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(Submitted for publication June 22, 1962; accepted November 29, 1962)

In 1884, Metchnikoff (1) presented his studies
of phagocytosis and concluded that the process
was a general reaction that removed particulate
matter from the circulation. Highly mobile cells,
the polymorphonuclear leukocytes, were observed
to ingest microorganisms and other particulate
matter, such as pus, corpuscular elements of ex-
travasated blood, and foreign cells. In addition to
these circulating phagocytes, or microphages, cer-
tain "reticulum" cells lining the blood and lymph
spaces were observed to engulf circulating par-
ticulate matter. These fixed phagocytes were
designated subsequently by Aschoff (2) as the
reticuloendothelial system (RES), comprising the
Kupffer cells of the liver, cells lining the sinuses
of the spleen, lymph nodes, and bone marrow, and
endothelial cells of various other organs.

To examine phagocytosis in experimental ani-
mals, one may use colloidal particles such as car-
bon, thorium dioxide (Thorotrast), saccharated
iron oxide, and more recently, radioactive chromic
phosphate, colloidal gold, or colloidal silver. Al-
though they have yielded important information,
studies with these inorganic colloidal substances
have been of limited value in the study of human
disease. Because the body cannot metabolize
these particles, they remain in the RES almost
indefinitely, and only trace quantities can be ad-
ministered safely to human subjects. Since the
rate of removal of trace quantities of particles
from the circulation depends primarily on the
blood flow to reticuloendothelial cells, the greatest
usefulness of previously available colloidal par-
ticles has been in the measurement of liver blood
flow.

* Aided by grant no. H-6454, U. S. Public Health
Service.

t U. S. Public Health Service trainee.

In 1955, Benacerraf and associates (3) intro-
duced the use of aggregates of human serum pro-
teins labeled with radioiodine as a type of particu-
late matter that offered certain advantages in the
study of phagocytosis. Macromolecular albumin
aggregates are metabolized after removal from the
circulation, as evidenced by the prompt reappear-
ance of the radioactive iodine label (as free iodide)
in the blood. This makes it feasible to administer
large quantities of this material and derive in-
formation about the phagocytic capacity of the
RES not obtainable by measurement of the clear-
ance of minute quantities of nonmetabolizable
materials.

The purpose of this report is to describe the
method of preparation of the albumin particles and
present the results of experiments which indicate
that the aggregated albumin particles, labeled with
radioactive iodine, may be safely used to measure
the phagocytic capacity of the RES in man.

MATERIALS AND METHODS

The procedure used in this laboratory to prepare ag-
gregated albumin was a modification of that described by
Benacerraf and associates in 1955 (4). The method was
based on the work of Taplin, Griswold, and Dore at the
University of California (5) and Stern of the Squibb
Laboratories (6). To insure sterility without terminal
filtration, the entire procedure was conducted under rig-
idly aseptic conditions.

Salt-poor human serum albumin' was diluted in 0.9%
sodium chloride solution to reduce the concentration from
25 to 3%o. After alkalinization to pH 10.0 with 0.2 N
sodium hydroxide, optical density at a wave-length of
525 mAc was measured in a Beckman spectrophotometer.
The optical densities of various lots of albumin at this
stage of preparation ranged from 0.031 to 0.047. The
alkaline solution was placed in a water-bath at 700 C and
shaken continuously at a rate of 100 times per minute for

1 Produced by Squibb Laboratories.
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FIG. 1. CHANGES IN OPTICAL DENSITY DURING THE

PREPARATION OF AGGREGATEDALBUMIN. Various concen-

trations of albumin were used, both with and without
shaking.

20 minutes with a Dubnoff shaker. This was followed
immediately by shaking for an additional 15 minutes at
790 C. The preparation was then cooled with running
tap water, and its optical density was again determined.
This was increased 0.026 0.005 units (mean 1 SD)
above the initial value.

Material to be used as nonradioactive aggregated al-
bumin, i.e., carrier, was adjusted to pH 7.5 with 0.2 N
hydrochloric acid and stored at 40 C, after sterility and
pyrogen testing.

Material to be labeled with radioactive iodine was sub-
jected to additional treatment. After the period of
shaking at 790 C, the albumin solution was brought to
pH 5.0 with 0.2 N hydrochloric acid with resulting pre-

cipitation of the protein. After centrifugation at 3,000
rpm for 20 minutes, the supernatant fluid was decanted
and replaced by an equal volume of 0.1 N sodium bi-
carbonate. After storage overnight at 4° C, the precipi-
tate was found to be almost completely redissolved. The
resultant slightly opalescent solution was then labeled
with I131 (6), the excess radioactive iodide being re-

moved by passage of the final material through the
anion exchange resin Amberlite IRA-400, chloride form.
Prior to use, the labeled material was sterilized by Seitz
filtration. The flocculation and filtration reduced the
protein concentration from 3 to approximately 2%.

Discussion of the method of preparation of aggregated
albumin. Standardized agitation of the bottles contain-
ing alkalinized albumin was of great importance as evi-
denced by the fact that the optical density remained un-

changed throughout the procedure if shaking was omitted.
The choice of an initial concentration of 3% was based

upon studies of various concentrations of serum albumin,
the results of which are shown in Figure 1 and Table I.

TABLE I

Mean molecular weight and optical density
of colloidal albumin

Concen-
tration of

original Molecular Aggregated Change in
albumin weight of albumin optical
solution final particle* molecules densityt

TC no.
1 639,000 9 +0.009
3 787,000 1 1 +0.024

* Light scattering method.
t Spectrophotometric method.

When concentrations of 4, 6, and 8%o were used, the col-
loidal aggregates became progressively larger, as indi-
cated by the rapid increase in optical density. These
more highly concentrated solutions eventually resulted
in unusable gels. When the 3% albumin solution was
used, the mean molecular weight of the final colloid,
measured by the light scattering method, indicated that
an average of 11 albumin molecules had aggregrated, al-
though the size of the particles was quite variable. Al-
though the 1% albumin solution yielded a colloid whose
mean molecular weight indicated that only slightly
fewer molecules had polymerized, the 3% solution pos-
sessed the additional advantage of permitting injection of
a larger amount of material in a given volume.

Reproducibility in the preparation of aggregated albu-
min. Previous studies in which colloids were used to
measure liver blood flow have been plagued by poor re-
producibility in the physiological behavior of different
lots of material. Although the use of aggregated albumin
is not without difficulties, careful attention to detail in
its preparation (controlling the pH, temperature, and
amount of agitation, and monitoring the change in op-
tical density) gives a high degree of uniformity. Dur-
ing a period of 8 months, we prepared 12 lots of aggre-
gated carrier albumin with consistent results. During the
same period we used 9 lots of I1"'-labeled aggregated al-
bumin prepared by the Squibb Laboratories.2 The first
shipment, lot DN-4, was used in all studies in dogs and
in the initial studies of human subjects. Subsequent hu-
man studies were carried out with lots DN-6 to DN-13.
As a means of bioassay, the clearance from the blood of
trace amounts (0.025 mg per kg body weight) of each
lot was determined in normal volunteers. The first
preparation (DN-4) showed a delayed clearance of the
trace dose. Subsequently, the method of preparation of
the colloid was modified, and lots DN-6 through DN-13
gave consistent results. It must be emphasized that al-
though reproducibility can be obtained when adequate
care is taken in the preparation of the colloidal material,
control studies of the clearance rate in normal man are

2 We are grateful to the Squibb Laboratories, in par-
ticular to Dr. Howard Stern, for providing the labeled
aggregated albumin without charge and for helpful con-
sultations.
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necessary to avoid errors in interpretation of the results
obtained in diseased patients. Furthermore, it is im-
portant to test each new preparation of both radioactive
and carrier aggregated albumin to be certain that the rate
of clearance of the material is in the proper range.

The colloidal material was unchanged in its physio-
logical behavior during 8 months of storage at 40 C.

MeMasutremnent of the rate of clearance of aggregated
albiuinin, from the blood. Doses of labeled aggregated al-
bumin ranging from 0.025 to 20.0 mg per kg were in-
jected into 22 dogs and 25 normal subjects (38 determina-
tions and 98 determinations, respectively). Thyroidal
uptake of radioiodine was blocked by prior administra-
tion of 0.5 to 1.0 ml of Lugol's solution. At intervals 3
after intravenous administration of the albumin, blood
samples were taken from the femoral artery of anesthe-
tized dogs or from the antecubital vein of human sub-
jects. The radioactivity of 1-ml plasma samples was
determined using a well-type scintillation detector. The
plasma was then passed through a resin column (contain-
ing 3 ml of Amberlite IRA-400, chloride form) to re-
move free iodide that had been liberated by metabolic
activity of the reticuloendothelial cells. The plasma was
washed out of the resin bed with distilled water to
yield a final volume of 10 ml. After the free iodide had
been removed, the radioactivity of the plasma was again
measured, a correction being made for the variations in
counting geometry produced by increasing the volume
from 1 to 10 ml. Throughout these studies, the half-
time (ti ) of clearance of aggregated albumin from
plasma is defined as the time in minutes required for the
counting rate to fall to half of the value obtained at two
minutes after injection of aggregated albumin in the dog,
and to half the value at five minutes after injection in
human subjects. In the dog, the two-minute period was
considered adequate to allow thorough mixing in the
vascular system. Five minutes was allowed for mixing
to occur in normal man. Clearance rate determinations
were made from measurements of the aggregated albumin
only after the free iodide had been removed by the resin
technique.

RESULTS

Blood clearance of I131-labeled aggregated al-
bumin. In Figure 2, plasma radioactivity is plotted
as a function of time after intravenous injection of
trace doses (0.025 mgper kg) of colloidal albumin
in dogs. As indicated by the solid line, the total
plasma radioactivity fell rapidly with a clearance
rate of 29.6% per minute. About 12 minutes af-
ter injection, the plasma radioactivity began to
rise again, the secondary rise being produced by
the appearance of free iodide in the circulation.
To prove that the reappearance of the radioiodine

3 2, 5, 8, and 11 minutes after injection in dogs and 5,
7, 10, 15, and 20 minutes after injection in man.
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FIG. 2. BLOODCLEARANCEOF AGGREGATEDALBUMIN IN
NORMALDOGS. The solid line indicates total plasma ra-
dioactivity, and the broken line indicates the radioactivity
of plasma after removal of free iodide.

was in the form of iodide ion, we measured the
rate of accumulation of radioiodine by the thyroid
of normal men 2 and 24 hours after the adminis-
tration of the labeled colloidal albumin and found
the thyroid uptake to be within the range obtained
in normal persons after oral radioactive iodide
administration. Presumably the rate of deiodina-
tion of the labeled aggregated albumin was of the
same order of magnitude as the absorption of an
oral iodide dose. In all other studies, radioiodine
accumulation by the thyroid was blocked by the
prior administration of Lugol's solution.

If one measured only the radioactive aggregated
albumin by removing the free iodide prior to de-
termination of the plasma radioactivity, one ob-
served a continual fall in the radioactivity, in-
dicated in Figure 2 by the broken line. These
experiments illustrated the rapid clearance of the
aggregated albumin followed by the reappearance
of free iodide in the circulation, presumably the
result of the metabolic activity of the reticuloen-
dothelial system.

Figure 3 illustrates that as the dose of aggre-
gated albumin was increased from 0.025 to 20 mg
per kg, there was a progressive decrease in the
rate of clearance of the colloid from the blood.
As shown in the data of Table II, the half-time of
disappearance of the colloidal albumin from the
blood increased as the dose increased.
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FIG. 3. BLOOD CLEARANCEAT DOSES OF 0.025, 2.5, 5.0,
10.0, AND 20.0 MG PER KG OF AGGREGATEDALBUMIN IN
NORMALDOGS.

In both man and dog, measurement of the re-
lationship between the administered dose of ag-
gregated albumin particles and their rate of dis-
appearance from the circulation permitted us to
determine the maximal rate of removal of these
particles from the circulation. This maximal rate,
termed by us the "phagocytic capacity of the
RES," has been calculated according to the analy-
sis described by Michaelis and Menten in 1913
(7) and extended by Lineweaver and Burk in
1934 (8).

TABLE II

Blood clearance of aggregated albumin in man

Half-
Amount of time of

colloidal blood Relative Fractional Clearance
albumin clear- standard clearance rate

(AA) Studies ance deviation ki ki (AA)

mg/kg no. min % min- mg/kg!
mis

0.025 16 2.6 19.2 0.267 0.007
1.0 5 3.1 12.9 0.226 0.226
2.0 5 4.2 14.3 0.164 0.328
4.0 5 4.9 20.4 0.142 0.568
5.0 49 5.9 11.9 0.117 0.585
6.0 5 6.8 5.9 0.102 0.612
8.0 6 7.6 17.1 0.091 0.731

10.0 7 9.1 20.9 0.076 0.760

Dogs
Dogs
Dogs
Dogs
Dogs

Mathematical analysis. When small doses of
aggregated albumin were administered, the
effect of variations in dose on the rate of clear-
ance of the particles from the circulation was
marked, whereas at higher doses, an increased
dose had much less effect on the rate of removal.
In terms of Michaelis-Menten kinetics, we can
postulate the following reaction between the
aggregated albumin particles (AA) and the
RES.

kl k3

AA + RES ± (AA -RES)-
k2

products + RES, [1]

Il where k1, k2, and k3 are the unidirectional velocity
constants. In the case of the aggregated albu-
min particles, k2 is assumed to be zero, since there
is no evidence that the aggregated particles are

30 returned as such to the circulation.
According to the Michaelis-Menten equation:

v =
k3(AA) (RES)
Km+ (AA) ' [2]

where v = initial velocity of the reaction and Ki,
the Michaelis constant, equals (k2 + k3)/kl.
In our system, since k2 can be assumed to be
zero, Km = k3/k1. Therefore:

=k3(AA) (RES)V k3/kl + (AA)[
As the dose of aggregated albumin approaches
infinity, from Equation 3

V Vmax = k3(RES).
Substituting Vmax into Equation 3,

Vmax(AA)
k3/kl + (AA)'

[4]

[5]

Rearranging terms, according to the method of
Lineweaver and Burk, one obtains

1 k3/kl 1 + 1
V Vmax (AA) VIXna

[6]

If one plots 1/v against I/(AA), a linear rela-
tionship is obtained, the line having a slope of
(k3/kj)/vmaz and an intercept of l/vmnax. Thus one
can obtain the value of vmax from the value of the
intercept obtained graphically.

According to the so-called "steady state" of
the Michaelis-Menten analysis, v = ki(AA) =k3
(AA -RES), that is, with large doses the rate of

420
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removal of the particles from the circulation is
equal to the rate of breakdown of the AA par-
ticles in the RES.

Thus, the velocity, v, is determined by measur-
ing the time required for the plasma radioactivity
to reach a value half that obtained five minutes

after injection in man and two minutes after in-
jection in the dog (see Methods). Since v =
k1(AA), then our final equation for the graph
suggested by Lineweaver and Burk becomes

1 k3/kl 1 1
k, (AA) v,,,X (AA) VI",,= [7]

= 3.75±.4I + 0.94
ki(AA) (AA)

2

(A)

(16)
(5) JS
T ^.

25 Normal Persons
98 Determinations
Vmax a 1. 07 mg/kg. min.

(mg/kg)' I
40.0

(9)

30
ki AAl

(mg /kg. mini
20

{R.\

AA) 315(+1.27

22 Dogs
33 Determinations
'vrm0x- 0.79 mg/kg min.

40
VI./ I Nig)~

(AA) (gs
FIG. 4. LINEWEAVER-BURKGRAPHSOF THE DOUBLE-RECIPROCALRELATIONSHIP BETWEENTHE

ADMINISTERED DOSEOF AGGREGATEDALBUMIN AND THE RATE OF REMOVALOF THE PARTICLES FROM
THE CIRCULATION. A. RESULTS OBTAINED IN NORMALPERSONS. The intercept is the reciprocal
of the maximal rate of clearance of particles by the RES. B. RESULTS OBTAINED IN DOGS.
Table III lists values ± standard deviations. The numbers in parentheses are the number of
observations. The standard deviation of the value 1/k,(AA) = 149 was + 29.

421
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TABLE III

Blood clearance of aggregated albumin in dog

Half-
Amount of time of

colloidal blood Relative Fractional Clearance
albumin clear- standard clearance rate

(AA) Dogs ance deviation ki ki (AA)

mg/kg no. min % mir-' mg/kg!
min

0.025 9 2.4 10.8 0.289 0.007
0.1 2 2.6 0.4 0.266 0.027
1.0 3 3.9 4.1 0.178 0.178
2.5 5 4.6 11.5 0.151 0.375
4.0 2 6.1 9.3 0.114 0.455
5.0 5 7.6 2.6 0.091 0.456
6.0 4 7.2 37.1 0.096 0.577

10.0 3 11.5 29.0 0.060 0.600

Determination of the maximal rate of phago-
cytosis of aggregated albumin in normal man and
dog. Figure 4 A and B illustrates the double-
reciprocal plot relating the dose of aggregated
albumin particles and their rate of removal from
the circulation of normal man and dog, respec-
tively. To obtain the velocity constant, ki, we

plotted plasma radioactivity as an exponential
rather than linear function of time. This made
possible determination of k1 from the relation-
-ship ki = ln 2/t1. The nearly exponential rate
of decrease of plasma radioactivity over the
period of at least one half-time (Figure 3) made
-this possible, and facilitated further handling of
the data.

In man, the value, Vmax, the maximal rate of
phagocytosis of the particles, was 1.07 mg per kg
per minute. In the dog, the maximal rate was

0.79 mg per kg per minute.
These values were obtained by graphing the

half-time of clearance (tj) of the various doses of
particles against the administered dose (AA).
The equation of the straight line that was ob-
tained is

t= a(AA) +b. [8]

We thus obtained the values of a and b for
substitution in Equation 9,

kl(AA) = 0(693 (AA)
-a(AA) + b' [9]

which is derived from [8]. In man, a = 0.65,
.b = 2.6; in the dog, a = 0.88, b = 2.6. The
limiting value that k1(AA) approaches as the
dose (AA) approaches infinity, equal to 0.693/a,
can be shown algebraically to be identical to Vmaz

obtained from the Michaelis-Menten analysis,

since a = 0.693/vmax and b (0.693/k3/kl)/vmaz.
However, it is more accurate to determine Equa-
tion 8 rather than Equation 7 by the method of
least squares. The latter gives undue import-
ance to the clearance of the dose of 0.025 mgper
kg.

Similarly, an alternate method of graphing the
data is to plot the rate of removal of aggregated
albumin particles, k1(AA), as a function of the
dose. As shown in Figure 5 A and B, as the dose
increased, the rate approached a limiting value
in both man and dog. This limiting value indi-
cated the maximal rate of removal of these
particles from the circulation of normal human
subjects and dogs, respectively.

Immunological studies. Because of the possi-
bility that the aggregated albumin might be anti-
genic to man, certain immunological studies were
performed. One indication of a lack of hypersen-
sitivity developing to homologous aggregated al-
bumin was the fact that no change was observed
in the rate of clearance of aggregated albumin
from the circulation of a normal subject given mul-
tiple injections over a 24-day period. Table IV
also lists data obtained in two normal subjects
given successive doses of 5 mg per kg at 24-hour
intervals. Again no significant change in clear-
ance rate was observed.

Six subjects who received multiple injections of
colloidal albumin over a two-week period were
subsequently tested with intradermal injections of
aggregated albumin. None showed any cutaneous
reaction at 48 hours; one positive reaction was
observed at 24 hours after the intradermal in-

TABLE IV

Serial measurement of the clearance of
aggregated albumin in man

Half-time of clearance of
colloidal albumin

Injection
day A.J. E.S. L. B.

5 mg/kg/min
1 5.8 6.0 5.8
2 6.3 5.2
3 6.2
4 5.9
5 5.6 5.8 5.5
6 5.7 5.7
8 6.1
9 6.0

12 5.9 5.5
24 5.5

422
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jection of 0.1 ml of 3% colloidal albumin solu-
tion. By 48 hours, however, the skin test had be-
come negative. Ouchterlony precipitin tests (9)
and passive cutaneous anaphylaxis (PCA) tests
(10) were performed with the plasma of three
human subjects, including the one subject who
had shown a positive skin reaction at 24 hours.
The Ouchterlony precipitin test revealed no pre-
cipitation bands or halos in any of the human sub-

jects. Although repeated injections of human ag-
gregated albumin to dogs resulted in both general-
ized anaphylactic and strongly positive PCA re-
actions, all patients had negative PCA tests and
were asymptomatic, even after repeated doses over
a six-week period.

Additional data indicating a lack of antigenicity
of aggregated albumin in man was the finding that
the clearance rate of trace doses of I131-labeled

ki (AA) =
(AA)

k1(A~ 0. 65 (AA) + 2.

.________---1.07
(6)

T (7)

2 4 (AA)

AGGREGATEDALBUMIN M/kg

ki (AA) =
0.693(AA)

k(A)0.88 (AA) +2.6

----0.79

2 4 6 8 10 (AA)
AGGREGATEDALBUMIN M/kq.

FIG. 5. RELATIONSHIP BETWEENTHE DOSEOF AGGREGATEDALBUMIN AND THE RATE OF CLEAR-
ANCE OF THE PARTICLES FROM THE BLOOD (MILLIGRAMS PER MINUTE PER KILOGRAM OF BODY

WEIGHT) IN MAN (A) ANDDOG (B).

E

ki(AA)
E 1.00

a 0.80

' 0.60

Q 0.40

° 0.20

(A.)

ok,(AA)
S .00EI-W

r 0.80
z
< 0.60

o 0.40

° 0.20

(8.)
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Degradation of lodinated Human Serum Albumin

Mean of 3 subjects +IS.D.

t 12 = 11.7 days

Mean of 3 subjects after
Multiple injections of
Aggregated Albumin

O(12/month)

Xt /2=11.8 days

I _

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

FIG. 6. THE CLEARANCERATE OF TRACEDOSESOF I"-LABELED NORMALSERUMALBUMIN IN SUB-

JECTS AFTER MULTIPLE INJECTIONS OF AGGREGATEDALBUMIN COMPAREDTO CONTROLSUBJECTS.

normal serum albumin in three subjects who had
received multiple injections of 5 mg per kg ag-

gregated albumin over a two-month period was

identical to the rate of disappearance of labeled
albumin from the circulation of subjects who had
never received injections of the aggregated albu-
min (Figure 6) (11).

Radiation dosimetry. Another safety considera-
tion was the associated radiation to the patient.
The radiation that the patient receives from a dose
of 10 uc of radioiodinated aggregated albumin is
0.002 rads. The low dose is the result of the
rapid release of radioiodine from the reticuloendo-
thelial cells with subsequent excretion in the urine.
Thus, the exposure to radiation is well within
permissible limits, the dose being far less than is
received during a single roentgenogram of the
chest.

DISCUSSION

In the present study, we have found that ag-

gregated albumin particles labeled with radioactive
iodine can be safely administered to human sub-

jects in amounts large enough to permit measure-

ment of the phagocytic capacity of the RES.
Our data can be analyzed according to the method
developed by Michaelis and Menten to measure

the concentration of an enzyme by determining the
rate of disappearance of substrate. In the pres-

ent system, the aggregated albumin particles are

analogous to substrate and the RES analogous to
enzyme. In using the term RES, we do not mean

to imply a specific type of mesenchymal cell. For
our purposes, the RES is defined as all factors
participating in the phagocytosis of aggregated
albumin. For example, it is possible that the par-

ticles react with some humoral factor prior to
phagocytosis, and that our data describe the reac-

tion with this substance rather than the RE cells
themselves.

In addition to the experimental results that we

have obtained, when we graphed the published
data of Benacerraf and his associates using various
experimental animals and different colloidal parti-
cles (3, 4, 13-15), a similar relationship be-
tween the administered dose of colloid and the
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o 400
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TABLE V

Comparison of present method and Benacerraf's method of measuring functional capacity of RES

Functional capacity of RES

ki(AA) Benacerraf method
Species Colloidal material Lim (AA) -- xo kD =constant

Mouse Carbon particle 4.22* mg/kg/min 4.08
Colloidal serum

protein I13s 2.13* 2.00
Colloidal albumin I131 2.31t 2.30

Rat Carbon particle 1.89t 2.08
Colloidal albumin I131 1.76* 1.25-1.55
Colloidal iron 0.20* 0.20

Rabbit Carbon particle 0.80* 0.73
Colloidal albumin I131 0.48-0.77t 0.45-0.64

Guinea pig Carbon particle 1.70
Colloidal albumin I131 1.22t 1.15

* Plotted according to Lineweaver-Burk.
t Plotted according to Equation 8.

rate clearance could be demonstrated even with
doses as high as 500 mg per kg. The blood
clearance rate approached a limiting rate as the
dose increased. This limiting rate which we have
called the phagocytic capacity of the RESwas the
maximal rate at which the RES could phagocy-
tize the colloidal preparation, regardless of the
amount of colloid administered.

After studying the rate of clearance of colloids
in experimental animals, Benacerraf and his as-
sociates concluded that one must inject extremely
large quantities of colloidal particles to study the
RES. This conclusion was based on their ob-
servations that, as the number of administered par-
ticles was increased, a point was reached at which
the product of the dose and the fractional clear-
ance became constant (13, 14, 15). In studies of
human beings, one cannot safely administer suffi-
ciently large doses of colloid to make the clearance
rate constant. For example, if one wished to in-
ject aggregated albumin as a 3% solution to
a person with a body weight of 60 kg, our results
indicate that one would have to inject 150 ml of
the aggregated albumin solution to measure the
capacity of the RESby Benacerraf's method. For-
tunately, this is not necessary. Wehave shown
that the limiting rate of clearance of colloids by
the RES can be determined by administering sev-
eral intermediate doses of colloid and measuring
their respective half-times of clearance from the
blood. As seen in Table V, recalculation of the
data of Benacerraf by our method gives nearly
identical values of RES capacity as were obtained

by the administration of single extremely large
doses of colloid. Similar results were obtained
whether we plotted the data of Benacerraf accord-
ing to Lineweaver-Burk or according to Equation
8.

Other indices of RES function have been used.
One may measure the clearance rate constant of a
single large dose of colloidal albumin to obtain
an indication of the capacity of the RES. This is
not completely satisfactory because of the influence
of variability in blood flow under certain condi-
tions, such as in cirrhosis of the liver. To correct
for blood flow, Taplin suggested dividing the
clearance rate constant of a large dose of albumin
by the clearance rate constant of a very small dose,
i.e., 0.025 mg per kg (16). In our opinion, this
"corrected phagocytic index" is still too greatly
influenced by variations in blood flow. In other
words, blood flow variations dilute information
about RES efficiency, the measurement of which
is our primary objective.

The data in Table V indicate that the absolute
units of the functional capacity of the RES de-
pend on the type of colloidal particle used to meas-
ure its capacity. In each animal species examined,
there was considerable variation in the dose of
various colloids required to saturate the RES.
For example, a larger dose of carbon was required
than of aggregated protein. Similarly, much less
colloidal iron was required when compared to
carbon particles. However, regardless of the
particle used, the RES of the rabbit had a smaller
capacity for colloidal particles than did other spe-
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cies. This observation is consistent with the fact
that the liver of the rabbit has relatively fewer RE
cells than liver of the rat (17).

SUMMARY

1) When human serum albumin is aggregated
under standardized conditions, a polymer is ob-
tained that can be successfully used to study the
phagocytic capacity of the reticuloendothelial sys-
tem (RES) in man.

2) In addition to careful control of pH, tem-
perature, amount of agitation, and concentration
of the albumin solution, it is necessary to monitor
the changes in optical density, to insure adequacy
of the prepared material by bioassay in man, or dog,
or both, and to conduct simultaneous control stud-
ies in normal subjects during the study of patients.

3) Large doses of aggregated albumin can be
safely administered over prolonged periods to hu-
man subjects without evidence of hypersensitivity
or excessive radiation.

4) The phagocytic capacity of the RES in both
man and dog was determined experimentally with
the analytical method of Michaelis and Menten.
In man, this maximal rate of phagocytosis of ag-
gregated albumin was 1.07 mg per minute per kg
of body weight.
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