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Evidence for the glomerular filtration and tubu-
lar recovery of hemoglobin has been provided by
several investigators (1-5). The simultaneous de-
termination of hemoglobin and creatinine clear-
ances in dogs and rabbits (2, 3) and of hemoglobin
and inulin clearances in man has given ratios be-
tween 0.02 and 0.05. These values have been in-
terpreted as the permeability of the glomeruli to
hemoglobin relative to creatinine or inulin. Har-
rison's studies on dogs indicated the glomerular
permeability to hemoglobin was between 4 and 20
per cent of the permeability to creatinine (5).
The capacity of the renal tubules for hemoglobin
recovery varied between 4 and 45 mg./100 cc. of
glomerular filtrate.

The present study was undertaken primarily to
determine the glomerular permeability and tubular
recovery values for hemoglobin in the human kid-
ney. In addition, the fact that hemoglobin and
serum albumin may have approximately the same
molecular weight, volume, and dissymmetry (6)
suggested that the study of the glomerular perme-
ability to hemoglobin might provide a means for
determining the renal factors involved in the pro-
duction of proteinuria.

METHODS

Subject selection criteria, the general test procedure,
laboratory analyses and the preparation and administra-
tion of hemoglobin have been described previously (7).
The subjects studied were placed into one of three groups
depending upon the rate of administration of hemoglobin.

Rapid (N = 9). All subjects received the commer-
cially prepared hemoglobin solution2 in a single injection
at a rate of about 1,400 mg./min. Six of the nine sub-
jects were retested at intervals of two or more weeks to
determine the reproducibility of the values obtained
(Group II of reference 7).

1 Present address: U. S. Public Health Service Hos-
pital, WymanPark Drive, Baltimore 11, Maryland.

2The hemoglobin solution used in part of this study
was kindly provided by Sharp and Dohme, Inc., Glen-
olden, Pa.

Intermediate (N = 14). All subjects received an au-
togenous hemolyzed blood preparation in a single injec-
tion at a rate of about 700 mg. per minute (Group I of
reference 7).

Slow (N = 6). The commercially prepared hemo-
globin solution was administered by slow infusion at a
rate of about 60-70 mg./min. Five of the six subjects
were retested at intervals of two or more weeks to de-
termine the reproducibility of values (Group III of ref-
erence 7).

In all three groups arterial plasma and urine hemo-
globin concentrations were determined for each urine col-
lection period (8).

RESULTS

The relationship between the rate of urinary ex-
cretion of hemoglobin (Y) to the plasma concen-

TABLE I

Values for glomerular permeability (K), TmHb, and Tab
obtained with a singk injection of commercially

prepared hemoglobin*

Subject Date K TmHb THb

mg. Hb/100 cc.
mg. Hb/min. filUrate

E. H. 2/28/50 .12 13.2 19.1
6/6/50 .11 15.6 20.9

H. H. 2/1/50 .17 26.5 25.2
3/30/50 .14 16.4 16.0

P. N. 1/4/50 .16 16.6 21.2
1/25/50 .17 14.8 18.0

W. P. 12/7/49 .20 21.3 25.0
1/21/50 .20 29.2 32.2

J. W. 12/7/49 .19 25.1 34.6
3/7/50 .14 16.7 20.0

R. H. 11/21/49 .23 24.4 39.8
1/19/50 .14 13.4 15.7

W. T. 3/1/50 .11 17.7 14.4

W. L. 2/14/50 .15 17.0 21.8

F. B. 12/14/49 .20 17.8 24.2

Mean .162 19.04 23.21

* Each subject received 12 to 14 gm. of hemoglobin at
an approximate rate of 1,400 mg./min.
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FIG. 1. THE RELATIONSHIP BETWEENTHE PLASMAHEMOGLOBINCONCENTRATIONAND
THE URINARYExcREiToN OF HEMOGLOBIN/100CC. OF GLOMERULARFILTRATE

The X intercept of the linear function indicates the theoretical renal threshold. The
Y intercept of the linear function indicates the tubular recovery of hemoglobin in
mg./100 cc. of filtrate. Subject received 8.5 gm. of hemoglobin at a rate of 60 mg.lmin.

tration of hemoglobin (X) was rectilinear for all
subjects (Y is expressed as urinary hemoglobin
excretion in mg./100 cc. of glomerular filtrate;

TABLE II
Values for glomerular permeability (K), TmHb, and THb

obtained with autogenous hemolyzed blood*

Subject Date K TmHb THb

mg. Hb/100 cc.
mz. Hblmin. filtrate

R. B. 6/9/49 .07 3.1 5.7
S. D. 6/20/49 .08 8.4 13.0
E.- K. 6/21/49 .16 18.0 29.2
T. B. 6/24/49 .13 14.1 16.5
A. V. 7/13/49 .12 8.2 11.2
A. B. 7/21/49 .10 12.2 12.9
J. S. 8/16/49 .14 14.0 19.2
P. D. 8/17/49 .20 20.8 28.8
C. S. 9/27/49 .10 20.8 16.5
E. H. 10/20/49 .10 13.2 18.1
P. P. 11/2/49 .10 4.3 7.1
W. P. 11/20/49 .10 11.8 10.2
P. N. 12/19/49 .20 17.6 22.2
W. L. 1/3/50 .15 20.1 16.9

Mean .125 13.10 16.50

* Each subject received from 12 to 15 gm. of hemoglobin
at an approximate rate of 700 mg./min.

X as mg. hemoglobin/100 cc. plasma). Figure 1
shows the plot obtained for a single subject, E. H.
This relation is of the form Y = KX + T, where
the slope K indicates permeability of the glomeruli
to hemoglobin relative to inulin. THb is the Y in-
tercept and represents the tubular component of
hemoglobin excretion in mg./100 cc. of glomerular
filtrate. THb is negative, indicating that the tubules
remove hemoglobin from the filtrate. THb/K is
the X intercept which represents the theoretical
renal threshold for hemoglobin. TmHb for the
individual (expressed in mg. hemoglobin per min-
ute), is obtained by multiplying the THb in mg.
hemoglobin/cc. glomerular filtrate by the average
glomerular filtration rate (CmT).

The derived renal threshold values for groups
designated as Rapid, Intermediate and Slow were
148.2 ± 42.0, 133.7 ± 31.0, and 96.4 + 25.5 mg.
of hemoglobin/100 cc. of' plasma. The renal
thresholds for the Rapid and Intermediate groups
were significantly higher than that of the Slow
group (P < .01).

1042



RENAL EXCRETION OF HEMOGLOBIN

The results obtained for K, THb/100 cc. of fil-
trate and TmHbare shown in Tables I, II, and III.
The mean K (0.162) for the Rapid group (Table
I) was significantly higher than the mean K of
0.101 for the Slow group (P < .01-Table III).

The mean TmHbof 19.04 mg./min. for the group
that received the single rapid injection of the
commercial hemoglobin solution was significantly
higher than the TmHb for either the Intermediate
group (13.10 mg./min.-Table II) or for the
Slow group (9.07 mg./min.-Table III). During
the periods of time in which our subjects were
studied, the tubular recovery of hemoglobin was
not only constant per unit of filtrate in a given
individual throughout the experimental procedure
but was also apparently operative at a maximum
rate since it remained constant as the plasma level
of hemoglobin changed and the load of hemoglobin
presented for tubular recovery varied.

Although the graphic estimation of K and THb
gave highly reliable results when applied to the
data of a single experiment," it can be seen from
Table II and III that the values obtained on differ-
ent days in the same subject tended to vary widely.
Indeed, duplicate tests on subjects P. N., W. P.,

8 The correlation coefficient for values of K derived in-
dependently by two observers using the same experi-
mental data was 0.98.

TABLE III

Values for glomerular permeability (K), TmHb, and THb
obtained with a slow infusion of commercially

prepared hemoglobin solution*

Subject Date K TmHb THb

mg. Hblmin. ?mg.b/100 cc.

E. H. 1/30/50 .07 6.7 8.4
5/10/50 .09 9.2 11.4

H. H. 2/23/50 .15 13.9 14.7
4/13/50 .14 15.8 14.9

P. N. 2/15/50 .12 6.3 7.4
3/6/50 .08 5.8 5.7

W. P. 1/31/50 .12 9.7 11.6
2/20/50 .05 1.7 1.7

J. W. 1/25/50 .08 6.9 8.1
2/14/50 .14 13.8 16.5

W. T. 2/8/50 .07 10.0 7.8

Mean .101 9.07 9.84

Each subject received hemoglobin at a rate of 60 to
70 mg./min.

and J. W. (Table III) differed to a greater ex-
tent than did any of their values from the group
mean. The potential effect of differences in urine
flow on the results of duplicate tests was deter-
mined and found to be considerably less than one
per cent.

In several subjects, serial examination of the
urine specimens obtained following the injection of
hemoglobin revealed a microscopic hematuria of
variable intensity but never sufficiently great to
cause a significant alteration in the urine hemo-
globin values.

DISCUSSION

The term glomerular permeability (K) is not
used in the absolute sense but is used as the per-
meability of the glomerular bed to hemoglobin
relative to its permeability to inulin. Other work-
ers (2-4) have expressed relative permeability as
the ratio of the clearance of hemoglobin to the
clearance of creatinine in dogs or to the clearance
of inulin in humans. This method fails to take
into account the factor of tubular recovery. The
ratio CEm/CIN approaches the true permeability,

UHb+TGHb asymptotically as the plasma hemo-PHb CIN
globin concentration (PHb) increases. The plasma
hemoglobin concentrations used in the present
study were of the order of twice the renal thresh-
old (200-300 mg./100 cc.) and the use of the
clearance ratio method would have given K values
for hemoglobin about half of the actual values ob-
tained. Plasma hemoglobin values ten times the
renal threshold (1000-1500 mg. per cent) would
be required to give ratios equal to 90 per cent of
the true permeability values. The results of our
observations on humans are in much closer agree-
ment with the canine values obtained by Harrison
(5), who also derived the K values for hemoglobin
in the manner shown in Figure 1, than they are
with the values for human subjects obtained by
Brandt, Frank, and Lichtman (4) using the clear-
ance ratio method.

The glomerular permeability constants for he-
moglobin obtained in the present study would be
inordinately high if applied to plasma albumin,
since approximately 0.5 to 1.0 gm. of protein
would then be filtered each minute by the glomer-
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uli of the normal human kidney.' Analysis of
glomerular filtrate using a method sensitive to
about 30 mg. per cent in the mammalian kidney
has failed to demonstrate the consistent presence of
protein (11, .12). In rabbits protein concentra-
tions of 15 to 22 mg. per cent in the glomerular
filtrate have been demonstrated (13). This pro-
tein concentration would suggest a permeability
constant not greater than 0.005 for plasma albu-
min. Thus it is apparent that the glomerular per-
meability to hemoglobin obtained under the con-
ditions of this study differs significantly from the
permeability to plasma albumin in spite of the
fact that both substances are structurally similar
(6).

The pronounced decrease in glomerular filtra-
tion rate and renal blood flow resulting from the
intravascular administration of hemoglobin (7)
suggests an explanation for the high K values for
hemoglobin obtained in this study. The decreases.
in renal blood flow were of sufficient magnitude
to produce a marked ischemia in a number of
glomeruli. That a change in permeability suffi-
cient to allow a significant leakage of plasma pro-
tein out of capillaries can be produced by a few
minutes of ischemia or anoxic anoxia has been
demonstrated (14, 15). The observation that
a delay period of four to 25 minutes elapsed be-
tween the end of the rapid injection of hemo-
globin and the appearance of hemoglobinuria is
consistent with an ischemia of some glomeruli
with subsequent increased permeability when blood
flow is reestablished. The fact that the glomerular
permeability to hemoglobin was significantly higher
when the individuals received a single rapid in-
jection than when they received a slow infusion
supports this speculation; for only with the rapid
administration of hemoglobin was there an intense,
initial renal vasoconstriction (7). The association
of proteinuria with decreased glomerular filtration
rate and renal blood flow has been observed by
others (16, 17). Especially pertinent to this hy-
pothesis is the observation of White and Rolf (16)
that during heavy exercise a group of normal sub-
jects developed a marked decrease in glomerular

4 It is possible that some degree of dissociation of the
hemoglobin molecule might occur at the low plasma
concentrations employed in this study (9, 10), but the
absence of any quantitative information on this possibility
precludes consideration here.

filtration rate and renal blood flow. Before and
during the exercise the urine was free of pro-
tein, but urine formed in the first and second post-
exercise periods (40 minutes after exercise) con-
tained protein.

The variations in tubular recovery of hemo-
globin noted between individuals and between re-
peat determinations on the same individual were
associated with parallel changes in the glomerular
permeability. This observation is also in accord
with the concept that the filtration of hemoglobin
was inordinately high in those glomeruli whose
permeability characteristics were altered to some
degree by ischemia. The greater the number of
glomeruli filtering hemoglobin, the greater the
number of tubules that would participate in re-
covery, and the greater would be the rate of tubu-
lar recovery as determined for the kidney, as a
whole.

The coexistence of high renal thresholds for
hemoglobin and high glomerular permeability to
hemoglobin is an apparent paradox. The term,
renal threshold, is a value dependent upon three
variables, viz., glomerular permeability, glomerular
filtration rate and tubular recovery. The presence
of the highest renal thresholds in the subjects with
the highest glomerular permeability to hemoglobin
indicates that the tubular recovery is sufficiently
high to prevent hemoglobinuria from occurring at
the lower plasma levels. This finding may be in-
terpreted to mean that with greater renal ischemia
less filtrate is available per nephron filtering hemo-
globin and the tubules are thus able to recover the
filtered hemoglobin more completely.

Finally, it is suggested that on the basis of the
findings of the present study, the intravascular
administration of hemoglobin increases the glo-
merular permeability to protein. For this reason
hemoglobin does not appear to be a satisfactory
tool for the study of glomerular permeability in the
normal or the diseased kidney.

SUMMARYANDCONCLUSIONS

The mechanism of hemoglobin excretion by the
human kidney has been studied in 19 subjects.
It is concluded that hemoglobin is filtered by the
glomeruli and recovered by the tubules to a limited
extent. The glomerular permeability to hemo-
globin was significantly lower (K = 0.101) when
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hemoglobin was administered at a slow rate (70
mg./min.) than when it was administered at a
rapid rate (1,400 mg./min.) (K = 0.162). The
permeability of the glomeruli to hemoglobin aver-
aged 12.9 per cent of the glomerular permeability
to inulin. The renal tubular recovery of hemo-
globin averaged 17.1 mg. per 100 cc. of glomerular
filtrate.

It is suggested that the intravascular adminis-
tration of hemoglobin alters glomerular perme-
ability. How this effect is mediated is unknown,
but the sequence of renal vasoconstriction followed
by ischemic alteration of glomerular capillaries
seems likely.
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