by human hemoglobin. Proc. .Vat[. Acad. Sci. 59: 526. 

4. Chanutin, A., and R. R. Curnish. 1967. Effect of or- 
ganic and inorganic phosphates on the oxygen equi- 
librium of human erythrocytes. Arch. Biochem. Bio- 
phgs. 121 : 96. 

5. Akerblom, O., C.-H. deVerdier, L. Garby, and C. 
Hogman. 1968. Restoration of defective oxygen- 
transport function of stored red blood cells by addi- 
tion of inosine. S c a d .  J. Clin. Lab. Invest. 21: 245. 

6.  Lenfant, C., and K. Johansen. 1964. Gas transport by 
hemocyanin-containing blood of the Cephalopod Oc- 
topus dofleini. A m .  J. Physiol. 209: 991. 

7. Severinghaus, J. W. 1966. Blood gas calculator. 1. 
A/@. Physiol. 21: 1108. 

8. Robinson, M. A., P. B. Loder, and G. C. deGruchy. 
1961. Red-cell metabolism in non-spherocytic con- 
genital haemolytic anaemia, Brit. J. Haematol. 7: 327. 

9. Bartlett, G. R. 1959. Phosphorus assay in column 
chromatography. 1. Biol. Chem. 234: 466. 

10. Garby, L., and C.-H. deverdier. 1968. Binding of 
A T P  and 2,3 DPG to hemoglobin--effect on glycoly- 
sis. Folio Hmmatol. 89: 721. 

11. Rapoport, S. 1947. Dimensional, osmotic and chemi- 
cal changes of erythrocytes in stored blood. I. Blood 
preserved in sodium citrate, neutral, and acid citrate- 
glucose (ACD) mixtures. J. Clin. Invest. 26: 591. 

12. Valtis, D. J., and A. C. Kennedy. 1954. Defective gas- 
transport function of stored red blood cells. Lancet. 
1: 119. 



* -4 
83. Wlbrimg, B., and G. Strom. 1956. Chages in OW- 

gm-caprybg function of human hmogiobin daring 
storage in cold add-ciemte-datrose solution. Acta 

14. Gabrio, B. W., A. W. Stevens, Jr., and C. A. Finch. 
1954. Erythrocyte preservation. PIP. The reversibility 
of the storage lesion. J. C h .  IPevesf. 33: 252. 

15. Mulhausen, R., P. Astmp, md K. Rjeldsen. 1967. 
Oxygen affinity of hemoglobin in patients with car- 
dovasmlar diseases, anemia and cirrhosis of the 
liver. Scatad. 6. Clin. Lab. Iptvest. 89: 28P. 

16. Kennedy, A. C., and B. 9. \Palti.s. 1954. The oxygen 
&ss&a~on curve in anemia of \p%rious types. 1. 
CliPe. %nv&. 33 : 1372. 

Oxyhemoglobin dissociation mrve in anemia. APIA. 
~ ~ ~ e ~ ~ ~ l  Med. 52: 295. 

17. R o h m ,  T., Ha. P. Close, and x. R. Pureell. 89 

118. Hurt, G. A., and A. Chmutin. 1964. Or 
phate eomptxmands of erythrocytes from individuals 
with uremia. J .  Lob. Cldn. Med. 64: 695. 

19. Benes&, R., and %a. E. Benesch. 1968. Oxygenation 
and ion transport in red cells. Science. 160: 83. 

20. Asalwnra, T., Y .  Sao, S. Yinakami, and W. Yoshi- 
kiwi%* 1966. Effect of deoxygenation of intracellular 
hemoglobin om red cell glycolysis. J .  Biocherit. 59: 
524. 

21. Guest, G.  M., amd S. Rapoport. 1939. Role of acid 
soluble phosphsms csmpunds in red blood cells. 
A m .  1. Diseases Ckildrei~ 58: 1092. 

22, Hurtado, A, and H. Aste-Salazar. 1948. Arterial 
blmd gases and acid-base balance at sea level and at 

23. Lakiri, S., m d  J. S. Milledge. $967. Acid base in 
Sherpa altitude reddents m d  lowlanders at 48880 m. 
Re@. Bhysiol. 2 :  323. 

high altitudes. J. APPI. P h y o z .  a: 304. 



WUNXINC; TbTLL:  P r e c i s i o n  Mhsle-Usdy Coun t ing  



P a l m e r ,  et af. 

~ b ~ e  in vivo counting system dessr ibeh  w i l l  a c c u r a t e l y  measure the 

absolute l e v e l  of total body 59Fe regardless of body size 0%- isotope 

distribution. These r e su l t s   ELK^ acconpl ished by (1) counting on ly  the 

Compton scatter events emitted from the body rather t han  t h e  full 



counting e f f i c i e n c y  have occurred  due t o  changes in s e l f - a b s o r p t i o n  sf 

g a m a  rays within t h e  body. 

whole-body counting nethsd  f o r  59Fe in which errors d u e  to absorption 

Warner and Oliver  (1966) have  desc r ibed  a 

of gansna r a y s  w i t h i n  t h e  body were minimized by u s i n g  two oppssiwg 

scatter and photopeak r e g i o n  s f  the  energy s p e ~ t r u n .  Appreciable 

localized and d i s t r i b u t e d  s o u r c e  of activity. O u r  o b j e c t i v e  has b e e n  

t o  deve lop  a whole-body ceuflter d e s i g n e d  s p e e % f i c a l % y  for i r o n  

a b s o r p t i o n  neasurenents u s i n g  t h e  p r i n c i p l e s  of the Karner-Oliver 

eoun'ber but a t t e n p t i n g  t o  overcome t h e  r e s i d u a l  g e o m e t r i c a l  and 

absorption e r r o r s  in m e a s u r i n g  s u b j e c t s  of vary ing  body size. 



of the source .  Table 1 shows d scamparisow of counts in t h e  Cornpton 

scatter r e g i o n  versus the photopeak reg ion  f o r  a 133cs source (gama 

ray energy = 0.663 >%e!?) placed in var ious  positiOnS fsorr, the center t o  

SCatter r e g i o n  W e K e  Within 2 1.6 per Cent ,  Whereas W i t h  photopeak 

energies, t h e  o u t s i d e  p o s i t i o n  ecsunted 8% per cent  h igher  t h a n  the 

center position. 

Since t he  body is  not  circular i n  shape  b u t  more n e a r l y  

elliptical, an e%%ipss ida% water phantom was constructed from 

sty~ofoam p l a s t i c  t o  provide  phantom walls s f  l a w  mass. The water- 

f i l l e d  phantom had a minor axis of 9"', a major axis of 15-P/2'8 and 

was 1%" high. Four 6" diameter by 4" t h i c k  %aI( l ' l>  d e t e c t o r s  were 

placed a round  ' t h e  phantom as shorn in f i g u r e .  1, and their  optimum 

position was empiricslly determined such that a psint source  of 5 9 ~ e  

placed  anywhere in the p1iawt;sm on a p l a n e  p a r a l l e l  eo the c e n t e r  of 

all f o u r  d e t e c t o r s  gave the saxe eoran: r a t e  in t he  C o q t o n  scatter 
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59 region. The optiwaum arrangement of t h e  d e t e c t o r s  f o r  Fe gamma rays 

is ITS between the faces of the two vertical s e t s  of opposing d e t e c t o r s  

and 158v between the s ides  of the d e t e c t o r s  i n  she two horizsnta% sets. 

3. Whole body coufater description 

The detectors iw the a r rangeukwt  described above were placed in 

P shadow s h i e l d  type (Palmer and Roesch 1965) whole-body counten: shown 

in figure 2. This c0uhlter 9985 designed t o  minimize t h e  %ea$ b r i c k  

shielding required. The sub jec t  is  t r anspor t ed  in a mobi le  carrier 

mom caniiot directly enter  any of t h e  d e t e c t o r s  without going through 

at Peast 3" 0% l ead .  The opening ehrough t h e  lead b r i k k s  f o r  the 

patient and car r ie r  t o  pass th rough  the  counter  i s  centered between 

the f o u r  detectors  and  i s  20" wide and PZnQ h i g h .  "%e t o t a l  l eng th  of 

the counter  is 15-%/2p. The ca r r i e r  i s  d r i v e n  by a stepping motor 

and chain d r i v e  t h a t  is eontrca%led by a. constant:  speed pulser, o r  

caused by dead  t i m e  o f  t h e  analyzer a r e  elininaced (Sheen, Palmer and 

S t r i n g e r  1 9 6 7 ) .  %'he car r ie r  is made of  % j S "  t h i c k  a h m i n u i n  and the 

i n s i d e  d i m e n s i o n s  a re  8" deep, 18-1/4'8 wide  and 9' long'. The r a d i u s  
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the same s i z e  and the same genera l  c o n t o u r .  $h i s  Same e f f e c ~  

. can be aecomp%ished, hcwever, by l a y e r i n g  small pellets Of a heavy 

plastic ca l led  De l r in  (manufac tured  by  d e P ~ n t  Chemical Company) over 

the  person until l e v e l  w i t h  t h e  t o p  of  t h e  aluminum carr ier ,  The 

B e l r i n  p l a s t i c - h a s  a density of 1 . 4  b u t  t h e  bu lk  d e n s i t y  sf t h e  small 

1/S" p e l l e t s  is about 1.0 or a b o u t  t he  same as the human body. A 

p o i n t  sou rce  of p laced  w i t h i i l  a B e l r i n  phantom p rov ides  a 

59  u s e f u b . w e a n s  of a s s e s s i n g  t h e  d i s t r i b u t i o n a l  e%fects  of Fe a c t i v i t y  

as t h e y  m i g h t  Occur in v ivo .  

when a source  of 5 9 ~ e  was p l a c e d  anywhere i n  the ~ e ~ r i n - ~ i l ~ t c i  

carrier, the accumulated c o u n t  r a t e  d u r i n g  a 10 minute t r a v e r s e  of 

t h e  ca r r i e r  was w i t h i n  2 4 p e r  s e n t  % o r  a l l  p o s i t i o n s  ln. a D e l r i n  

t h i c k n e s s  0% 8-P/2".  T h i s  was similar t~ t h e  r e s u l t s  o b t a i n e d  

B 
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earlier i w ' t l i e  water phantom even though the shape and w i d t h  of the  

carrier was slightly d i f f e r e n t .  

rate 0% the Cornpton scatter ewerats as a point source is placed in 

various positions in a vertical cross s e c t i o n  of BePrin pe l l e t s .  

the thickness of Belr-in is i n c r e a s e d  up t o  as much as P1-1/2", t h e  

Fi ure 3 shows the  r e h t i v e  count 

A s  

average count rate (4% a p o i n t  source p o s i t f o n e d  w i t h i n  ehe D e l r i n  

decreases slightly while. the v a r i a t i o n  in count rates at v a r i o u s  

as the source  was moved i n t o  t he  center because of increased 

a b s o r p t i o n  0% the a m a  r a y s  whereas the  area under the  Comptsn 
L 

~ c a t t e ~  r e g i o n r e w a i n e d m a r l y  t h e  same. For t he  l a t t e r  energy, a 

s l i g h t  reduction in the region of ~ O O  k e ~  was offset by a comparable 

increase in coun t s  below 500 keV w i t h  t h e  r e s u i t  that t he  i n t e g r a l  

count rate between 98 and 960 keV remained  constant^ This  explains 

why t h e  use of the Csmpton s c a t t e r  photons provides a count t h a t  is 
6 .  

i n d e p e n d e n t  of the l o c a t i s n  o r  distribution sf the radioactivity. 

Figure 5 a$nows a spec t rum f rom a 10 m i n u t e  count  of 1 pCi of 

F e  i n  a human s u b j e c t  packed in B e h r i n  a f t e r  the background 0% t h e  59 

counter and t h e  s u b j e c t  have been s u b t r a c t e d .  The Campton sca t t e r  

region of energy used i n  a l a  s t u d i e s  includes a l l  eveats between 9Q 
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43,860 and 4,200 respectively. The sensitivity w i t h  photopeak counting 

is about  1.6 times higher than that using the Compt~n scatter events, 

but the greater abso lu te  accuracy obta ined  with t h e  Cornptow scatter 

counts makes their use more aetrastive. 

subject added from 1,500 to 2,000 counts  to the counter background 

depending on the body size. The counter background remained q u i t e  

The background count Of a 

eonstant from day  to day within a three-week perfode Background 

d e v i a t i o n  0% 2 1 p e r  cent f o r  a s tandard  %O-rraintute traverse. 

P 

5 .  D i s @ u s s i o m  



events should be used, much more csnstawt c o u n t i n g  rates can be 

obtained when only Cornptoca scat ter  ssunts are used. Ssrgent  and 

Plycase ( 1 have a l so  shown that t h e  use of only  the Compton 

scatter reg ion  p rov ides  a count ra te  more fndep@wd@nt of distribution 

here ~ n d i c a t e  t h a t  the * m t a ~  content 0% '%e can be determined 

in any s ize  person  w i t h i n  8 mawimusa error 0% 2 2 gier cent  when u s i n g  

than that using photopeak counts. Measurements on phantoms r e p o r t e d  

the Compton scatter energy band. 

s ca t t e r  technique  c s ~ n t i n a g  to gama ray energ ies  t h a t  are dffferemt 

The application s f  t h i s  Comptsn  

59 I 

from those of Fe  have no t  been investigated. The d a t a  shown in 

table P iJkdieate that t h e  method will work w i t h  

how as 0.66 N e V ,  b u t  a slight%y d i f f e r e n t  detector  arrangement may be 

KeqUfred %O% d i f f e r e n t  energies * 

The couwter employed here is s i m p l e  t o  use and requires ra ther  

u n s o p h i s t i c a t e d  i n s t r u m m t a t i o n  became of the broad band of p h ~ t c t n  

energies used. APP whole body counts  caw be sonpared d i r e c t l y  eo 

that of a standard which i s  measured w i t h  identical counting 

e f f i c i e n c y  ,&en p l a c e d  in a Dearin phantom. A rnu%si-ehannel ana lyze r  

was used in chese s t u d i e s  b u t  a s ingbe -channe% araabyzer and scaler 
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affect sgasadard and  sub jec t  comparably so tha t  the relationship Between 

the two is unchanged. Coun te r  materials are relatively inexpensive and 

eas i ly  assembled. Like o t h e r  

easily disassembled and b u i l t  up in a diffsrent l o c a t i o n  or can be 

m ~ u ~ n t e d  i n  a truck t o  service several  f o c a t i o n s .  

t y p e s  of shadow s h i e l d  coun te r s  it can be 
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TABLE 1 

Source Position 

Center Of phantom 

From tenter: IS0 

28f 

Average 

Range 

Comptsn Scatter 

(counts/miw 1 
Pho toopeak 

(count s/min 1 

69 p 231 

69,453 

6TB 216 

4- 1 . 6  2 
- 1.6% 

30 g $19 

331,943 

3 4 , 3 4 3  

48,207 

44,572 

56 9 5Q8 

39 3 398 

-E 4% % 
- 22 I 
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FIGURE 1. Water Phantom Used to Determine optimum Crystal Position 

FIGURE 2. 59Pe rnole-Body Counter Bemsnstratiwg t he  Use of Delbrin 

Plastic Placed Around the S u b j e c t  to Obta in  Uniform Thickness 

Blastic P e l l e t s  

Absorption by T i s s u e  Equivalent 

FIGURE 5 .  GamTa Ray Spectrum of a mole Body Count in a S u b j e c t  

Conta in ing  1 u c i  Of 59P, 
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source embedded in p l a s i i c  pellets ( B e l r i n )  3 fron i s o t o p e  localized in 

astroiwtestina% t ~ a c t  of t he  s u b j e c t ,  and during movement of 

i n  vivo r a d i o i r o n  i n t o  and  O u t  of the bone marrow. counting l e v e l s  in 

all. instances have been shorn to vary by no more than 2 2 p e r  s e n t  

regardless of t h e  l o c a t i o n  and d i s t r i b u t i o n  o f  r a d i s i r o n .  In addition, 

measurements have been carried out over a two-week p e r i o d  after oral 

or intravenous admiwistratioi to demonstrate the day- to -day  r e p r o d u c i -  

r e d i O i r O n  absor  tEon and %osses by t h i s  t e c h n i q u e .  %Re.ss 

studies provide  evidence of the s u i t a b i l i t y  sf t h i s  technique f o r  
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1. Introduction 

The predominant e o n t r o l  0% i r o n  balance in m18n by its intestinal 

a s s b i ~ a t i o n  has p i a c e d  considerable clinical i e p o ~ - t a ~ ~ g a e  CXI a ~ ~ u ~ - a t e  

I I E ~ S E K E E I ~ ~ ~ S  sf i r o n  absorption. Ezr1ier s t u d i e s  i ~ v o - % ~ i n g  methods of 

s l fn ica l  iron balance impose considerable t echn ica l  difffsulties and 

were not  suffisienthy quantitative eo measure the very limited i r o n  

exchange between man and h i s  env i romen t .  Radioisotope techniques 

0 have been more u s e f u l .  PnitfaPly, r a d i o i r o n  balance s t u d i e s  were 

carried out in which absorption was ca lcu la t ed  from the‘ difference 

b e t ~ ~ e e n  r a d i o i r o n  administered and t h a t  appea r ing  i n  s t o o l s .  Absorp- 

tion was also estimated from t h e  amount of radioiron appearing in 

newly formed red cel ls .  Despite extensfv2 sdse, 50 th  of these isotope 

methods have disadvantages. 

the major drawback that s u b j e c t s  must be admitted to a special 

metabolic ward if coraplete eoPPeetions ars. 60 be e n s u r e d .  Measurements 

The technique of r ad%oi ron  balance has 

of r e d  cell rackisactivity are simap%er ts per form,  b u t  are va l id  o n l y  

if the incorporation of r a d i o i r o n  by t h e  e r y t h r o i d  marrow is gaotm t o  

be noafnal. A compensation for var iab le  utilization is achieved in the 

double  i s o t o p e  method gsay1or and Finch 1553) in which a second 

i s o t o p e  of iron is g ivzn  intravenously at t he  tirne 0% the oral d ~ ~ e .  

“ 6 h g  greater p r e C i S i O % 1  Of t h e  d u a l  trace% EetkOd is, neQerthe%ess, 

aehfeved a t  t h e  expense of  Dore  difficult methods o f  dose adminis- 

t r a t i o n  and i s o t o p e  count ing .  F u r t h e m o r e ,  it may be invalid in 

I 
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a technique far measuring absolute levels of  whole-body 59Fe which i s  

physical size sf t h e  subject. 

2. Methods 

The subjects of the study were h e a l t h y  male and female subjects 

a 50:1 molar excess of sodium citrate and bound before injection to 

5 n% f resh  plasma. 

A d e s e r i p t i s w  of the whole-body C R U T I ~ S ~  and the theoretical 

s o n s i z e r a t i o n s  which l e d  t s  i t s  design ar-2 o u t l t n e d  in the 2cconpanying 

I 
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photopeak energies  usu.%ly employed i n  s c i n t i % I a t i a n  count,., 7 9 0  were 

administered in a plastic sack  and burying  It c e n t ~ a l l g r  in t h e  carrier 

f i l l e d  with Deabrin. The volume of the  latter was a d j u s t e d  t o  t he  same 

t h i c h s s s  as t h e  t r u n k  sf the  s u b j e c t .  Apprepriate c o r r 2 c t i s n s  f o r  
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constant l e v e l  with D e P r i w  when countin bot'ra the  t e s t  dose and tke  

s u b j e c t .  

the face, 

The subject w a s  t o t a l l y  imersed in t h e  p e l l e t s  except  f o r  

n e  objective here was t o  make s u b j e c t s  of widely  d i f f e r i n g  

sizes appear alike fw length and thickness by using a constant voPume 

of t i ssue  or tissue-equivalent matertal for all measuremects. 

in vivo measurements of wkole-$sdgv 5 9 ~ s  a c t i v i t y  presented in the 

results, hovevers were obtained w i t h o u t  a d d i t i o m  of D e f r i w  to the 

carries mless stherwise stated. 

Ab1 

3. Results 

The sensitivity of the presen t  technique t e  differences in coun t ing  

geometry was %irst  evaluated by g i v i n g  s u b j e c t s  an ora% dose a d  then an 

i n t r a v e n o u s  dose s% 59Fe. rnole-body GOURtS were o b t a i n e d  immediately 

after the ora% dose a n d  again  at a an6 7 hours  after adninistration. 

The intravensus injection was then g iven .  The b-esbilts are expressed 

in t a b l e  12% a p e r  cent o f  t h e  d o s e  asasured as a. p o i n t  seurce p r i o r  

to adninistratisn. The naxirnua d i s 2 i " r i t y  2r,KlD.g post-oral y2he$e--body 
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counts vas 1.4 p e r  cent ,  between o r a l  and intravenous coun t s  1.2 p e r  cent, 

h e d i a t e l y  f o l l o v i n i  an intravenous d o s e  of transzerrin-bound "Fe 

and a t  two-day intervals over the subsequent 12 days. The . r ' 2 9 U % t S  are 

shown in figure B as a per cent o f  the  preadwinistratisn count .  Devia- 

t i o n s  from the thearztieal 108 p e r  cent  value were mfnimal for t h e  

i n i t i a l  c o u n ~  Then the radioactivity was p r e s e n t  i n  pfasms,a, f o r  coun t s  

dUaPiRg the first Week When th-2 5'3Fe Was PQCEi%aZed t o  t h e  Ea€!ddIBTY 

cavity of the skelst':'on and f o r  souri ts  i n  t he  l a t t e r  parhh of the  s t u d y  

whew approximately 80 p e r  cent of  t h e  r ad fo i ron  was in circulating r e d  

cel ls  e 

Statistical e v a l u a t b n  of the above data s u g  e s t 5  that the present 

method is suitable f o r  mezsurements of r a d i o i r o n  loss from the  body 
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a more direct assessment 0% t h e  metho4 as  a 2 p I i e d  to T:easure- 

ments of iron a b s o r p t i o n  took the forin of a recovery study in which 

fecal c o l l e c t i o n s  were obtained f o r  a period of 14 days fo l lowing  an , 

error of the estimate f o r  repeated wes isursnen~s  fob%oi.~ing iztravenous 

radioiron ( t a b l e  2).  FOK coun t s  o b t a i n e d  i n  t h e  p e r i o d  i m e d i a t e l y  

foPl0wiT)g o r a l l y  a d s i n i s  cered %e which have f l u c t u a t e d  wide ly  in 

these d a t a  are measurenants ovsr  a 72-hour p e ~ i o d  in a s u b j e c t  g iven  

59 1 pc of Fe in a sealed ps%yetEaylene t u b e  to prevent a b s o r p t i o n  by 

the iwtestinaP mucosa. 

There  appeared t o  be little ad-santege in filling the shsbi le  

carrier t o  a consttwt %eve% with D e l r i n  when per forming  in v ivo  s 

s u b j e c t s  give2 intravenous r a d i o i r c z ,  t h e  e s r r e l z t i s n  a f  Debr in  

measursnsnts i i z  t h e  ear ly  p o s t - o r a l  p e r i o d ,  a slight iEproveaent in 



Of B e l r i w  is nsvertheless advfsed  when neasur iwg abselblte levels Of 

. 
steadying s u b j e s t s  with a w i d e  range sf bsdy size as f o r  example when 

after admfcistratisn. 
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cieaey, E mare complex s t a n d a r d i z a t i o n  technique has been described 

Che adsorbed r%dioi-601-~ does not  appear i n  circulating r e d  c e l l s .  I n  

the patients with i n e f f e c t i v e  erythropoiesis, f o r  exawple, mast of t h e  

a b s o r b e d  Fe may rexain i n  t h e  e r y t h r o i d  E I ~ K - O G I  where body counts a r e  

i n f l u e n c e d  by the g r e a t e r  s h i e l d i q  0 %  s k e l e t a l  t i s s u e ;  this d i f f e r e n c e  

in counting e f f  Zcfency between whobe blood and e r y c h r ~ f d  ~ilah-rov 59Fe 

has r anged  as h i g h  as 10 t o  16 per  c e ~ t  QT".ie%moss, Belcher, B i n o p o a l s s  

and C o n s t a n t i n i d e s  1962; Sargeant 1962)  as s h o m ~  by the d i f f e r e n c e  i n  

59 

99 venous dose of F e  was reaoved  and subsequently r e t u r n e d  t o  the 
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advantage which is a f f o r d e d  by  the  presen', method is the  a b i l i t y  to 

d i s p e n s e  with an  ea r ly  psstadmi~stration esunt arnd ts measure whole- 

I 
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PILOT STUDIES 
ABSORPTION 6 

F ACUTE EFFECTS OF HIGH ALTITUDE 

Dual radioiron absorption measurements were 

performed i n  four healthy medical students to determine the acu%e effect of 

high alt i tude exposure on iron absorption. A l l  subjects  were given 5 rng of 

elemental iron as fenous sulfate to  which had been added ascorbic  acid a t  

a 2:1 M ratio. After anovernight f a s t ,  a dose of ~ e ~ ~ - t a g g e d  iron was given 

to a l l  subjects simu%taweously a t  s ea  level i n  Lima and la ter  the same 

morningd the subjects  bsgan their ascent  to high alt i tude,  arriving i n  

orococha i n  the late afternoon. Two subjects (SA and SB) were given s1 

-tagged iron on  the fo%%swin morning (16 hxx-s 3fter 59 second dose of Fe 

arriving at high altitude) while the remaining subjects  (SC and SD) received 

their  second dose  40  hsurs  after arriving a t  high alt i tude.  Blood was 

obtained o n  the morning of the first test for hematocrits, reticulocyte 

counts and peripheral bloo smears and further measurement SP tkesk? 

parameters was performed 8 days  later.  Serum iron and total iron-binding 

capacity determinations were performed on each  subject on the morning of 

the first test and on the subsequent two mornings a t  high alt i tude (fasting 

specimens) 0 

59 59 
and Fe  Blood was obtained for triplicate measurements of Fe 

act ivi ty  ow 10 rnl portions of blood on day 8 and day  9 of the t e s t  i n  the  

first and l a s t  two subjects  respectively A p p r s i m a t e l y  one month later I 
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blood was again obtained from these subjects i n  Lima and forwarded by 

air $0 Sta t t le  for repeat assays  of blood activity. 

Results are summarized on the accompanying table with the exception 

Of reticulocyte counts and peripheral blood smears which have not yet 

been prQCC?% Sed 

As anticipated for this  pilot study, no definite 

rawn from the reshlats. However the fact  that 

absorption was doubled i n  two subjects perhaps su gests that with 8 

%arger group, -.a definite early effect of high alt i tude exposure may be  

demonstrated O n  iron absapt ion  0 

The failure to demonstrate a more definite increase i n  iron absorption 

in the present study m i  ht be explained by a physiologic mechanism. If 

we accept the fact that a significant pmpor%fon of iron entering the mucosal 
I 

eel1 i s  never transported into the  circulation but is los% with sluffing of the  

mucosa i t  is conceivable that the transport of these subjects to high 

alt i tude on the  same day of the init ial  test  dose (given a t  sea level) had an  

effect on its absorption, Thus 1% hypoxia acts by enhancing the transfer of 

mucosa% cell iron into the body rather thaw from the  lumen into the cell, 

it iS pOSsib%e %hat th%% p%QCC?SS acted to ip%CXea§e %he abSorptiOr% f f O m  the 

init ial  dose given i n  L i m a .  

might be obtained from the m e a n  level of absorption seen in  these subjects .  

H e r e  we are faced with the  wide difference i n  mean values for t h i s  dose 

level reported i n  different countries. 

Some clue that t h i s  may have been the  ease 

T ~ U S  ~ u h n  observed i n  15 male subjects  
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a mean of 7.1% whereas under identical conditions, 18 male subjects from 

Caracas who had no evidence of iron deficiency 3 s  determined s y  the  hemato- 

crit and transferrin saturation, mean absorption was 25,0%. These  differences 

are borne out by means i n  England 0%' 25 ,  30 an 25% compared with means sf 

7 and 12% i n  t he  United States .  Although no evidence of iron deficiency could 

be detected i n  the  p resen t  group of Peru subjects  J nean absorption from both 

test doses lay at the upper range of means which have been reported for normal 

subjects i n  other countries. Although the  number of subjects is perhaps too 

limited to warrant further studyI it. would be feasible to administer to  these  

saI-le four subjec ts  a third set of doses tagged with either isotope to determine 

their  basal level of absorption at a more remote t i m e  from any high altitude ex- 

posure 0 

I I 
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4 5 . 6  
46.7 

48.6 
46 .3  

46.7 
4 7 . 8  

Hs e 
_p 

Day 0 42.4 
44.5 Day 8 

182 
8% 
79 

92 
180 
116 

111 
PO4 
a27 

3417 
335 
323  

314 
3 4 1  
330 

337 
3 4 2  
379  

366 
369 
337 

TIBC 
w 

Sea Level 

27.4 
29.2 
30.8 

30.3 
28.0 
37.5 

32.5 
23 0 

23.9 

3 5 . 9  
18.2 

5533 4 8 5 1  4422 5159 
Estimated T o t a l  B1ood Vol. 

7 9 8  
1% 2 

343 
115 

55 
Fe59 Fe 

315 
126 206 

2 9 . 5  
(25.7) 

1 2 . 6  
( l a b  * 7 )  

12 .4  31.4 
(12 0 3 )  

24.7 3 2 . 8  
(24  e 0) (29 s 81 2 3 . 0  

( 2 2 . 4 )  
21.3 

(20.31 40 hours  



their arrival at MQrocscha, 

Both PIT deiermiaations in each subject were performed by the identical 

p ro toz~l  except for the dose of inj eeted activity which was 2 5 pc of citrated 

Fe 

for repeat determinations a t  high aItitude s 

prior t o  injection 14% each dose for background measurements 8 

59 59 
in 2 m$ of normal saline fer the baseline s tudies  in Lima and 5 pc of Fe 

load was obtained immediately 

duplicate 

macrokematosrits # ana reticulocyte an3 peripheral blood smears a Two 

separate  blosd samples w2re obtained a.t 0 and 10 minutes of each study for 

. serum iron detersninatisns. ~ % o o d  was drawn at 10, 20, 38,  45,  60 and 9 0  

minutes fo%lowiwg injection of each dose from which 2 m% of plasma W%S 

pipetted directly into cckJr-Lting vials. The four subjects on which thsse  s tudies  

were performed W e h e  used by me Lenfent and Toxance for baseline studies i n  

Lima on January 16 - 19,  for high altitude studies from Ja~u;.r-y 2 9  - February 2 

amd for a f ina l  f s ~ r  days of s tudy  i n  Lima fssm February 2 - February 6 .  

JJa IRON AESDRPTiON STUEIES (S Group] a 

Radioiron abao:,tisn t e s t s  were pe?:fornted on January 25 in  Lima on 

four medical students wh$c wsre t ransp~xec!  on the a f t e x s ~ n  of the same day 

to high alt i tude.  Repsat. test doses W&T” administered 16 h0.pl-S (S.4 asld SB) 
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at5 40 hoars (SC and SD> after their arrival a t  Marococha. A l l  test doses were 

A l l  tes t  doses were prepsred in  an identical  fashion except for t h e  radio- 

55  
iron label. For tests a t  sea lewd, the latter was 50 pc sf Pe for each subject 

59 
ile high altitude measurements were performed with 7 8 5 pc of Fe 0 Each 

dose contained 5 rng of elemental iron as ferrous sulfate with sufficient added 

ascsrbic acid to  give a 2:1 M ratio of ascorbate :-iron. The t e s t  doses were 

pipetted from a single solution prepared each morning immediately prior to 

administration. 

500 m l  vo%umetric: f lask containing $58  mg of E 

and after making to vs%ume, quadrupjieate unmeasured volumes wsre frozen for 

The same v d u m e  employed for each test was pipetted into a 

later preparation 0% the  standard e 

I 

%mm,ediately prior to a ministration of each test  dose,  h%osd was 

Sufficient additional bload was placed i n  EDTA vials  Tor dupl ica te  baekgroand 

measurements on 10 H11 of whole blood. 

59 subject  to  allow triplicate measurements of FeS5 and Fe  activity on l o  ml 

p ~ t i o n s  of whole blood, This gave a n  interval from the  time of administration 

of the final t e s t  dose of 8 days i n  two subjeets and 9 dnys i n  the remaining two 

subjects. Duplicate rnacrohematocsits w%re performed at  the t i m e  of ~ b t a i n i n g  

these samples and the  height and weight of each subject  w a s  recorded in order 

to est imate  bboad valume.  
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Firm arrangements were made with each sf the vs$uPlteers to  return on 

February 11 when further blosd W i b l  be dra 

ments  0% FeS9 and F e  55 
activity* Tubes a 

additional equipment required to  obtain these samples  were left with Dre Faura 

and B earton suitable for t r a n s p r t  of these samples to Seattle was also prepared. 

41  8 4 109 

72 45  32 1% 16% 

PB/retie smears" 5 6  

serum Fe/IBC/EID 
(single determination only) 

5 5  Digestion/p%a%ing. for Fe 
6 3 8  activity 

Tubes for Gamma Counting 

72 
51 59 

Cr +/- Fe activity 

59 38 1 2  5 6  Fe activity only 

* Dupl i ca t e  p2.ired PB smears and triplicate paired reticulocyte smears 

74 
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Sea Level Baseline* 

Day at High Altitude 1 4 4 0  6 

2 45.4 

3 4 6 . 4  

4 45.8  

5 

6 

7 

8 

9 

Repeat at Sea Level* 
(2+ hours a f t e r  
r e  tu %I1 i ng ) 

4 7 . 4  

4 6 . 7  

49.5 I 

51.3 

50.4 

52.Q 

5%.  3 

58.8 

44.0 

45  0 

44.6 

4 4 * 0  

45.4  

45.5 

47.1  

4 7 . 3  

4 9 . 2  

49.3 

47.7 

47 .0  

50.4 

51.0 

49.8  

5%. 6 

5a.j 

‘ 5 6 . 5  

57.3 

5 7 . 4  

54.Q 

%5.8 

56 .3  

49.0 

48.1 

47.6 

50.6 

4 9 . 5  

48 .9  

49 .3  

49.3 

4 9 . 5  

52.5 

53 .0  

45.4 44 .9  49.9 ’ 44.5 

~~ ~ .~ ~ 

* Mean of three d u p l i c a t e  determinations. 
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Comments The present  measurements  ind ica te  a c l e a r  effect of hypoxia 

on  e ry thropoies i s  a s  measured by the  plasma iron turnover i n  a l l  s u b j e c t s .  

This i n c r e a s e  i n  turnover was  independent  i n  three of t h e  four s u b j e c t s  of 

changes i n  the plasma iron l e v e l .  A ~ t ~ ~ u ~ ~  t h e  i n c r e a s e  w a s  least i n  the  

sub jec t  s tud ied  six hours  a f te r  arr ival  a t  h i  h alt i tude,  F 3 - E  resul ts  i n  t h i s  

subject may be suspect.  ~ ~ ~ ~ ~ X ~ ~ ~ ~ ~ l ~  owe hour prior to beginning the 

turnover studies, the subject underwent a s gies of nitrogen rebreathing t e s t s  

with which  he encountered cons iderable  difficulty.  

deve loped  acute mountain s i c k n e s s  and for the f011owing 48 - 72 hours ,  had 

This  same s u b j e c t  

anorexia 6 severe headache and recurrent vomiting and required cont inuous  

bedrest 0 Whether  e i th  r t h e  nitrogen rebreathing s tud ie s  0% t h e  subsequen t  

i l l n e s s  which th i s  subject developed w a s  I- lated to t h e  less marked i n c r e a s e  

in the  plasma iron turnover is uncertain.  I n  the  first three  subjects,  no c l e a r  

d i f f e rences  were  s e e n  in  the  magnitude of the  inc rease  i n  PIT, 



STUDIES AT SEW LEVEL 

46.5 49.2 53.6 Mean Hematocrit 

141 1 1 5  78 
$ 3  1 1 1  

50 139 113 
78 
7 8  

4 
51  

Plasma Iron Values (a> zero time 
(b) $0 minu tes  
mean 

33 1 310 295 290 TIBC 

0.442 0 .607 0 0 622 0 0 649 

S T U D I S  AT HIGH ALTITUDE 

Time 0% Study ( t i m e  8% radioiron injeq- 
tion after arrival at hi 6 hrs.  ' 2  Bars. 4 hrs. 

46.5 44.0 50.0 Mean Hematocrit I 

82 
75 
78  

99 
109 
P 04 

154 
1 5 8  
156 

349 

Plasma Iron Values (a$ zero t i m e  
' 02) 10 minutes 

mean 
141 
1 4 2  

300 318 2 8  

57 78 88 l.07.5 

0 . 9 3 6  8 . 9 8 6  0.725 

CHANGE I N  PIT 

Absolute 

Relative 

0 e 489 0.087 

1 ,46  1 c 49 1.13 

0.277 



A e ERYTHROPOIESIS (R Group) 

Four healthy m a l  residents of L i m a ,  2 1  - 3 3  years of age, were t r a n s -  

ported to high altitude for a per iod of 1 2  days to determine the maximal  erythro- 

poiesis which could be achieved i n  the face of adequate iron supp ly .  

measurements  at sea level were performed i n  L ima  on January 1 7  and 18 and 

consisted of s imul taneous  dual isotope rn asblremewts of PIT and plasma volume 

with ~e ’’ a n d  of red cell mass with ~ r ”  ~ k e  s u b j e c t s  were transported to 

high altitude (Morococha) on January 19 where blood s a m p l e s  were obtained 

daily for serum i ron  I dupl ica te  macrskematocrits , ret%cu%ocfle a n d  per ipheral  

blood smears. Repeat determinat ions Of P1.T were performed with p . 2 9  0I-l t he  

day prior to re tu rn  to sea level (January 30) and a repeat @rS% sed cell mass 

eterminatiow performed i n  Lima on February l within 4 hours of return t o  sea 

level 0 

Two schedu l  s s f  iron therapy were emp%syed. Two subjects @tA and 

were given oral iron therapy which consisted s P  six daily doses of 100 mg of 

ekmental iron as ferrous gIuconate and  506 mg a s c o r b i c  acid beginning on  t h e  

cont inuing u n t i l  18 hours pr ior  to 

repeat ferrskinet ic  measu remen t s  o n  Jan 30. N o  gas t ro in tes t ina l  symptoms 

were noted  by t h e  subjects, The remaining two subjects (RC and WD) were given 

1 5 g of dextran iron in t ravenous ly  ( 3 0  minute infus ion  in  2 5 0  mI 5% G/W) on 

t h e  day prior to the i r  ascent to h i g h  a l t i t ude  (January 18). The  d isco lora t ion  
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of the  plasma &e to carcuhatiw 1mferol-l Could no longef be detected by visual 

inspection by the fifth day at high altitude (January 2 4 )  and on the  same d a y ,  

b fup%her l s 0 g of d e a r a n  iron was given i n  the  same manner as  the first 

infusion. 

of by one sub jec t  on the mamirag following the  second intravenous dose. %he 

circulating Imferon c0ul.d no longer be detecte bY visual inspection bgr day 

me only re ctions to therapy noted were minor aPfhralgias compla ined  

h altitude--the day prior to repeat femokiwetdc determinations 

A detailed description of isotopic ~ ~ ~ ~ s ~ i ~ ~ ~ ~ o ~ ~  is a s  fol%ows e B aseline 

measUPements  i n  Lim 

of sterile ACD ss%ut ion  i n  a Unitag bag*. After centr i fugat ion,  5 ml of plasma 

began W i t h  the  hemoval Of 28 El% Of W h d e  b h Q d  5 ITl 

was drawn under sterile c ~ n d i t i ~ n s  into a syringe containing 28 pbc sf eitrated 

Fe? The red cells were suspenhed i n  the remainiPlg p la sma  and t agged  by t h e  

temperature  for 30 minu tes  with mixing at 3-5  minute intervals. The l a b e l e d  

cells were then washed with three suceesstve 15 m$ volumes of n ~ r m a l  sa l ine .  

un an the  inve8%e position and t h e  For the final centsifugatisn, t h e  bag was s 

tagged cells drawn directly into 20 rnl syringe containing 5 rnl of t h e  Fe55 

labeled p l a s m a  and the same volume of normal saline. The syringe was weighed 

with a Mettler electronic balance before and  after removing one t en th  of the 

total volume for  preparat ion of the s tandard .  The latter was placed directly 

into a 500 rnl vslurnetrie flask containing 1 0 0  rng of disodium EDTA i n  158  rnl 

of water. 
*Abbott Laboratories P 
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Injection was made by m e a n s  of a Coleman adap to r  a n d  sampling was 

performed in  the  opposite arm through an indwelling sca lp  vein needle ,  

Sampling was as follows: 1) Duplicate 18 ml vo%urnes of whole blood at 8 

and 19 minutes for serum iron determinations; 2) melbve mll of blood obtained 

at 0, 15 and 25 minu tes  in  EDTA and use fob triplicate macrshesnatocrits 

and duplicate 4 m% volumes pipetted directly into counting tubes  for measure- 

ment sf Cr” activity; 3) Ten rnl of whole BS%oo@ o ~ ~ a ~ ~ e ~  at 0 # 5 ,  15 d 2 5  # 40, 

60, and 189 minutes  (exact t i m e  recorded for each subject separately) placed 

into an EDTA tube 0 

I 

After centrifugation # an unmeasured quantity of plasma 

was fr.Qzen i n  plastic vials for subsequent  

Repeat PIT determination was made on day 1 Q at high a l t i t ude .  For the  

two subjects receiving oral iron tl=~erapy, 2 e 5 pc of titrated pes9 was given i n  

2 ml of normal sa l ine  while in  the iron d 

dose of act ivi ty  was f i r s t  tagged to 3 ml of fresh plasma. Duplicate samples 

for serum iron determination were ob% ined at 0 and  I O  minutes while 2 rnl of 

plasma obtained at 9, 10, 20,  3 8 ,  45, 60  and 9 0  minutes  following injection 

ran treated subjec ts ,  the  same 

were pipetted directly into count in  tubes for measurement  of ~ e 5 9  activity. 

In t h e  two subjects who had received iron de ran treatment, additional plasma 

was obtained at the t i m e  sf injection for direct isotopic UIBG determination 

with MgC03 .  ‘%he latter involved triplicate determinations i n  which 1 m l  of 

plasma was added within 15 m i n u t e s  of obtaining t h e  blood to 2 r n ~  of ~ e 5 9  ~1~ 

con ta in ing  250 ;L c elemental. iron per  186 ml. After incubation at room 
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temperature for 15  minutes, 200 mg of light MgCQ3 was added and t h e  tubes 

repeatedly mixed far fLlr-ti=-ler 15 m . h u t e s .  Two m% of the supernatant ob- 

ta ined after two success ive  cent r i fuga t ions  was pip t ted directly into 

counting tubes together with the same vo%ume of a n  appropriate dilution of 

the saturating radioiron solution. Wlfquots 0% the batter were also stored for 

later iron determinations P 

Records were kept of all blood remove fa- sampling purposes from 

each subject throughout the period of study. A total of 150  ml sf whole blQ0d 

was removed from each subject during the  f i rs t  1 8  days at high alt i tude and 

a further 98 rnl removed for the purpose of ferrokinetic measurements on  day 

% I .  

epeat CP-5 1 red ceaa mass determinations were performed s imul tanesus%y 

on  a11 subjects  within 2 4  hours of their return to sea level (Februaq 1) * The 

method was as previously describe with tke omission of radioiron tagging of 

the  plasma. 

Isotopic determinations were i n  genera l  considered to be technically 

5 %  sound. The only apparent  technical error occuned during the ihfusion of Cr - 

tagged cells i n  subject RD during the second re cell detefminagiol-l. 

Despi te  the  use of a Coleman adaptor, the first ml of t h e  infus ion  was given 

intersti t ial ly.  The infus ion  was stopped and after a two hour waiting period 

which was felt to be wel l  beyond the period of reilbsorptisn of t h e  intersti t ial  

a c t i v i t y ,  the bulk of the  tagged  cells was given after preparation of a new 

count ing standard and repeat rneasusements sf syringe weight .  



Dr. Cook 2-6-69 
Re’§ume/of Peru Studies--% -69 

Page 5 

after the i r  arrival at high a l t i tude .  The total period sf observa t ion  was 13 d a y s  

i n  each of the s u b j e c t s  with the f ina l  samples in  s u b j e c t s  FA and FB be ing  

obta ined  a f t e r  re turn to Lima.  Each s u  iect was given 3~ PC of titrated ~ e 5 9  

which had b e e n  tagged to 5 m l  of fresh plasma. The lack of a su i t ab le  ba l ance  

at high a l t i t ude  precluded quant i ta t ive measurements  of in jec ted  ac t iv i ty  0 The 

b a s e l i n e  measurements  of serufbi i ron dupl ica te  macrokematoerits and reticu-’ 

lascyte and  peripheral $bo69 smears  were obta ined  in  t h e  two s u b j e c t s  from 

Lima pi-ior to the i r  a s c e n t  and i n  all th ree  s u b j e c t s  immediately prior to injee- 

tion of the  Fe5 activity. A total s f  30, 29 and 3 %  post-iwjection s a m p l e s  were 

obta ined  i n  subjects M FA,anad FB respec t ive ly  at progressively inc reas ing  

intervals foQ%loPaPing in jec t ion  0 For samples obtained uring the f i r s t  24 hours 

sf s t u d y ,  2 md sf plqsma was pipetted d i rec t ly  into t h e  count ing tubes while  

4 rnl of p lasma w a s  precessed for all remaining samples .  After t h e  f i r s t  36 

hours sf s t u d y ,  additional blood w a s  drawn i n  E TA from which dupl ica te  

macrshernatocrits were obtained and from which 2 ml of whole blood was  

pipet ted directly i n t o  counting t u b e s .  Two separa te  samp$es  of blood were 
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obtained at 6 and 5 minutes of the  study for serum iron determinations and 

thereafter I single samples were obtained 6 a n  9 l-KNrs and at daily inteffmls 

throughout the  period 0% study. 
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- 
Plasma imn 

Subject PureweF 

$4 38 1.00 
49 33 0.88 

e 30 6.89; 
B. Baal 48 8.60 

B 42 45 0.55 
3 46 48 0.95 
68 v% 40 0b7 
138 42 40 0.64 

$'. Basal 53 0.76 
14 43 0.86 
36 79 a.37 
80 54 1.24 
132 42 25 1.81 

D. Baa1 79 58 0.80 
11 103 88 1.m 
36 87 5% 1.00 
60 63 37 1.01 
132 45 33 1.31 

E. Basal 83 74 0b6 
$4 95 48 8.48 
36 168 78 1.22 
60 39 38 0.8'1 
l32 33 0.93 

F. 5x3 55 0.54 
14% 0.96 
139 1 .04 
174 Q2 1.14 
79 40 1.09 

@. Basal 114 I BO 0.63 
14 72 90 0.47 

107 88 8.81 
80 B 67 1.07 
832 52 1.14 

AV.5?&3@2 Basal 7% 0.715 
14 $4 65 0.914 
38 182 .% 1.06 
60 84 48 1.01 
132 62 36 0.995 

___--__ 

Hemoglobin was determined by the cyanmetherna- 

Ramn 
ghbh me&& ead the packed cell volume by the IVintrok technic. 

roup 1 is summarized in Figure 
altitude, the mean hematocrit 

changed ]little despite the removal of a ~ ~ ~ o x ~ ~ ~ ~ e ~ ~  4 w91. Of blood. Retic- 
uPocytes showed an increase from a mean value of 1.5 ts 4.2 per cent with 



Hours 
Fig. %--Wdnary ~ ~ ~ r o ~ o ~ e ~ j ~  response to low dtitude. High altitude QSweUms 

were moved to sea level. Original ery&ro tin hvels were not significantly el@- 
vated in 4 0% the 6 subjects. h &e two in ua%s with elevated levels, here W M  

an unexplained increase at or just before the descent. In ail subjects e r ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~  
decreased rapidy after descent. 

ase osceaeng during the seconad and d day after eqosure 
u s  of high altitude 

how%; thereafter sIight8y. Mean e v & r o p i e ~ n  
at high altitude from the base- 

nd dayp i% had l%@Ha tQ 20 U ~ b  
a %eve8 0% between ]bo and 15 

de. The shodeninxag occmed whether the iron was 
est A )  or immediately before descent (subject C). 

9% increased abruptly from 0.76 at 1 

line of about 4 units per day, but by & 
r &e subsequent 3 days, i 

,klurow transit time ( 
subjects were at 
injected before as 

II. Descent to LQW Alti%u& 
HematoIogic values Of &e second 
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2.3 
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2.3 
2.1 
2.1. 

1 
21% 

92 
160 
43 
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BOIL 
a44 
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128 
64 

1 
% 
157 
M9 
216 
97 

113 
130 
234 
101 
92 
141 
a $8 
19% 

0.72 
0.75 

45 0.67 
56 0.49 
78 0. 

0. 
1.78 
0. 
1. 

%01 0.82 
4% 1.03 

1.18 
2.13 

4% 6.93 
77 8.94 
50 0.89 
48 0.89 
48 1.35 

62 1.02 
as 1.30 
15 2.M 
3'9 1.78 
4% 1.38 
99 1.30 
48 1.14 
99 0.76 
8.3 0,& 
88 0.70 

14.5 0 . m  
41 1.05 
36 1.11 
46 1.17 
55 0.98 

0. 

d 73 per cent and elevated 
initial hematocrits bemeen 

ietin levels similar to those of Group I. f ie  
mcha to sea level is shown in Figu 
high altitude and four days at sea level, ap- 
re removed and m hematocrit fell 

2.1 per cent. The 
altitude achaIly 

rose during the first 42 hours a% $ow altitude and H decreased. The 
eBy a~ributabIe to subjects 1, J1 amd L who showed increases in 

on the preceding day. During the following three days PIT 

es decreaed horn 2. 
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