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THE relationship of acute hemolytic epi-
sodes to renal failure has been well docu-
mented in clinical conditions,5' 18 and there
is ample experimental evidence that the
injection of free hemoglobin causes depres-
sion of renal function.3 8,10,15 The nephro-
toxic effect of hemoglobin has also been the
subject of speculation in studies demon-
strating impaired renal function during and
after extracorporeal circulation.4 20 How-
ever, studies of the effect of acute hemolysis
on renal function in patients or experi-
mental animals usually have failed to take
into account the interaction of serum hapto-
globin and plasma hemoglobin. Serum
haptoglobin combines quantitatively with
hemoglobin into a molecule which is non-
filtrable by the kidney and is removed from
the circulation by the reticuloendothelial
system.1' 13,17 In this combined form hemo-
globin is prestumably nontoxic, and it is the
free,J or unbound, hemoglobin which
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f Throughout this paper free hemoglobin refers
to hemoglobin in excess of the binding capacity of
available haptoglobin; plasma hemoglobin indi-

should be considered the potentially toxic
factor. It is therefore evident that in evalu-
ating the effects of acute hemolysis on
renal function, further information relating
plasma hemoglobin to serum haptoglobin
levels and more precise knowledge of the
mechanisms of plasma hemoglobin clear-
ance are needed.
Occurrence of varying and substantial

degrees of hemolysis in patients undergoing
extracorporeal circulation for open-heart
surgery presented a unique opportunity to
study basic mechanisms of plasma hemo-
globin clearance in humans, as well as to
gain further information relevant to the
problem of renal failure. Studies were per-
formed on a series of such patients in order
to define the pattern of hemoglobin-
haptoglobin relationships and excretion of
hemoglobin in the urine, and to study the
mechanisms of plasma hemoglobin clear-
ance during episodes of acute and severe
hemolysis.

Materials and Methods

Studies were performed in 47 patients
having open-heart surgery with extracor-
poreal circulation. Twenty of these patients

cates total plasma hemoglobin-both the portion
combined with haptoglobin and that existing in a
free state, if an excess is present.
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FIG. 1. Plasma hemoglobin concentrations in
patients in whom the hemoglobin was completely
bound to haptoglobin (Group I) and those in
whom additional (free) hemoglobin was present
(Group II).

had replacement of one or more cardiac
valves with ball-valve prostheses for ac-

quired heart disease and 27 patients had
repair of congenital cardiac lesions. None
of the operative procedures for congenital
cardiac lesions required more than 11/2
hours of perfusion time. All operations for
valve replacement required more than 1/.,
hours of extracorporeal circulation.
The variables measured serially before,

during and after the period of extracorpo-
real circulation included serum haptoglo-
bin, plasma hemoglobin, urine hemoglobin,
total urine volume and rate of excretion of
urine.

Prior to operation an indwelling catheter
was placed in the bladder and urine was

collected in separate samples to correspond
with blood-sampling periods. A catheter
was inserted through a saphenous vein into
the inferior vena cava for periodic removal
of blood samples for biochemical study.

Intravenous fluid was not given in spe-

cific amounts during the operative proce-
dure and varied somewhat from patient to
patient; however, hydration was considered
satisfactory in all cases.

A Crafoord-Senning Pump Oxygenator
was used for extracorporeal circulation with
flow rates averaging 2.5 L./m.2/min. All
blood collected in the operative field dur-
ing the period of extracorporeal circulation
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FIG. 2. Individual plasma hemoglobin concen-
trations in patients in whom hemoglobin levels ex-
ceeded the binding capacity of haptoglobin. Indi-
vidual values and the mean are illustrated.

was aspirated and returned to the pump
oxygenator.
Serum haptoglobin was measured by the

technic of Lionetti et al.14
Plasma and urine hemoglobin levels were

determined by a peroxidase method, as de-
scribed by Gabrieli et al.6

"Free" plasma hemoglobin was calculated
by subtracting haptoglobin-bound hemo-
globin from the total plasma hemoglobin
level. Haptoglobin-bound hemoglobin was
assumed to be equal to the measured hap-
toglobin level since up to the level of avail-
able haptoglobin, hemoglobin combines
with this substance quantitatively.12 13

Results
Plasma Hemoglobin Clearance. Figure

1 illustrates the mean serial plasma hemo-
globin concentrations in two series of pa-
tients undergoing open-heart surgery for
congenital defects, grouped according to
whether or not the plasma hemoglobin lev-
els exceeded the binding capacity of the
serum haptoglobin.

In 18 patients (Group I), the maximum
plasma hemoglobin levels were less than
the serum haptoglobin levels, averaging 72
mg.%. No free hemoglobin was present in
the circulating plasma in these patients and
hemoglobinuria did not occur in any case.
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The maximum plasma hemoglobin clear-
ance rate during the first 2 hours averaged
18 mg.%/hour with a progressive diminu-
tion thereafter.

In nine patients (Group II), plasma
hemoglobin levels ranged from 120 to 220
mg.% with a mean of 175 mg.% . In each
of these patients, plasma hemoglobin levels
exceeded the haptoglobin concentration;
free hemoglobin was therefore present in
the plasma and hemoglobin appeared in
the urine of all patients. In this group the
maximum clearance rate during the first 2
hours was 38 mg.7%/hour with subsequent
decrease. This curve describes the com-

bined clearance rate of haptoglobin-bound
hemoglobin and free hemoglobin. The dif-
ference in slope between the two concen-

tration curves in the two groups should
represent the clearance rate of free hemo-

globin which appears to be removed from
the plasma at approximately the same or

a slightly greater rate than hemoglobin
bound to haptoglobin.

Figure 2 illustrates post-perfusion plasma
hemoglobin concentration curves in 10 pa-

tients undergoing single or multiple valve
replacement with ball-valve prostheses.
Plasma hemoglobin levels in all cases ex-

ceeded haptoglobin levels (Table 1) and
free hemoglobin was therefore present. In
these patients the mean maximum plasma
hemoglobin clearance rate during the first
hour was 35 mg. %/hour, which closely ap-

proximates that in the group of patients
with congenital heart disease. It may be
noted from the individual curves that the
clearance rate during the first few hours is
roughly proportional to the initial plasma
hemoglobin level. Since the higher levels
represent increases in free hemoglobin, it
is apparent that free plasma hemoglobin,
when present in higher concentrations, was

cleared at a more rapid rate than hapto-
globin-bound hemoglobin. In this group of
patients it was also noted that the plasma
hemoglobin level on the morning following

TABLE 1. Individual Values of Plasma Hemoglobin,
Serum Haptoglobin (Representing Combined

Hemoglobin), Free Hemoglobin, and the
Percentage of A vailable Free Hemo-

globin Excreted by the Kidneyst

Plasma Serum Free Per Cent
Hemo- Hapto- Plasma Free
globin globin Hemoglobin Hemoglobin

Patient mg. '* mg. %** mg. o Excreted

M. A. 360 91 269 1.8%
R. L. 160 75 85 7.5%
G. P. 110 20 90 12.0%o
N. R. 252 122 130 0.3%c
A. C. 180 160 20 2.3%C/o
C. V. 39(0 87 303 2.4%O
XV. L. 200 45 155 8.4%c
J. F. 230 100 130 11.0%"
C. T. 110 100 10 2.5%1o
D. C. 146 112 34 42.0%

* Highest level obtained.
** Pre-perfusion level.
t Calculation of the last value is described in the text.

surgery remained somewhat elevated, re-
flecting a continuous degree of hemolysis
produced by the ball-valve prostheses, as
documented in other studies recently re-
ported.'

Renal Hemoglobin Excretion. Renal
hemoglobin excretion data with serial
measurements of serum haptoglobin and
plasma hemoglobin were obtained in ten
patients undergoing valve replacement.
Hemoglobin never appeared in the urine

until the plasma hemoglobin concentration
exceeded the haptoglobin level. The mean
concentration of free plasma hemoglobin
was 35 mg.% at the time of initial appear-
ance of hemoglobinuria; and in several
cases plasma hemoglobin had risen to 70
mg.% or more above the haptoglobin lev-
els before hemoglobinuria appeared. How-
ever, this may in part be related to delay
from kidneys to collection catheter. It was
also found that the urine again became
clear while substantial amounts of free
hemoglobin remained in the plasma-the
levels ranging from 35 to 85 mg.%o. These
relationships are illustrated in Figure 6 as
discussed below.
To measure the effectiveness of renal ex-
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FIG. 3. The relationship of excretion of avail-
able free hemoglobin by the kidneys to plasma
hemoglobin concentration.

cretion of free hemoglobin, the total amount
of free hemoglobin present in the circulat-
ing blood was compared with the meas-

ured amounts of hemoglobin excreted in
the urine. Total free plasma hemoglobin
was calculated by multiplying free hemo-

globin concentration (total plasma hemo-

globin minus haptoglobin-bound hemoglo-
bin) by the estimated blood volume. Total
urinary excretion of hemoglobin was meas-

ured from the time of first appearance of
hemoglobinuria until the urine became
hemoglobin-free. The amount of hemoglo-
bin excreted by the kidneys ranged from
0.3 to 42 per cent of the available free
plasma hemoglobin pool (Table 1), and
was above 12 per cent in only one patient.
There was no apparent explanation for the
one patient in whom a singularly high per-

centage of the available hemoglobin was

excreted; however, the amount of free
hemoglobin in this patient was smaller than
average and the total amount excreted was

still rather small.

Factors Influencing Renal Hemoglobin
Excretion. An attempt was made to cor-

relate the effectiveness of renal hemoglobin
excretion with certain factors which were

considered to have a possible bearing on

this mechanism.

10 20 30 40

PERCENT FREE Hb EXCRETED

FiG. 4. The relationship of excretion of hemoglobin
by the kidneys to urine volume.

Figure 3 illustrates the per cent excre-

tion of available free hemoglobin in rela-
tion to the total plasma hemoglobin con-

centration. It is evident that there is no

correlation between these two factors.
In Figure 4 the per cent of available free

hemoglobin which was excreted is com-

pared to volume of urine measured from
the beginning of extracorporeal circulation
until 8 hours postoperatively, at which time
the urine was hemoglobin-free in all in-
stances. No direct correlation is observed.

Figure 5 illustrates the relationship be-
tween the rate of urine hemoglobin excre-

tion and plasma hemoglobin concentration.
Again no direct correlation is present.
The overall pattern of inter-relationships

of serum haptoglobin, plasma hemoglobin
and renal hemoglobin excretion, as it ap-

pears in this group of studies, is illustrated
by serial data from a sample patient (Fig.
6). As documented in detail in the preceed-
ing data, the following facts are evident.

1. Hemoglobin did not appear in the
urine until after plasma hemoglobin levels
had exceeded the binding capacity of hap-

toglobin by a significant amount, rather
than at the first occurrence of free hemo-

globin.
2. Urine became hemoglobin-free while

the plasma hemoglobin level remained ap-

i

532
- 300-
z
w

w
CL 200-
E

100-E

U)

IJ
a.

.



Volume 163
Number 4

c 0
.E

' 10
E
E
z
0
_

I-
w

w
.0
I

z

D .01

MECHANISMS OF PLASMA HEMOGLOBIN CLEARANCE

*.

z
w

cmEa
E

E

100 200 300
PLASMA Hb. mgm PERCENT

FIG. 5. The relationship of the rate of hemo-
globin excretion by the kidneys to plasma hemo-
globin concentration.

preciably above haptoglobin levels (i.e.,
free hemoglobin was still present in the
plasma).

3. Clearance of haptoglobin-bound hemo-
globin from the plasma was slower than
free hemoglobin.

4. Correlation between urine hemoglobin
concentration and plasma-hemoglobin con-
centration was not close, although there ap-
pears to be a certain similarity in the slope
of decreasing concentration after maximal
points have been reached.

Discussion

The primary defense of the body against
the toxic effects of acute hemolysis appears
to be the specific ability of haptoglobin to
combine quantitatively with free hemoglo-
bin into a firm molecule which is rapidly
removed from the plasma, presumably by
the reticuloendothelial system.'2 13 If the
degree of hemolysis is sufficient to saturate
the available haptoglobin, free hemoglobin
will accumulate in the plasma. Similarly,
in a state of chronic hemolysis, if the rate
of haptoglobin utilization by combination
with hemoglobin exceeds the rate of pro-
duction, the serum haptoglobin will fall to
immeasurable levels and further hemolysis
will result in the chronic presence of free
hemoglobin in the plasma.
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Fir. 6. Serial data from a sample patient illus-
trating the inter-relationship between plasma hemo-
globin, serum haptoglobin and urinary excretion.

When the plasma hemoglobin level ex-
ceeds the binding capacity of available hap-
toglobin, free hemoglobin is filtered by the
renal glomeruli and enters the tubular sys-
tem with resulting hemoglobinuria.'° 3 19
It has commonly been assumed, therefore,
that clearance of hemoglobin from the
plasma is essentially accomplished by the
combined mechanisms of haptoglobin-bind-
ing and renal excretion of the excess free
hemoglobin.
The present data and recent experimen-

tal studies 2 suggest that some revision of
the previous concept of plasma hemoglobin
clearance may be indicated. Of primary
importance is the fact that renal excretion
of hemoglobin appears to be neither a use-
ful nor efficient mechanism for elimination
of free hemoglobin-a variable but small
percentage of the available free plasma
hemoglobin is excreted in the urine, but
the major portion is not. The mechanism
responsible for this seemingly random ex-
cretion is as yet uncertain, but it may well
be related to variation in pore size of the
glomeruli, or to variations in functional in-
tegrity of the filtration system during the
abnormal state precipitated by acute hemo-
globinemia.
The validity of this concept is supported

by certain observations of others. It has

*
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been noted previously that hemoglobin
does not appear in the urine immediately
after the haptoglobin pool is completely
saturated and levels of 25 to 35 mg.%l of
free hemoglobin are reached in the plasma
before urinary excretion occurs; 11 this fig-
ure is in agreement with the present data.

Further evidence is provided by studies
in patients with chronic hemolysis second-
ary to ball-valve prostheses 1 and in certain
hemolytic anemias.11 In each of these con-

ditions, the plasma may be devoid of hap-

toglobin and free hemoglobin is chronically
present in the circulating plasma. However,
unless the level of free hemoglobin rises
above 20-25 mg.%, hemoglobin does not
appear in the urine.
Free hemoglobin is removed from the

plasma at a more rapid rate than the hapto-
globin-bound fraction1 7and, since only a

small proportion of the free hemoglobin is
excreted by the kidneys, it is evident that
the major portion is rapidly deposited in
the body tissues. At present it is not pos-

sible to state with certainty the principal
sites of deposition of free hemoglobin, nor

the metabolic fate of such deposited hemo-

globin in humans. However, recent experi-
mental studies have demonstrated that the
principal area of deposition is the renal
cortex, although small amounts of hemo-

globin can be found in many of the body
tissues after an episode of acute hemoly-
sis. Furthermore, increasing levels of free
plasma hemoglobin result in progressively
higher concentrations of deposited hemo-

globin in the renal cortex without a corre-

sponding increase in other body tissues.
The relationship of these data to renal
toxicity remains to be determined; how-

ever, it seems probable that the known
nepbrotoxic effect of hemoglobin infusion
is directlv related to deposition within renal
tissue, particularly the tubules.

Experimental evidence of renal toxicity
secondary to hemoglobin infusion has com-

monlv been obtained from dogs in which
severe renal damage and renal failure have

been observed chiefly in association with
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dehydration and shock.10 15 However, this
evidence of renal damage may be more sig-
nificant than is at first apparent; contrary
to man and most other animals, the dog has
a somewhat unique haptoglobin system in
that substantial reserves of available hap-
toglobin appear to be present Nwhich are

rapidly mobilized during infusions of bemo-
globin.' For this reason proportionately
higher concentrations of hemoglobin are

necessary to result in the presence of free
hemoglobin in the circulating blood of dogs
than in man.

Recent reports have suggested that the
incidence of renal failure has become some-

what higher with the advent of longer per-

fusions for prosthetic valve replacement
and more complex intracardiac repair of
congenital lesions.4 I Since the rate of
hemolysis in general increases progressively
with increasing duration of perfusion, a

certain potential correlation between de-
gree of hemolysis and renal failure is evi-
dent. Although there is suggestive evidence
that the incidence of renal damage is in-
creased in cases with higher levels of
plasma hemoglobin,' 9 this relationship is
by no means exact. Since it is free, or un-

bound, plasma hemoglobin is toxic, and
since a substantial variation in haptoglobin
levels occurs in clinical cases, the relation-
ship between plasma hemoglobin levels and
renal failure after extracorporeal circula-
tion may be more significant than previ-
ouslv recognized.

Presently available information has not
yet indicated a definite program of man-

agement which might provide protection
from the nephrotoxic effect of hemolysis.
Studies have been performed in a group of
open-heart surgical patients in whom the
effect of mannitol on renal hemoglobin ex-

cretion wvas measured. It was found that
although urine output increased substan-
tially, neither the rate of hemoglobin clear-
ance nor total excretion of available free
plasma hemoglobin appeared to be in-
creased significantly. Experimental studies
have shown that haptoglobin production

ANDERSEN, MIOURITZEN AND GABRIELI
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may be stimulated to markedly increased
levels by injection of certain substances
such as elastase and papain,16 and it is also
known that haptoglobin levels are ele-
vated in certain chronic inflammatory dis-
eases. Whether this information could be
employed to increase circulating haptoglo-
bin, or whether supplementary administra-
tion of haptoglobin would be possible, is
at present speculative. However, it is hoped
that increased awareness of the mecha-
nisms involved will lead to improved meth-
ods of control.

Summary

Mechanisms of plasma hemoglobin clear-
ance after acute hemolytic episodes have
been studied in a group of patients having
open-heart surgery employing extracorpo-
real circulation. These studies wvere di-
rected toward hemoglobin-haptoglobin re-
lationships and renal hemoglobin excretion.

1. Clearance rates of hemoglobin bound
to haptoglobin and free, or unbound, hemo-
globin were determined. Free hemoglobin
was removed from the plasma at a more
rapid rate than that portion bound to hap-
toglobin.

2. Hemoglobin was not excreted in the
urine until the plasma hemoglobin level
rose significantly above the serum hapto-
globin level, rather than at the first appear-
ance of free hemoglobin.

3. Renal excretion of hemoglobin ceased
before the plasma had been cleared of free
hemoglobin and while appreciable levels
were still present.

4. Only a small percentage of the free
hemoglobin theoretically available for renal
excretion was actually excreted in the urine,
suggesting that the kidneys are not a pri-
mary factor in plasma hemoglobin clear-
ance.

5. The major portion of free hemoglobin
was removed from the plasma by mecha-
nisms as yet not defined, but presumably
by direct tissue deposition.
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