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ABSTRACT 0F THE DISCLOSURE 

An apparatus for combining two gases so as to pro 
duce a linear gradient of one with respect to the other is 
provided. Two substantially identical syringe-plunger 
combinations are secured together and their plungers are 
connected in tandem for automated reciprocating move 
ment. A gas supply line is connected to each of the 
syringes so as to introduce a different gas into each syringe 
at a point remote from the plungers therein. The supply 
lines can be reversed or interconnected by a valve means 
connected thereto and to individual gas sources, and an 
output is taken from one of the syringes at a point ad 
jacent to the supply line connection thereto. A linear 
change in concentration of one gas in the other from 0 
to 100% is achieved by first filling the syringes simultane 
ously via withdrawal of the plungers, next interconnect 
ing the syringes through the supply lines, and then ad 
vancing the plungers at a uniform rate whereby the gas 
in one syringe is forced into and mixes with the gas in 
the other syringe while the mixed gases are forced out of 
the other syringe. 

This is a division of application Ser. No. 222,226, tiled 
Jan. 31, 1972, now U.S. Pat. No. 3,779,708. 
The invention described herein may be manufactured 

and used by or for the Government of the United States 
of America for governmental purposes without the pay 
ment of any royalties thereon or therefor. 
The present invention concerns a method of and means 

for measuring blood-oxygen carrying properties and, 
more particularly, for determining the relative ability of 
red cells to absorb and to release oxygen in the body. 
The purpose of the blood in the body is to carry suf 

ficient oxygen to satisfy the expected needs of all the 
tissues in the body. The critical element in this mecha 
nism is the red blood cell and its ability through a very 
delicate control system to sense the requirements of the 
body for oxygen and t0 adapt to these requirements. The 
response of the red blood cell is reversible in that the red 
cell has the ability to become saturated with oxygen in the 
lungs, to transport that oxygen throughout the body and 
release it to the various tissues, and to again receive oxy 
gen at the lungs-_the cycle being repeated every several 
minutes in the human body. 
The ability of the red blood cells to fulñll their func 

tion of delivering oxygen to various parts of the body has 
been related to the shape and position of the oxyhemo 
globin dissociation curve, where the total amount of oxy 
gen bound to hemoglobin is measured at varying oxygen 
tensions, or ambient concentrations. It is not known at 
the present whether the curve representing oxyhemoglo 
bin association, i.e. acquiring oxygen, is symmetrical to 
the curve representing oxyhemoglobin dissociation, i.e. 
surrendering oxygen. In any event, the red cell is uniquely 
adapted to vary its rate of oxyhemoglobin association and 
dissociation in relation to the span of activity from sleep 
to great physical exertion without any known damage to 
or fatigue to the cells. 
The oxyhemoglobin dissociation curve of a person’s 
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blood defines the extent to which the blood will bind or 
contain oxygen under oxygen tensions ranging from 0 mm. 
Hg to 140 mm. Hg. This curve is obtained by equilibrat 
ing samples of the blood at different oxygen tensions, 
measuring the percentage of oxygen saturation of the sarn 
ple and drawing the best line through preferably six meas 
ured points. The percentage of oxygen saturation of blood 
specimens is presently estimated from the measured oxy 
hemoglobin content of a specimen by visible spectrum 
techniques or obtained directly by measuring oxygen con 
tent before and after saturation of a sample. Two meth 
ods are presently used to measure the oxygen content of 
blood, hemoglobin solutions or erythrolysates. The man 
ometric or direct method is used in most laboratories and 
is manual and requires thirty minutes of technician time 
for each determination. A more recent method using a 
fuel cell for determining oxygen content is also manual 
but requires only eight minutes of technician time per 
determination. However, neither method is practical for 
use in determining the oxygen dissociation curve due to 
the amount of labor required for the multiple determi 
nation of oxygen content needed to construct one curve. 
Using either method, it is not feasible to have results 
available in the time needed to permit prompt treatment 
of a patient or for other undelayed analysis. Knowledge 
of the oxyhemoglobin dissociation curve of a person’s 
blood can thus be obtained at present only after several 
hours of labor for each sample, excluding the routine use 
of these methods. It will thus be appreciated that blood 
functions may be better understood and malfunctions 
diagnosed insofar as oxygenation and deoxygenation are 
concerned if the oxygen carrying properties of a person’s 
blood, or more particularly of the red blood cells in the 
blood, can be determined rapidly and thoroughly. 
The present invention provides a valuable technique 

and apparatus for substantially instantaneously determin 
ing these properties of a patient’s red blood cells. Oxygen 
content is measured by a colorimetric method using indigo 
carmine reagent and a commercially available AutoAna 
lyzer, resulting in an automatic analysis for determining 
the oxygen content of red blood cells or hemoglobin so 
lutions. The oxyhemoglobin association and dissociation 
curves are then determined by relating the measured oxy 
gen content and percentage saturation values with the 
known oxygen tension of the sample. 

Accordingly, it is an object of the present invention to 
provide a novel method of and means for substantially 
instantaneously determining some of the critical prop 
erties of red blood cells. 

It is another object of this invention to provide an 
automated system for rapidly determining the ability of 
red blood cells to oxygenate and deoxygenate. 

It is a further object of this invention to provide a 
method of and means for automating all the chemical, 
mixing, and colorimetric tests involved in a particular 
analysis of blood. 

Other objects, advantages and novel features of the 
invention will become apparent from the following de 
tailed description thereof when considered in conjunction 
with the accompanying drawings in which like numerals 
represent like parts throughout and wherein: 

FIG. 1 is the schematic diagram illustrating the method 
of the invention for determining the oxygen uptake curve 
of a given sample of blood; 
FIG. 2 is a schematic diagram illustrating the method 

of determining the oxygen release curve for the sample 
of blood used in the method of FIG. 1; 

FIG. 3 is a schematic diagram of a method of con 
tinually mixing volumes of blood samples and gas atmos 
phere for colorimetric analysis; 

FIG. 4 is a perspective view of apparatus for producing 
the p02 gradients shown in FIG. l and FIG. 2; 
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FIGS. 5 and 5a are perspective views of rotary valve ' 
disk and cam arrangements used in the embodiment 
shown in FIG. 4; 
FIG. 6 is a sectional view partly cut away showing a 

partial assembly of the rotary valve disks; 
FIG. 7 is a sectional view partly cut away showing a 

further assembly of the rotary valve disks; and 
FIG. 8 is a graph of the data derived from the invention. 
Referring to FIGS. 1 and 2, the method of the invention 

in continually processing a given blood sample through 
both deoxygenation and oxygenation phases is shown 
wherein a blood sample is introduced through line 11 
and a gas sample of nitrogen is introduced through a 
line 12. Mixing occurs between the juncture of lines 11 
and 12 and an equilibration tube 13 which preferably is 
maintained at a constant temperature of 37° C. Equili 
bration in this context constitutes a foaming procedure 
to place the blood in intimate contact with the gas, allow 
ing rapid and complete equilibration. This process is a 
laboratory approximation of equilibration of blood in the 
lungs across a thin membrane, which process cannot be 
technically accomplished in the present state of the art. 
After equilibration, all gas and some excess liquid are 
decanted olf via a line 15 leaving only an oxygen free 
liquid blood suspension to ñow through a line 16 to the 
oxygenation phase. At the next juncture, a line 17 intro 
duces oxygen in known concentrations into the deoxy 
genated blood with mixing occurring at the juncture of 
lines 16 and 17 and between the juncture and a second 
equilibration tube 19 which performs a similar function 
to that of equilibration tube 13. After traversing equili 
bration tube 19, all gas and some excessive liquid are 
decanted through a line 20 after which incremental parts 
of the remaining blood having increasing oxygen con 
tent are introduced through a line section 21 into an 
indigo carmine test indicator 22 which may be a unit 
such as the AutoAnalyzer produced by the Technicon 
Company, Inc., Saw Mill River Road, Chauncey, N.Y. 
The indigo carmine readout of the blood drawn through 
line 22 is continuously recorded on a strip chart recorder 
referred to infra. The graphical presentation illustrated 
by gradient 24 indicates the oxygen tension of the gas 
which the blood in equilibration tube 19 is in contact 
with, as a function of time during the automated test. 
The oxygen tension of the blood increases linearly with 
time during the -ñrst two minutes of the test, 24, and is 
held constant at 150 mm. during the second two minutes 
of the test as indicated at 25. Deoxygenation or the 
ability of the blood to be relieved of its oxygen is accom 
plished by the method illustrated in FIG. 2 wherein blood 
which is more of the same sample which was processed 
according to FIG. 1 also is introduced through line 11 
and is mixed with a gas comprising air which is intro 
duced through line 12. Mixing, as before, occurs at the 
juncture of lines 11 and 12 and, in any event, before the 
blood reaches equilibration tube 13 where the blood again 
is in intimate contact with the equilibrating gases, to 
allow rapid and complete equilibration. Again all gases 
and excess liquids are decanted off through line 15 so 
that only liquid blood will now ñow through line 16 in 
a condition of oxygen saturation. At the next juncture, 
line 17 introduces oxygen in known concentrations into 
the oxygenated blood with mixing occurring at the junc 
ture of lines 16 and 17. The mixture then passes through 
equilibration tube 19 which performs a similar function 
to that of equlibration tube 13. After traversing equilibra 
tion tube 19, all gas and some liquid are decanted through 
line 20 after which incremental parts of the remaining 
blood having decreasing oxygen content are introduced 
through line section 21 into the indigo carmine test indi 
cator 22. The indigo carmine readout of the blood drawn 
through line 21 is continuously recorded on a strip chart 
recorder. The graphical presentation illustrated by gra 
dient 26 indicates the oxygen tension of the gas which 
the blood in equilibration tube 19 is in Contact with, as 
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4 
a function of time during the automated test. The oxygen 
tension of the gas in contact with the blood in tube 19 
decreases linearly with time during the third two minutes 
of the test, 26, and is held constant at 0 mm. during the 
fourth two minutes of the test as indicated at 27. 

In FIG. 2, the system for continually mixing volumes 
of blood sample and gas atmosphere by the use of an 
AutoAnalyzer Proportioning Pump made by the Techi 
con Company, Inc., supra, is shown. The oxygen content 
of the samples after exposure to a gas atmosphere is con 
tinuously determined by the application of an established 
method for the colorimetric determination of oxygen to 
the AutoAnalyzer. The time of exposure of a sample to 
a gas atmopshere, the composition of the gas atmosphere 
at a given point in time, and the reference points on a 
recorder relating oxygen content to the levelfof oxygen 
tension are produced by a linear gradient generator which 
will be described in detail infra. In the present method 
and apparatus therefor which is shown in FIG. 3 and 
which is applicable successively to FIGS. 1 and 2, a blood 
sample is selected by rotation of a sampler rack 50. A 
portion of 4the sample then is transported through a line 
51 to an equilibration tube 54 in an equilibration cham 
ber 55 with a selected amount of buffer being introduced 
into the sample portion through a line 56. The combina 
tion of buffer and sample is mixed with a mixture of 
either nitrogen gas or air, corresponding to FIG. 1 or 
FIG. 2, respectively, which are supplied through lines 58 
and 59, at the juncture of a line 60 and line 51. The 
appropriate mixture is determined by the position of a 
valve 61 which is mechanically and electrically operated 
by a linear gradient generator 62 which is shown in detail 
in FIG. 4. The properly mixed sample is then debubbled 
in tap 63 where gas and some liquid are removed and 
the remaining liquid portion of the sample is then trans 
ported through a line 64 to a second equilibration tube 
65. A controlled concentration of oxygen is added to the 
sample from linear gradient generator 62 _through a line 
68. The amounts of nitrogen and air which are mixed 
with the blood are determined by linear gradient genera 
tor 62. The sample is then equilibrated again in tube 
65 and all of the gas and some liquid are removed through 
a line 69. From tube 65, the remaining liquid portion of 
the sample is carried through a line 70. Indigo carmine 
reagent is added to both the gaseous and liquid portions 
in lines 69 and 70 through lines 71, 72 and 73. The gas 
eous portion and indigo carmine reagent are mixed in a 
mixer 74 and the oxygen tension therein is obtained by 
a colorimeter 75. The liquid portion and indigo carmine 
reagent are mixed in a mixer 76 and the oxygen content 
of the ñow of liquid is obtained by a colorimeter 77. 
The outputs of both colorimeters are recorded in a re 
corder 78.y Power for all components is received from a 
power supply 79. 

In FIG. 4, a linear gradient generator is shown in de 
tail in perspective and includes a pair of identical syringes 
80 and 81 which are supported by a frame 82 in such a 
manner as to permit insertion and withdrawal of a pair 
of associated plungers 84 and 85, respectively, within 
the syringes in response to movement of a screw 86 
through a non-rotatable nut 87. A motor 88 is connected 
by a chain 89 to a sprocket wheel 90 mounted on the 
end of the screw 86. Motor 88 is connected by conven 
tional means, not shown, to a power source, also not 
shown, in series with a pair of switches 91 and 9‘2 which 
are operated by a pair of cams 93 and 94, respectively. A 
second motor 96, not visible, is installed between a brack 
et 97 and a rotary valve 98 to provide controlled rota 
tion of cams 93 and 94 and the movable element of ro 
tary valve 98. Supply lines 100 and 101 supply air and 
nitrogen gas, respectively, to rotary valve 98, while a 
preparation line 102 also is connected to rotary valve 
98 to provide a continuous supply of air or nitrogen to 
oxygenate or deoxygenate the blood in equilibration tube 
13 in FIG. 1. Rotary valve 98 is connected by internal 
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passages, shown in FIG. 5, and by tubes 105 and 106 
to syringes 80 and S1, respectively, and syringe 80 is 
connected to the linear gradient line which is always con 
nected to equilibration chamber 19 in FIG. l and FIG. 
2 by tube 107. Switches 110 and 111 are mounted on 
the cabinet housing the equipment to reverse the direc 
tion of motor 88 when a tab 112 which is secured to 
nut 87 and plungers 84 and 85 reaches the extremes of 
travel in opposite horizontal directions. 

Rotary valve 98 is shown in detail in FIG. 5 and 5a 
and comprises a pair of outer stationary disks 120 and 
121 and an inner rotary disk 122 which is connected by 
a shaft 123 to cams 93 and 94. Stationary disk 120 is 
shown in sectioned perspective at the upper left of FIG. 
5 and is provided with transverse passages 124, 125 and 
126 which communicate to the interior of disk 122. Pas 
sage 124 is connected to tube 105, passage 125 is con 
nected to tube 106 and passage 126 is connected to prep 
aration line 102. In the upper center of FIG. 5, disk 
122 is shown in sectioned perspective and includes on its 
right face annular grooves 130 and 131, which grooves 
are connected to left face grooves by passages 132 and 
133, respectively. Disk 121 is shown with its right or 
outer face open to view in the upper right corner of 
FIG. 5 and contains radially extending passages 135 and 
136 which become axially extending to register respec 
tively with grooves 130 and 131 of rotary disk 122. In 
the lower line of FIG. 5, outer disk 120 is shown with 
its left face open to view in section and illustrates the 
manner in which tubes 105 and 106 and preparation line 
102 communicate therewith. The left face of disk 122 
is shown in sectioned perspective in this line, illustrating 
the discontinuous annular grooves which are formed on 
that face, namely, upper and lower grooves 140 and 141 
a straight horizontal groove 142. Adjacent this view, the 
left face of disk 121 is shown in sectioned perspective 
illustrating again passages 135 and 136. In FIG. 5a the 
three disks 120, 121 and 122 are shown assembled in 
perspective with rotary disk 122 rotated 90° clockwise 
from the position in which it is shown in the center of 
FIG. 5. In the right of FIG. 5a, shaft 123 which is con 
nected to both of cams 93 and 94 is shown terminating 
in disk 122, being secured thereto by pin 145. Disk 121 
is cut away to a greater diameter as indicated at 146 to 
permit free rotation of shaft 123 therein. Rotary disk 
122 is further provided with an outer stationary ring 148 
which serves to position the disk within the contines of 
the ring and is spaced from the disk a suñìcient amount, 
not shown, to permit free rotation of disk 122 with re 
spect to ring 148. The outer disks and the stationary ring 
are mounted together by spring-load screws 150-153 as 
shown in FIG. 6 while the stationary ring and disk 121 
are secured together by four internally disposed screws, 
one of which is shown at 155. 

In performing the methods of the invention through 
operation of the apparatus shown and described, certain 
preliminary steps and solutions are required. The indigo 
Carmine reagent is prepared in a solution comprising 0.1 
percent indigo Carmine, 1.0 percent dextrose, 1.0 percent 
potassium carbonate, 0.28 percent potassium hydroxide 
and 1.0 percent Triton X-l 00. This solution is heated to 
70° C. and stored preferably in a polyethylene bottle 
under 1 inch of mineral oil. The albumin buffer used in 
connection with the device comprises a solution contain 
ing 0.5 percent albumin, 0.9 percent sodium chloride, and 
0.100 percent disodium phosphate, Na2HPO4. This solu 
tion is adjusted to a pH of 7.4 by the addition of 1.0 N 
hydrochloric acid. 
The linear oxygen gradient may be established by any 

suitable commercially available device which performs 
in the manner described by S. P. Bessman in an article 
on hydrostatic gradient apparatus in Analytical Biochem 
istry, Vol. 18, p. 256, 1967. The Bessman article de 
scribes a double reservoir system which produces a linear 
change in concentration of a component against time. 
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Two 50 ml. polypropylene syringes 80 and 81, in FIG. 
4, are used as reservoirs and are connected 4to capacitor 
motor 88 via a screw and nut arrangement so that the 
reservoirs will empty and fill simultaneously at a con 
stant rate. The syringes are selectively interconnected to 
be alternately ñlled with primarily nitrogen gas or air 
at the beginning of each cycle, resulting in the desired 
continuous flow in which oxygen tension changes linearly 
from 0 mm. to 140 mm. mercury, and then from 140 
mm. to 0 mm. mercury. The air and nitrogen require 
ments preferably are supplied from compressed gas cylin 
ders which are regulated to deliver one pound per square 
inch of pressure. 
The step of equilibration is accomplished by mixing 

one volume of red cell suspension with tive volumes of 
albumin butter and 40 volumes of gas atmosphere. The 
mixture is equilibrated, i.e. foamed to assure complete 
exposure of the blood to the gas, by passing it through 
glass equilibration tubes 13 and 19 preferably having an 
inside diameter of 6 mm. and a length of 30 cm. Tubes 
13 and 19 in FIGS. 1 and 2 correspond to tubes 54 and 
65 in FIG. 3. The equilibration tubes used in the appa 
ratus are maintained in an equilibration chamber as in 
dicated in FIG. 3 Whose temperature is maintained at 
37°. The time of transmission or transport of the sus 
pension through each equilibration tube preferably is 20 
seconds. This movement of iluid is controlled by the use 
of an AutoAnalyzer Proportioning Pump made by the 
Technicon Company, Inc., supra, through compression 
of appropriate lines. 

Referring now to FIG. 4 as the most appropriate Íigure 
to describe operation, syringes 80 and 81 are empty ini 
tially with plungers 84 and 85 disposed in the extreme left 
positions from those shown in FIG. 4. Through passages 
135 and 136, grooves 140 and 141, passages 133 and 
132, grooves 131 and 130, passages 124, 125 and 126, 
and tubes 105 and 106 have previously been ñlled 
with 4gas mixtures appropriate for the first phase of 
operation. Tubes 105 and 106 are connected, respectively, 
to N2 inlet 136 and air inlet 135 through appropriate 
passages in rotary valve 98. Motor 88 is now actuated to 
cause the plungers to be drawn to the right over a first 
two-minute time interval in which syringe 80 is íilled with 
the N2 mixture and syringe 81 is ñlled with the air mix 
ture. At the end of travel to the right of plungers 84 and 
85, tab 112 actuates switch 111 which in turn actuates 
motor 96 rotating disk 122 and cams 93 and 94 ninety de~ 
grees clockwise after which cam 94 actuates switch 92, 
causing motor 96 to stop. This rotation of cam 93 actu 
ates switch 91 which reverses the direction of rotation 
of motor 88. This rotation of disk 122 aligns passages 
124 and 125 with passage 142, in effect connecting syringe 
81 directly to syringe 80. Motor 88 now moves the plung 
ers to the left by counterclockwise rotation of screw 86 
which movement forces the air in syringe 81 to enter and 
become mixed with the nitrogen in syringe 80, a changing 
mixture of N2 and air in syringe 80 being forced out 
through tube 107. This movement of the plungers, to pro 
vide a selective gradient of O2 tension, is also accom 
plished evenly over a second two-minute period so that 
the gas mixture exiting through line 107 to line 68 in FIG. 
3 will contain a linearly increasing amount of oxygen con 
forming to gradient 24 in FIG. 1. This changing concen 
tration of oxygen is introduced into the system through 
tube 17 in FIG. l after the blood has been equilibrated 
in chamber 13 so that the oxygen becomes mixed with de 
oxygenated blood before both enter equilibration cham 
ber 19. The blood exiting chamber 19 thus has a linearly 
increasing oxygen content which is detected in continuous 
O2 content readout 22. This readout, therefore, indicates 
the amount of oxygen which the blood has been able to 
absorb from the linearly increasing O2 concentration to 
which it has been subjected at the juncture of tubes 16 and 
17. The readout from 22 is then presented in graph form 
as curve 160 in FIG. 8 while the oxygen tension of the 
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sample measured in colorimeter 75 is presented in curve 
161. 
The next or third two-minute operation interval begins 

with syringes 80 and 81 empty and when tab 112 contacts 
switch 110. At this time, switch 110 actuates synchronous 
motor 96 which rotates cam 93 ninety degrees further 
clockwise after which cam 94 actuates switch 92, causing 
motor 96 to stop. At this position of cam 93, reversing 
switch 91 actuates capacitor motor 88 causing that motor 
to reverse and to thereafter move plungers 84 and 35 in 
the opposite direction from their previous movement, fill 
ing the syringes in the following manner. Inlet tubes 10S 
and 106 of respective syringes are now connected in re 
verse relation to the condition in the ñrst phase through 
grooves 140 and 141, i.e. 105 is now connected to inlet 
135 (air mixture) while 106 is connected to inlet 136 
(N2 mixture). In this condition, the syringes are ñlled 
again during a two-minute interval but with opposite mix 
tures as their respective plungers are moved to the right 
in FIG. 4. At the end of travel of the plungers in this 
phase, tab 112 again will contact switch 111, actuating 
motor 96 which will rotate shaft 123 and cams 93 and 94 
a further 90° increment clockwise. This rotation of shaft 
124 will cause cam 93 to actuate switch 91 which in turn 
Will cause motor 88 to reverse direction. In this condi 
tion, tubes 105 and 106 are again connected to passage 
142 through passages 124 and 125, setting up the fourth 
phase of operation. 

In the fourth phase, the plungers again move to the left 
forcing the nitrogen mixture in syringe 81 into syringe 
80 through tubes 106 and 105, the tube mixtures being 
combined in tube 80 and the combination being forced 
out through tube 107 to line 68 in FIG. 3. The mixture 
now passing through tube 107 is one of linearly decreas 
ing oxygen content which is introduced through tube 17 
and mixed at the juncture of tubes 16 and 17 will fully 
equilibrate with blood flowing from equilibration tube 13. 
The ñow of blood which then passes through equilibra 
tion tube 7 will have a decreasing oxygen tension with 
time as indicated by gradient 26 in graph 2S. The actual 
oxygen content of the blood leaving equilibration tube 
19 is then measured and detected in O2 readout 22 and 
curves representing changing oxygen content and total 
oxygen are produced as indicated in FIG. 8. 

With the completion of the emptying of syringes 80 and 
81 in the fourth phase, a full cycle in the operation of 
the device will have been completed. The fourth ninety 
degree rotation of cam 93 and disk 122 places these com 
ponents in the position they were in at the start of opera 
tion, that is, passages 124 and 125 are now again directly 
connected through groove 142. The composition of the 
eñiluent from tube 107 during the third phase remained 
at an oxygen tension of 150 mm. mercury, the oxygen 
tension thereafter decreasing linearly from 150 mm. to 
0 mm. mercury during the fourth phase. At the end of 
the fourth phase, the entire cycle is repeated starting with 
the first phase. The time interval for each period is gov 
erned by the desired length of plunger travel, and can be 
changed by changing the location microswitch 111. 
The gas supply to equilibration tube 13 in FIG. 1 and 

FIG. 2 is controlled entirely by rotary valve 98. During 
the oxygenation phase which spans phases 1 and 2, rotary 
valve 98 feeds a nitrogen mixture to tube 12 while during 
the deoxygenation phase which covers operative phases 
3 and 4, the valve supplies an air mixture to tube 12. 

Equilibration tubes 13 and 19 preferably are 6 mm. 
i.d. glass tubes 30 cm. in length with the tips drawn to 1 
mm. i.d. B‘oth equilibration tubes are immersed in a water 
bath in equilibration chamber 55 as indicated in FIG. 3 
which is maintained at 37° C. by a conventional therm 
istor monitored solid state temperature control circuit. 
The outflow through tube 107 lis prevented from being 

vented directly to the atmosphere by a pressure release 
valve therein, not shown, which valve operates to mini 
mize any pressure differential through the system while in 

10 

20 

30 

40 

50 

55 

60 

70 

75 

8 
suring the reproducible generation of a linear gas concen 
tration gradient. 
Through one complete cycle of operation, which takes 

eight minutes, a single complex oxygen association-dis 
sociation curve detecting the oxygen uptake and release 
properties of a sample is measured. Therefore, in an eight 
hour day, the oxygen uptake and release properties of 60 
or more separate samples may be determined. It is also 
possible to process a greater number of samples by easily 
adjusting the speed of the assay sequence, through adjust 
ing the position of switch 111. 

In summary, during the assay for each sample, a portion 
of the sample is continuously removed at a constant rate 
and mixed with a constant flow of gas to result in a con 
tinuously-flowing stream of foam ñowing at a constant 
rate. The foam is allowed to traverse the length of an 
equilibration tube held at a constant temperature. After 
traveling to the end of the equilibration tube, a portion 
of the liquid phase of the foam is continuously removed 
for further manipulation. The purpose of the entire proc 
ess up to this point is to prepare the sample for the ac 
tual test; that is, in the first equilibration tube, the sample 
is either mixed with gas devoid of oxygen to remove any 
existing oxygen on the sample, or containing oxygen to 
fully oxygenate the sample. 
The actual test is carried out on portions of the sample 

continuously being removed after passing through the ñrst 
equilibration tube 13. These continuously-ñowing portions 
of the sample, which are now either initially deoxygenated 
or oxygenated, are mixed with a constant flow of gas 1in 
early increasing in oxygen tension (first two minutes of 
assay period) or decreasing in oxygen tension (first two 
minutes) and allowed to equilibrate in the second equili 
bration tube 19 in FIG. 2. After traveling to the end of the 
second equilibration tube, a portion of the liquid phase of 
the foam is removed for measurement of total oxygen con 
tent, and a portion of the gas phase of the foam is removed 
for measurement of oxygen tension. The colorimetric anal 
ysis method used in determining oxygen levels for both the 
liquid and gaseous phases is the same. Oxygen from a 
particular stream of blood or gas reacts with a stream 
of indigo Carmine reagent, causing it to develop a color 
intensity proportional to the amount of oxygen added. 
The color intensity is measured in colorimeters 75 and 77 
and recorded by colorimeter-recorder 78. The end result is 
a continuous recorder tracing of the oxygen content of the 
sample, curve 160 in FIG. 8, during deoxygenation and 
oxygenation, as well as a continuous recorder tracing 
of the oxygen tension of the sample, curve 161 in FIG. 8. 
The percentage of oxygen saturation of the specimen at 
various oxygen tensions and the final oxygen association 
dissociation curves are calculated from this data. 

There is thus provided in the present invention a 
method of and an apparatus for measuring the capacity 
of blood samples to absorb and release oxygen. The curves 
obtained of oxygen association and dissociation are done 
automatically on multiple samples of whole blood, hemo 
globin solutions, erythrolysates, or other liquids. Curves 
representing the ability of blood to release oxygen, the 
ability of blood to acquire oxygen and the ability to meas 
ure differences in the rate of oxygen uptake and release 
may be determined at a rate of 40 or more curves per 
hour by a single apparatus. The method and apparatus 
are relatively simple, and the apparatus is constructed of 
inexpensive components with perhaps the exception of the 
rotary valve, and is relatively simple to operate. A labora 
tory having but one of these devices may perform a 
great many times the number of oxygen release and oxy 
gen aflinity curves over that possible through the manual 
determinations which are now the only means available 
for measuring these properties of blood. When the device 
is used in connection with a patient having deficiencies 
in the ability of his blood to acquire and release oxygen, 
complete results of the blood properties discussed herein 
may be obtained in a matter of minutes so that corrective 
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measures may be taken which in the past were impractical 
due to the exceedingly long time required to obtain the 
data. 

' Obviously, many modifications and variations of the 
present invention are possible in the light of the above 
teachings. For example, the sensitivity of the assays may 
be altered by increasing or decreasing the ratio of speci 
men volume to the quantity of indigo carmine reagent 
mixed with it. Also, the sensitivity of the oxyhemoglobin 
dissociation curve maybe increased by using compressed 
gas containing less than 20% oxygen instead of room air 
in the linear gradient generator. The rates of assay may 
be varied by simply changing the rate of change in oxygen 
tension, that is, the position of switch 111. 
What is claimed is: 
1. A linear gradient generator for providing a flow of 

gas having at least one component thereof changing 1in 
early with time to a system for determining oxygen con 
tent of blood comprising: 

at least two similar gas receptacles securely mounted 
on a base; 

a similar plunger in each receptacle; 
a reversible motor and linear motion transfer means 

connected thereto and to said plungers to eiîect simul 
taneous movement thereof in and out of said re 
ceptacles, 

a valve means having a plurality of passages therein; 
at least two inlets in said valve means for admitting dif 

ferent gas mixtures thereinto; 
at least two outlets from said valve means each con 

nected to respective ones of said receptacles; 
a second outlet from one of said receptacles connected 

to said system; 
a third outlet from said valve means for initially estab 

lishing desired conditions in said gradient generator; 
a motor operating said valve means; 
control means interconnecting said motor, said rever 

sible motor and said motion transfer means, 
said passages in said valve means alternating the con 

nection of said receptacles and said inlets under 
selected operating conditions, 

one of said receptacles initially ñlled with a gas from 
one inlet and the other initially lilled with a gas from 
the other inlet, 

said control means and said valve means so arranged 
that when said receptacles are llilled with different 
gases the receptacles may be interconnected through 
said valve means causing movement of said plungers 
to empty one of said receptacles into the other and 
forcing the gas mixture in said other receptacle into 
said system, 

whereby a linear gradient of increasing content of 
one gas in the other is provided to said system 
by the simultaneous movement of said plungers 
into said receptacles. 

2. A linear gradient generator for providing a iiow of 
gas having at least one component thereof changing linear 
ly with time comprising; 

a pair of substantially identical syringes having sub 
stantially identical plungers connected in tandem and 
adapted »for timed reciprocating movement in said 
syrings; 

supplies of at least two different gases and means for 
connecting said supplies to a linear gradient gen 
erator; 

valve means connected to said gas supplies and said 
syringes and having means for connecting said gas 
supplies to alternate ones of said syringes and for 
disconnecting said gas supplies and interconnecting 
said syringes; 

means for controlling the combined operation of said 
valve means and the reciprocating movement of said 
plungers; and 

an outlet line connected to one of said syringes adjacent 
to the point of connection of said valve means thereto 
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so that with said valve means fñrst positioned to 
connect each syringe to a separate gas supply said 
syringes may be iilled by withdrawal of said plungers 
after which with said valve means positioned to 
interconnect said syringes a linear gradient of one 
gas is obtained by simultaneous movement of said 
plungers, causing one syringe to empty into the other 
and the linearly combined gases in the other syringe 
to be discharged through said outlet line. 

3. A linear gradient generator for providing a lflow of 
gas having at least one component thereof changing 
linearly with time comprising: 

a pair of substantially identical syringes having sub 
stantially identical plungers connected in tandem and 
adapted for timed reciprocating movement in said 
syringes; 

valve means having means for alternatively connecting 
at least two gas inlets to respective ones of said 
syringes and for interconnecting said syringes; 

means for controlling the combined operation of said 
valve means and the reciprocating movement of said 

, plungers; and 

an outlet line connected to one of said syringes ad 
jacent to the point of connection of said valve means 
thereto so that with said valve means first positioned 
to connect each syringe to a separate gas supply said 
syringes may be filled by withdrawal of said plungers 
after which with said valve means positioned to inter 
connect said syringes a linear gradient of one gas 
is obtained by simultaneous insertion of said plungers 
causing one syringe to empty into the other and the 
linearly combined gases in the other syringe to be 
discharged through said outlet line. 

4. The device as defined in claim 3 wherein said means 
for controlling the combined operation of said valve 
means and the reciprocating movement of said syringes 
includes a motor connected to said valve means; 
cam means connected to said motor; 
reciprocating means connected to said plungers; and 
switch means operable by said cam means and said re 

ciprocating means so that said syringes may be con 
nected to respective ones of said' gas inlets through 
said valve means during travel of said plungers in 
one direction and to each other or to different ones 
of said gas inlets during travel in the reverse direc 
tion. 

5. 'I‘he device as defined in claim 4 wherein said valve 
means is a rotary valve having two stationary outer mem 
bers and a rotatable inner member; 

passages in one of said outer members to which said 
gas inlets are connected; 

passages in the other of said outer members to which 
said syringes and a preparation line are connected; 

said passages in said outer members communicating 
with the interior surfaces thereof; 

said rotatable inner member positioned in sealed re 
lationship between said outer members; 

said inner member having grooves on its surface ad 
joining said outer members of selective contour and 
length and passages therethrough connecting selected 
grooves so that said syringes may be connected to 
alternate ones of said gas inlets and to each other 
by selective rotation of said inner member. 

6. The device as detined in claim 5 wherein the out 
lets of the passages in said one of said outer members 
are radially disposed with respect to one another, and 
the grooves on the adjoining surface of said inner member 
are circular and in register »with respective outlets, 

the outlets of the passages in said other of said outer 
members symmetrically disposed with respect to the 
transverse axis thereof, and symmetrically disposed 
arcuate grooves on the adjoining surface of said inner 
member in register with said outlets of said outer 
member; 
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an additional groove on said inner member surface 
adjoining said other outer member whose ends com 
municate with said passage outlets in said other outer 
member; 

a diagonal passage through said inner member con 
necting the inner of said circular grooves and the 
adjacent one of said arcuate grooves; and 

a transverse passage through said inner member con 
necting the outer of said circular grooves and the 
other of said arcuate grooves. 

7. The device as defined in claim 6 wherein said rotata 
ble inner member is made of tetrañuoroethylene; 

a positioning and sealing ring disposed about said inner 
member and secured to one of said outer members; 

means securing both outer members and said ring to 
gether to preclude movement thereof during rotation 
of said inner member; and 

means axially connecting said inner member and said 
cam means to transfer rotary movement of said cam 
means to said inner member; 

said outer members and said ring made of acrylic resin. 

12 
8. 'I'he device as deñned in claim 7 wherein said syringes 

are made of polypropylene and each have a volume 0f 
50 ml. 

said travel of said plunger occurring at a constant rate 
during a maximum interval of substantially 2 mín 
utes, 

said travel effected by movement of a screw through 
a non-rotatable nut. 

References Cited 10 
UNITED STATES PATENTS 

3,193,358 7/1965 Baruch __________ -_ 23--253 -R 
3,419,051 12/ 1968 Gustafson et al. ___.. 23-253 X 

15 3,615,241 10/ 1971 LOW ____________ _.. 23-252 X 

R. E. SERWIN, .Primary Examiner 


