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1. Effect of hemodialysis on intraerythrocytic phosphate compounds and
oxygen binding to hemoglobin.

We have studied the effects of shifts in pH and plasma inorganic
phosphate P, on subjects undergoing hemodialysis. Plasma inorganic phosphate
concentration fell significantly during the period of dialysis, although
red cell inorganic phosphate was not influenced by this reduction (Table
1). The uptake of inorganic phosphate by the red cell was shown to be
relatively rapid. Intravenous infusion of inorganic phosphate salts to a
subject with chronic hypophosphatemia resulted in a proportional and prompt
increase in red cell Py. Red cell 2,3-DPG and ATP did not change significantly
in six hours.

Exodus of inorganic phosphate from the red cell is probably very
slow. This was confirmed by our studies. Normal human red cells were
placed in a phosphate-free, but otherwise physiologic, salt solution containing
0.5 g/100 ml of human albumin for six hours. Intracellular P, did not fall
during this period of observation.

Red Cell 2,3-DPG content was not altered by six hours of hemo-
dialysis. Red cell ATP was also not changed by hemodialysis. Since the
distribution ratio of plasma to red cell inorganic phosphate concentration
expressed as ymoles/ml H, O did not fall below unity during dialysis and the
exodus of inorganic phothate is slow, red cell inorganic phosphate content
is not threatened by dialytic therapy as currently performed.

Plasma pH was increased during six hours of hemodialysis. Blood
base changed from a slight average deficit to a moderate average excess.
The net effect of the rise in blood pH and development of base excess was a
slight increase in oxygen binding by hemoglobin (Figure 1). The increase
in oxygen binding was modest as indicated by a mean decrement in P5 in vivo
of 0.9 torr. The increase in oxygen binding by hemoglobin was not gssociated
with postdialysis symptoms. Two subjects had symptoms of headache and/or
nausea at the termination of dialysis. In one, P 0 in vivo decreased by
1.0 torr; in another, P., in vivo increased by 0.§ torr. Four subjects
with the largest decrease in P50 in vivo did not have late or postdialysis
symptoms (Figure 2).

2. Red cell adenosine triphosphate in hypoproliferative anemia with
and without chronic renal disease: Relationship to hemoglobin deficit and
plasma inorganic phosphate.

We have found that red cell ATP content, known to be elevated in
subjects with anemia of chronic renal disease, was elevated, also, in the
red cells of subjects with hypoproliferative anemia without renal disease.
In anemic subjects, with and without renal disease, the increase in red
cell ATP was associated with the extent of hemoglobin deficit; however, the
increment in red cell ATP was greater in subjects with chronic renal disease
at a given reduction in hemoglobin concentration. In subjects with chronic
renal disease, red cell ATP content was also strongly correlated with
plasma inorganic phosphate (P,) concentration. The latter relationship
appeared to explain the additional increase in red cell ATP, although these
studies do not allow conclusions as to causality. Normal and
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reduced plasma P, concentrations were associated with a reduced red cell
ATP content for a given hemoglobin deficit in subjects with chronic renal
disease. Red cell magnesium was elevated in subjects with chronic renal
disease and in subjects with hypoproliferative anemia. Reticulocyte ATP
was three-fold the mean population ATP concentration in normal subjects.
This difference fits an exponential decay in red cell ATP with aging. It
is possible therefore, that age-dependent hemolysis may explain population
red cell ATP content in hypoproliferative anemias. Selective changes in
the age of red cell populations may explain the quantitative variation in
mean red cell ATP levels (Figure 3).

3. Effects of contrast materials on red cell membrane potential and
plasma and red cell pH.

In these studies, contrast materials have been shown to produce
an acute reduction in blood pH. By adding impenetrable organic anions to
the external milieu, the electrical effect of internal red cell organic
anions is counteracted and the negative potential across the red cell
membrane is nullified. The red cell membrane potential (E) expressed as
volts may be calculated from the equilibrium distribution of chloride by
use of the Nernst equation:

[c17]
E= - (é!) In .-
zF [cr-l,

where R, the gas constant, equals 8.314 joule/°K per mole; T, the abolute
temperature, is 3100K; z, the valence of the chloride ion, is unity; F, the
Faraday constant, is 96493 coulomb/eq; and [C1”] is the concentration of
chloride in plasma water (e) and in cell water (i). The activity coefficient
‘of C1° is assumed to be the same in cytosol as in plasma.

The anion equivalency of impenetrable compounds in the red cell
is approximately 70 mEq/L Hy0. This total is composed of hemoglobin (v 40
mEq/L), 2,3-diphosphoglycerate (v 20 mEq/L), adenosine triphosphate (v 5
mEq/L) and other phosphates (v 5 mEq/L). If the effect of contrast material
is due to its balancing, the internal impenetrable anions, the membrane
potential should be obliterated when approxomately 70 mEq/L BZO of sodium
Hypaque is added to the external milieu.

In order to test this hypothesis, we prepared isotonic sodium
Hypaque solutions and added isotonic sodium chloride so as to achieve
solutions of 0 to 135 mM sodium Hypaque which were isotonic (280-300 mOsm).
Since 1 mM sodium Hypaque produced 2 mOsm, we assumed complete dissociation
of the compound in solution. We, thereafter, titrated the equivalents of
extracellular Hypaque anion required to reduce the membrane potential to
zero and beyond, as shown in Table 5. Addition of Hypaque resulted in a
reduction and finally inversion of the membrane potential as increasing
concentrations of Hypaque were added. By extrapolation, the membrane
potential was zero at v 65 mEq/L of Hypaque which is very close to the
expected average value of 70 mEq/L (Table 2). This reduction in negativity
of the inside with respect to the outside of the membrane allows the rate
of influx of permeable anions, hydroxyl, bicarbonate and chloride to increase
and equal or exceed that of efflux. The greater buffering capacity of the
interior of the red cell and the increase in Pco2 in the




red cell prevent a significant change in internal pH, whereas plasma is
acidified by the net increase in hydrogen ion concentration which occurs.

Coronary sinus blood was sampled following injection of Renografin
or Hypaque into the coronary artery. pH measured in blood collected 5 to 8
seconds after dye injection decreased in each of four dogs studied (Figure
4). Red cell pH did not change significantly (not shown). The fall in pH
was closely associated with the concentration of dye present in the blood
samples studied. The magnitude of the pH fall observed was greater than
- that in renal blood, due to the ability to sample more rapidly. If 0.5 M
] NaHCO, was added to Hypaque solutions prior to injection, the fall in
e plasmg PH was prevented, although in this case red cell pH increased significantly
(e.g.5 7.19 to 7.25). The abrupt change in plasma pH could contribute to
the abnormality of membrane and cell function, which may occur following
injection of contrast material, especially into the coronary circulation.

4. The use of a single venous blood sample to measure the in vivo

f P__ of hemoglobin.
oz The affinity of hemoglobin for oxygen is of clinical importance

E | because it may decrease in response to hypoxia, anemia or reduced blood
| flow and acts, thereby, to maintain venous (i.e. tissue) P02 as oxygen
extraction increases. In situations in which the oxygen-hemoglobin equilibrium
is altered as a consequence of deficits in oxygen content or flow, the
effect of the four major determinants of the equilibrium, that is red cell,
2,3-DPG, pH, temperature, and Pco, must be considered. This has been
called the oxygen-hemoglobin dissGciaton curve at in vivo conditions and is
represented by the PSO in vivo (P50 iv).

An assessment of the affinity of hemoglobin for oxygen is considered
inaccessible to the practicing physician and hematologist since it requires
tonometry and mixing techniques often available only in research laboratories.
In the following studies, we examined the usefulness of a single venous

‘ blood sample as an indicator of the position of the oxygen-hemoglobin

{ dissociation curve. A single venous blood sample, analyzed for pH, PO, and

: S0, by a clinical laboratory could be used by a physician to assess thg

' pr%aence of an alteration in the oxygen-hemoglobin equilibrium.

Venous blood samples were obtained from healthy subjects as well
as those with hypoproliferative anemia, congestive heart failure, ischemic
heart disease, acidosis, alkalosis, sickle cell disease and from umbilical
cord blood.

The CALCULATED (CALC) PSO iv of venous blood at 37°C was determined
from the formula:

CALC Pgqiv = antilog (log P std + 0.48 (7.40-pH) + 0.0013 (BE))

50

where PSO std was derived for a hemoglobin-oxygen dissociation curve.




The AS RECEIVED (AS REC) P50 iv was determined from the formula:

AS REC P, iv = ancuog[1° nl/kJ

where

100-302
1/k = antilog (n log PO,) X|———=
2 S0,

PO, and SO, were measured in the venous blood. The Hill Constant, n, was
considered"to be 2.7 in all subjects. If necessary, AS REC PSO iv can be
adjusted for body temperature by the formula:

P.. iv = antilog [log PSO + 0.024 (t-37°C)]

50

where t is subject's body temperature at the time of sampling. All formulae

were entered into a Wang 600 programmable calculator.

Figure 5 depicts the relationship in 102 subjects between AS REC
P_. iv at 37°C determined by a single PO_ and SO, measured in venous blood
and the CALC PSO iv at 37°C determined bg, firstly, preparing a three to
five point oxygen-hemoglobin dissociation curve, secondly, deriving the P
std from the curve and, thirdly, adjusting the P50 std to the pH and base
excess of the venous blood at the time of sampling. A strong and highly
signifcant correlation was present (r = 0.8, P< 0.001). Moreover, the
slope of the curve was such that AS REC PS iv was in excellent agreement
with CALC P_. iv above a P_., of 26 torr ang was only slightly greater
(maximally 395 torr) than ERLC PSO iv as P50 decrease from 26 to 21 torr.

50

Eleven subjects with either alkalosis or acidosis were studied
also. CALC P__. iv derived from the P5 std, pH and base excess or deficit
was very simiigr to the AS REC P iv gased on a single venous blood sample.
The correlation coefficient for éﬂe association of CALC P50 iv with AS REC
P_. iv determined from a single venous blood sample was very high (r = 0.9,
P2 0.001).

An important question regarding the AS REC P
of using venous rather than arterial blood to assess P

iv is the validity

30 iv. Since P std

is the same in venous and arterial blood, the major concern is the diégerence

in pH of venous as compared to arterial blood. We, as others, have found
that arterial pH is very closely correlated with venous pH. Figure 6
depicts the relationship of central venous to arterial pH based on 170

observations from arterial and venous blood samples measured simultaneously.

A very high correlation (r = 0.93, P < 0.001) was present. Mean venous pH
was about 0.03 pH units less than arterial at an arterial pH of 7.40.
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In situations where tissue lactate production is very high, as in
shock, use of venous blood to measure P., in vivo may be misleading since
red cell pH would not be influenced by g?ood lactate during the time required
for capillary transit. Since COZ rapidly enters the red cell and is hydrated
instantaneously by the action of red cell carbonic anhydrase, increases in
Pco, as blood traverses tissue capillaries can produce changes in oxygen-
binding to hemoglobin that may be functionally important. Under all but
the most extreme circumstances the pH gradient between artery and vein is
related to differences in Pco,. Indeed, in attempting to quantify the
effect role of oxygen binding to hemoglobin on oxygen delivery the P
gradient from artery to vein may be the most valid estimate, excludigg the
effect of excess lactate. Central rather than peripheral venous blood is
most useful for measuring Ps5g in vivo.

5. The use of a single venous blood sample to measure Pgg-at standard
conditions so as to detect mutant hemoglobins.
Also, measuring the strength of oxygen binding to hemoglobin at
standard in vitro conditions is of clinical importance because it is a
means of detecting the presence of a mutant hemoglobin with high or low
affinity for oxygen. Hemoglobins with markedly altered affinity for oxygen
may be the cause of polycythemia or, less commonly, anemia.

The evaluation of patients with polycythemia is hampered by the
requirement for special equipment to do oxygen-hemoglobin dissociation
curves. These instruments, found in a few laboratories, are often in-
accessible to the practicing physician. We show here that measurement of
venous blood, pH, oxygen temnsion (Po,), and oxygen saturation (Soz), as
performed in a clinical chemistry laboratory, is a useful means for detecting
hemoglobin with an altered affinity for oxygen.

AS REC Py, std = antilog 108 1/k
n

100-502
Sogp
A Hill constant (n) for hemoglobin A of 2.7 was used in all

calculations. The Po, in venous blood, measured at 37°C was converted to
PO2 at pH 7.4 with the formula:

where 1/k = [antilog (n log P°2(7,4))]'

log Pozé7 T log Po, - [0.5 (7.40-pH)],
where pH represents the value in the antecubital venous blood.

The Po 7.4) and So, of antecubital venous blood from 38 healthy
subjects are show& iﬁ Figure 7A. These observations fall near the curve
expected for the oxygen-hemoglobin equilibrium of normal blood. The shaded
area in Figure 7B depicts the range for healthy subjects. The Po and
So, of antecubital venous blood from healthy subjects with polycy@ﬁem&}

;a and hypoxic polycythemia fall within the range for healthy subjects.
The Po and SO of the antecubital venous blood from subjects with
structﬁfllagariants of hemoglobin with altered oxygen affinity fall outside
the range for healthy subjects.

A Ml s & 50 T Ol M i
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The distribution of P__ calculated from the venous Po2 4 and
502 is shown in Figure 8. The 8%0d of healthy subjects had a mélﬂ ?50 std
0of"26 + 1.3 (S.D.) mm Hg. The 99% confidence interval for individual
observations was 22.6 to 29.4 mm Hg. The Pso's derived from six observations
in three subjects with hemoglobin Bethesda and a single observation in
subjects with either hemoglobin's Olympia, Rainier, or Yakima, all high-
affinity hemoglobins, were outside the 992 lower confidence limit for
healthy subjects. Also, two observations in one. subject with >907 hemoglobin
S, who was known to have erythrocytes with low-oxygen affinity from prior
studies of her oxygen-hemoglobin dissociation curve, were far outside the
upper confidence limits for healthy subjects.

The AS REC PS std of subjects with hemoglobin Bethesda (v 15 mm
Hg) was somewhat higher than the P50 std measured with a full oxygen-
hemoglobin dissociation curve (v 9°mm Hg). This was explained by the
profound deviation of the oxygen-hemoglobin dissociation curve of this
mutant hemoglobin from the sigmoid curve that is described mathematically
by the Hill equation. Nevertheless, the PSO std was markedly abnormal and
detected the oxygen binding abnormality unequivocally. 1In subjects with
hemoglobin's Olympia, Rainier, Yakima, and S, the AS RECEIVED PSO std was
within 1 mm Hg of the P__ obtained from a full oxygen hemoglobin dissociation
curve. In previous stuages, a close correlation of AS RECEIVED Pgo std
with Py std derived from a full curve in subjects with normal hemoglobin
was found.

6. The role of hemoglobin-oxygen affinity in oxygen transport to

ischemic myocardium.
Fourteen patients, ten with angina and four with atypical

chest pain were studied during diagnostic cardiac catherization and -
coronary angiography. An attempt was made to re-examine the suggestion
that a decrease in hemoglobin-oxygen binding occurs across the coronary
bed during pacing induced angina. It has been further suggested that
this decrease is not explained by any of the known determinants of P__.
We were not able to confirm these observations that had been reporteao
from another laboratory. Utilizing careful paired sample analyses, we
could not detect any changes during pacing-across the coronary circulation--
in PSO measured at standard conditions (pH 7.4, Pco2 40 torr, T 37°C),
or in red cell 2,3-DPG level. What we did find was that patients developed
respiratory alkalosis during pacing. This alkalosis was sufficient to
produce a significant reduction in P 0 at in vivo conditions of pH.
There was an average fall in P., of 2.6 torr, and a decrease of 3.0 torr
was observed in one patient. igus, a significant increase in hemoglobin-
oxygen binding was observed. Patients with coronary disease, and those
with normal coronaries all became alkalotic. The mechanism appeared to
be a hyperventilatory response to pacing since a consistent fall in
P,CO, accompanied the alkalosis. If hyperventilation and respiratory
aikaiosis occur during spontaneous angina, then in regions of the
coronary vascular bed where flow is fixed, the fall in PSO might be
deleterious to oxygen release and compound the limitation in oxygen 1
transport caused by restricted blood flow.
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7. The role of hemoglobin~oxygen affinity in oxygen transport during
congestive heart failure.

Twenty two patients with varying degrees of chromic cardiac
decompensation were studied during diagnostic cardiac catherization.
The interrelationships among arterial oxygen flow rate (OFIA), oxygen
binding by hemoglobin and whole body oxygen utilization were examined.
Despite a reduction of 63% in systemic oxygen transport from the
highest to the lowest OFI,, oxygen consumption was relatively well
maintained because there was an increase in proportional extraction of
oxygen, in close association with falling OFI,. There was also an
increase in Pggy, both at standard and at ig.vévo conditions as OFI
fell, and rising proportional extraction and P.., were significantly
correlated with one another (r=0.50). We calculate that about one-
third of the increase in proportional extraction of oxygen that was
observed, as OFI, fell, could be explained by rising Psg» that is--by
a decrease in hemoglobin affinity for oxygen in tissue capillaries.
Thus, altered hemoglobin oxygen affinity appears to be an important
adaptive mechanism for maintaining tissue oxygen utilization when
systemic oxygen transport is impaired in patients with chronic heart
disease.

8. Gracilis muscle model for studies of oxygen transport.

We have developed an isolated muscle model to test the
hypothesis that altered hemoglobin-oxygen binding can influence tissue
oxygen uptake when blood flow and arterial blood oxygen content are
held constant (Figure 9). The model is a variation of that described
by Renkin in Acta Physiol. Scand. 54: 223, 1962.

In our initial experiments, the dog gracilis muscles were
isolated, the gracilis artery and vein were cannulated and the muscle
was perfused with blood that had been collected earlier the same day
from the same dog. The blood had been treated in one of several ways
to modify Hb—O2 affinity, then oxygenated and passed through a finger
pump into the muscle. Various blood treatment modalities were tested,
including (1) blood storage in ACD to reduce 2,3-DPG levels, (2)
exposure to metabisulfite (3) treatment with potassium cyanate to
carbamylate the hemoglobin. All such treatments appeared to produce
red cell damage and perhaps sludging so that muscle vascular resistance
rose dramatically during blood infusion, and interpretation of the
data was difficult. These manipulations will, nevertheless be pursued,
as these findings may have an important bearing on oxygen transport
when patients are transfused with stored blood.

At present, however, we are autoinfusing the muscle from the
donor dog and are manipulating hemoglobin-oxygen affinity by inducing
respiratory alkalosis (Bohr effect). In a typical experiment, the
following protocol is followed after muscle isolation and establishment
of controlled flow:

1. Control gracilis arterial (A) and venous (V) blood
sampling

2. Induction of respiratory alkalosis by hyperventilation

3. Repeat A, V sampling for determination of resting muscle
VOZ and lactate production

4. Stimulation of the muscle for approximately one minute and
measurement of V0, and lactate production during exercise

S Coliection of blood samples during recovery period

6. Restoration of ventilation to normal is followed by a period
to allow recovery of muscle to basal conditions
7. Repeat steps 3-5
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8. Alteration of blood flow rate to the muscle and repeat of
steps 3-7

9. At each step blood samples are taken for determination of
blood pH, POz, Pco,, ZHbO,, ZHbCO, Hb level, lactate concentration.
Such sampling allows not only calculation of V0, and lactate production
but of P, at both standard and in vivo conditilns
10. At each step, the muscle is also subjected to a test for
arterial occlusion to be sure that it has retained its capacity to
autoregulate and is thus behaving physiologically.

The preliminary data suggests that in the range of normal flow
rates, alkalosis does not impair either resting or exercise V0, in spite
of the associated reduction in Pg in vivo. However, during aikalosis,
the muscle appears to operate at gower levels of venous POZ. It is
possible, then that with further reduction in arterial flow rate, or
with more extreme exercise, induced affinity changes may have an impact
on tissue 02 uptake.
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Table 1. Effect of hemodialysis on red cell and plasma
inorganic

phosphorus
Predialysis Postdialysis
Plasma P; 2.01 £ 0.32 1.14 £ 0.19 1
Red cell P; 0.58 + 0.093 0.57 £ 0.098 ‘1

Values represent the mean * sEm of umoles/ml of plasma or cells.
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Fig.d Arterial blood P, in vivo before and afier hemodialysis. The i
! horizontal bar represents the median value. The mean * SEM is also 5
shown below. ;
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Fig.2, The change in Py in vivo after six hours of dialysis is shown for
ten subjects studied. Two subjects had late dialysis symptoms (Sx)
of headache and/or nausea.




Fig. 3 The mean red cell ATP content of red cell

populations according to the population life-span.

The arrows indicate the mean red cell ATP for
anemic subjects with and without chronic renal
disease. If age-dependent shortening of survival
explains the elevated red ceil ATP content, the
survival of red cells would be 50 and 80 days for
those with and without chronic renal disease
respectively. The variation in red cell ATP in
subjects with anemia 4) would,
in part, be explained by tne relative contributions
of age-dependent hemolysis in each subject

Table 2
Red Cell Membrane Potential (E) in the Presence of Hypaque

Hypacjue

. [Cl-le
eouellﬁr)lum ln iCrn (m%)
0.0 +0.48 —-12.8
0.045 +0.14 - 3.7
0.075 -0.07 + 1.9
0.090 —-0.30 + 8.0
0.135 - 1.1 +29.4

Final concentration in solution was 0.150 M in each case.
NaCl concentration was equal to 0.150 M minus the Hypaque
concentration. E represents potential of the inside of red cell
membrane with respect to the outside expressed in milli-
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Figure 4

The extracellular pH in dog coronary sinus blood before, 5 to 8
seconds, and 20 to 40 seconds after injection of Hypaque (unfilled
circles) or Renografin (filled circles). The mean blood contrast
material concentration is shown in mi contrast/100 ml blood (vol
%). The unfilled squares represent the blood pH when Hypaque to
which 0.5 M NaHCO, was added was injected into the coronary
artery. The parentheses contain the concentration of contrast
material in the blood. :
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are included.
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{ Figure TA. The percent of hemoglobin as oxyhemoglobin at the ante-

| cubital venous Po,, corrected to pH 7.4, is shown for 38 healthy
subjects. B. The shaded area depicts the normal range for heaithy
subjects. The circles represent observations in 5 subjects with
hypoxic polycythemia and 10 with polycythemia vera. The triangles,
squares, and diamonds represent observations in subjects with
mutant hemoglobins with altered oxygen affinity.
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Figure @ The AS REC P, std's calculated from the antecubital
venous blood pH, Po, and So, are shown for healthy and poly-
cythemic subjects and those with mutant hemoglobins. The symbols
fo'rf;uabim with mutant hemoglobins correspond to those in Fig-
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