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and the Department of Medicine, Boston University School of Medicine,
Boston, Mass.)

(Submitted for publication September 1, 1960; accepted September 30, 1960)

Prior studies in animals have indicated that the
lymphatic system returns extravascular protein to
the blood stream (1-8). Lewis injected horse
serum subcutaneously into dogs and found that
it appeared in the thoracic duct lymph before it
was detected in the blood (4). Similar observa-
tions were made by Field and Drinker (5). Conk-
lin, after injecting foreign proteins into the cir-
culating blood of the frog, observed that they
passed through the skin capillaries into the lym-
phatics (6). More recently Courtice, Simmonds
and Steinbeck have shown that homologous serum
protein labeled with Evans blue is absorbed by
the lymphatics when introduced into the pleural
or peritoneal cavities (7, 8).

In man, lymphatic function has been studied
mainly by outlining the lymphatics visually with
vital dyes injected into the tissues (9-11). The
interpretation of these studies has been based pri-
marily on the local distribution of the dyes in the
tissues. The removal of particles and colloids by
the lymphatics also has been studied (12-14).
However, the results of these experiments have
been influenced by the local reaction of the tissue
to the injected foreign substance.

The present study was undertaken to determine
whether the rate of disappearance of human se-
rum albumin injected into the subcutaneous tis-
sues might give some estimate of lymphatic func-
tion in man (15).

* Presented at the Annual Meeting of the American
Society for Clinical Investigation, Atlantic City, N. J.,
April 30, 1956.

t Supported by Contract no. AT (30-1) 919 between
the Atomic Energy Commission and the Massachusetts
Memorial Hospitals.

t Special Research Fellow, National Institutes of
Health.

MATERIAL AND METHODS

Hospitalized patients with and without edema were
studied. All patients had been at bed rest for 3 to 5 days
without showing a variation in weight of more than 2
pounds or a measurable change in the size of the ex-
tremities. Throughout the study the patients remained
at bed rest without significant change in body weight or
in the circumference of the injected limb.

Fifteen patients in the control group had no history
or physical findings suggesting cardiovascular or periph-
eral vascular disease. Their limbs were nonedematous
and appeared normal.

Five patients had had lymphedema of an entire upper
extremity for 3 to 15 weeks following radical mastectomy
for carcinoma of the breast. One patient had had lymphe-
dema of the lower extremity of 9 weeks' duration, re-
sulting from a radical groin resection for malignant
melanoma. In all 6 patients the edematous extremity
pitted to local pressure. However, the venous pressure
in the involved as well as in the opposite normal limb
was in the normal range.

Seven patients had had edema, caused by peripheral
venous obstruction, for 1 to 5 weeks. The edema of the
involved extremities pitted to a marked degree. Venous
obstruction was due to femoral or popliteal vein throm-
bosis in 4 patients, to compression of the inferior vena
cava by an abdominal neoplasm in 2 other patients, and
to narrowing of the superior vena cava by an inflam-
matory mediastinal lesion in another patient. In those
cases of vena caval block, the venous pressure distally
was over 350 mmof water.

Fifteen patients in severe congestive heart failure had
enlargement of the heart, pulmonary congestion by
X-ray, venous distention, marked pitting edema of the
legs, elevated venous pressure and prolonged circulation
time. The heart failure with peripheral edema had been
present for 1 to 5 weeks and was being treated with salt
restriction and maintenence of digitalis but without diu-
retics. Three patients with rheumatic heart disease, 2
with hypertensive heart disease and 1 with pulmonic
stenosis were restudied after their edema had disappeared
following further medical therapy with additional digi-
talis and frequent injections of mercurials. The hyper-
tensive patients were also given antihypertensive drugs
with return of their blood pressures close to normal
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levels. One other patient with constrictive pericarditis
was restudied after pericardectomy at which time he
was fully compensated, as revealed by the findings of
right heart catheterization.

Six patients with Laennec's cirrhosis and 4 patients
with nephrotic syndrome had peripheral edema associated
with hypoproteinemia. The edema of the legs was of 2
to 7 weeks' duration and pitted markedly. The nephrotic
syndrome was caused by amyloidosis in 2 patients, in-
tercapillary glomerulosclerosis in 1 other patient, and
glomerulonephritis in the remaining patient. All the pa-
tients had a normal venous pressure and were receiving
a diet restricted in salt.

Twenty to 30 ,uc of a 1 per cent solution of I"31-labeled
human serum albumin 1 was administered subcutaneously
into an extremity in a volume of 0.03 to 0.05 ml using a
25 gage needle and a tuberculin syringe. In all studies on
paired extremities and in repeat studies in cardiac pa-
tients the dose and volume of labeled albumin inj ected
into the limbs was identical. The sites of injection were
similarly controlled. To prevent leakage of the radio-
active protein from the puncture wound, the labeled al-
bumin was injected 30 to 35 mmfrom the site of punc-
ture by advancing the needle subcutaneously. After the
needle was withdrawn the puncture site was sealed with
collodion. The site of injection was then externally mon-
itored at intervals of 10 to 15 minutes for the first hour
and every 2 to 3 hours for the next 12 hours. Thereafter,
the site was monitored 4 times a day until the injected
radioactivity had disappeared from the limb. The activity
at the site of injection was corrected for "background"
by subtracting the radioactivity of the uninjected limb
from the activity of the injected limb. In certain cases,
a scintogram scan of the entire limb was made and com-
pared with that of the opposite control limb. The thy-
roid gland was externally monitored at intervals of 6 to
12 hours. Daily total urine collections were made and
assayed for radioactivity. Plasma samples were drawn
at times at which the limb was monitored. Total radio-
activity, trichloroacetic acid (10 per cent) precipitable
radioactivity, and the radioactivity in the supernatant
were determined in the plasma samples. More than 96
per cent of the radioactivity was precipitable with the
trichloroacetic acid, and all of the radioactivity was
contained in the albumin fraction separated by electro-
phoresis. Radioactivity of plasma and urine samples was
assayed in a well-type sodium iodide crystal. The meas-
urements of radioactivity were related to appropriate
standards.

In a number of subjects after the labeled albumin
had completely disappeared from the tissue, 0.1 ml of a
solution containing 10 to 15 Ac of Na24Cl or of NaI.1. was
inj ected subcutaneously into an area which had previ-
ously been injected with I'3P-labeled albumin. The rate of
disappearance of these radioactive ions was determined
by monitoring the injection site at intervals of 1 to 3
minutes. The activity at the site of injection was cor-
rected for background (final plateau reached after clear-

1 Obtained from Abbott Laboratories, Oak Ridge, Tenn.
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ance) and for decay of the isotopes. In repeat studies in
cardiac patients and in all studies on paired extremities,
the administered dose and volume of the radioactive ion
was the same. The sites of injection were also con-
trolled.

Two types of collimation were employed to limit the
detected radiation to the monitored areas. For the lower
extremities, a shield of lead bricks, 2 inches thick, was
constructed to provide a square opening (approximately
100 cm2) over which the injection site could conveniently
be placed in front of the radiation detector, which was
recessed 15 cm below the opening of the shield. For
monitoring the thyroid gland and the injection site in the
upper extremities, a conical lead shield, 2 inches thick,
with a round opening (approximately 175 cm') into
which the radiation detector was recessed 40 cm, was
used.

Duplicate determinations of the monitored radioac-
tivity checked within 2 per cent. Tissue background ra-
diation arising from circulating P1'-albumin at the in-
jection site was assumed to be equal to that of a similar
area in the opposite extremity.

RESULTS

The results are summarized in Tables I through
VII.

Removal of I131-albumin from the normal limb.
The disappearance rate of injected labeled albumin

from the subcutaneous tissue of a normal leg is il-
lustrated in Figure 1. For the first 4 to 8 hours
following the injection of I1"'-albumin there was
a relatively rapid decrease in radioactivity over the
injected area in 10 of the 15 cases. During this
period 10 to 28 per cent of the injected dose disap-
peared. Thereafter the radioactivity decreased
more slowly. The half-time of disappearance
(Ti), calculated from the slower exponential
component of the disappearance curve, averaged
33.4 hours and ranged from 18 to 48 hours. In
contrast to these values, the T4 of NaI131 from the
subcutaneous tissue of the same subjects averaged
11.9 minutes and ranged from 7 to 18 minutes.
There was no consistent relationship between the
T1 of I'31-labeled albumin and that of NaIl31.

Repeated scanning over the site of injection re-
vealed that I131-albumin remained within the moni-
tored area, although some diffusion occurred. Im-
mediately after injection, the area occupied by the
injected activity averaged about 3.8 cm2, whereas
24 and 48 hours after the injection it averaged
11.3 and 13.6 cm2, respectively. The relationship
between the T1 and the area of diffusion of the

TABLE III

Disappearance of I'3l-albumin and NaI131 from paired normal limbs

13'-alb. NaOW'
disapp. disapp.

Subject Age Sex BSA Limb* T1 T1
yrs m2 hrs min

L. M. 52 F 1.77 R. F. 19 6
L. F. 20 5

A. C. 57 F 1.84 R. F. 25 18t
L. F. 27 20

C. F. 49 F 1.81 R. F. 25 10
L. F. 25 11

M. C. 54 F 1.75 R. F. 22 15
L. F. 22 13

E. B. 34 F 1.68 R. L. 31
L. L. 29

E. K. 42 F 1.72 R. L. 34 14
L. L. 32 14

N.B. 37 F 1.64 R.L. 28 9t
L. L. 38 8

Mean 46.4 1.74 26.3 12.0
R. Ext.

SD ±8.9 0.08 45.2 ±4.4
Mean 27.6 11.8

L. Ext.
SD ±6.1 ±5.2

* R.F. = right forearm; L.F.
left extremity.

t T, of Na24Cl.

= left forearm; R.L. = right leg; L.L. = left leg; R. Ext. = right extremity; L. Ext. =
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DisalPPearance of

TABLE VI

Is3'-albumin and Na54Cl in cardiacedema followinu therapy

131-alb.
Edema Venous Decholin disapp. Na24 Cl

Subject Treatment grade pressure circ. time T1 disapp.

mmH20 sec hrs
M. A. None 4+ 180 35 15 54

After 8 days 0 80 14 31 15
M. F. None 3+ 285 38 12 62*

After 7 days 0 75 15 25 14
G. L. None 4+ 235 33 12

After 7 days 0 100 24 40
C. J. None 3+ 275 45 12 67

After 8 days 0 185 40 24 60
W. G. None 4+ 205 31 11 27

After 8 days 0 95 23 44 19
R. L. None 3+ 340 46 15 56

After 15 days 0 90 13 24 16
F. B. None 3+ 240 34 20 52*

After 7 days 0 145 27 34 41
Mean None 251 37.4 13.9 53.0
SD 454 ±5.9 ±43.1 i 13.9
Mean After 110 22.1 31.7 27.5
SD ±40 ±9.5 ±8.1 ± 18.9

* T. of NaIl31.

injected activity was inconsistent. Scans of the crease of radioactivity over the regional lymph
limbs also showed that the radioactivity through- nodes.
out the injected limb, except for the injection site, As I131-albumin disappeared from the site of
was comparable to that in the opposite control injection, the radioactivity in the blood increased
limb and was not accompanied by a detectable in- progressively in the first 18 to 36 hours and

TABLE VII

Disappearance of I'31-albumin in hypoproteinemic edema

Serum I"31-alb.
Edema total Serum disapp.

Subject Age Sex BSA Diagnosis grade protein albumin Tj

yrs m2 g % g % hrs
C. S. 48 M 1.60 Cirrhosis 3+ 6.9 2.4 10
C. C. 55 M 1.72 Cirrhosis 3+ 4.2 1.9 13
M. C. 51 F 1.52 Cirrhosis 2+ 5.4 1.8 20

R. C. 62 M 1.79 Cirrhosis 3+ 5.0 1.8 16
M. R. 49 M 1.68 Cirrhosis 3+ 5.2 2.2 14

A. P. 45 F 1.57 Cirrhosis 4+ 4.8 1.8 17
C. M. 54 F 1.58 Nephrotic 4+ 5.5 0.9 17

syndrome
E. N. 38 M 1.74 Nephrotic 4+ 5.1 1.3 18

syndrome
T. R. 23 M 1.65 Nephrotic 4+ 5.2 1.9 15

syndrome
C. A. 65 F 1.82 Nephrotic 4+ 5.7 1.2 12

syndrome
Mean 49.0 1.67 5.3 1.7 15.2
SD ±12.0 ±0.1 ±0.7 ±40.5 ±3.0
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12 24 36 48 60 72 84 96
HOURS

FIG. 1. THE DISAPPEARANCEOF I"'-ALBUMIN FROMTHE

SUBCUTANEOUSTISSUE OF A NORMALLEG.

reached a plateau in 48 to 72 hours. The buildup
of radioactivity in the plasma was more rapid in
those subjects with a short than in those with a
long T4 of 1131-labeled albumin. Of the total ac-
tivity in each plasma sample, more than 96 per
cent was contained on the protein fraction pre-
cipitated by 10 per cent trichloroacetic acid.

Thyroid and urine radioactivities averaged, re-
spectively, 1.9 and 4.3 per cent of the injected dose
per day.

Removal of I131-alblinmin from the lymnphedemta-
tous limb. The clearance of I131-albumin and
NaI131 from the subcutaneous tissue of a lymphe-
dematous limb due to a radical mastectomy and
that of the opposite normal limb are compared in
Figures 2 and 3.

In six patients I131-albumin disappeared at a
significantly slower rate from the lymphedematous
limb than from the control limb (p < 0.01). The
Tj from the involved limb averaged 101 hours
and ranged from 65 to 140 hours as compared to
an average of 26 hours and a range of 21 to 33
hours from the opposite normal limb. Some dif-
fusion of the injected albumin occurred in the tis-
sue but was not appreciably different in the two
limbs. In contrast to these results, the disap-
pearance of NaI13' and Na24Cl did not differ sig-
nificantly in the lymphedematous and opposite
normal limb (p > 0.9) and was approximately

150 to 600 times more rapid than the disappear-
ance of 1131-albumin. In control studies of paired
normal limbs the disappearance of labeled albumin
as well as of NaI'13 and Na24Cl was approximately
the same (p = 0.4 and p = 0.8, respectively).

Following the subcutaneous injection of I131-al-
bumin, radioactivity, more than 96 per cent of
which was precipitable with 10 per cent trichloro-
acetic acid, appeared in the plasma. The average
urinary excretion of radioactivity was 2.5 per
cent per day, whereas the radioactivity taken up
by the thyroid gland averaged 1 per cent per day.

Remitoval of I'31-albumin in edematous limbs
caused by venous occlusion. The disappearance of
I131-albumin from an edematous limb caused by
phlebothrombosis is compared with that of the
opposite normal limb in Figure 4.

The disappearance of I131-albumin in edema
caused by venous obstruction in contrast to that
caused by lymphatic obstruction was significantly
increased as compared to the disappearance of 1131_
albumin in control limbs (p < 0.01). In four
subjects with venous obstruction, the mean disap-
pearance time of I131-albumin in the edematous
limb was 16 hours, whereas in the opposite nor-
mal limb it was 34 hours. The diffusion of radio-
activity from the subcutaneous injection site also
appeared to be greater in the edematous than in
the control limb. It is noteworthy that the re-

-oo (SEl - P Left ftd M#S&%n.YI0C I-aIw
80 T- a _*

X - Lymphedemotous
60 _ %of Initial Activity Limb

at Injection Site
40__

20 _ 1 .

10~~~~~IOpposite

Un%Doa/ Liter Peon dmo

= /. w 1 1 ~~~Urinary Excretion (Ndose/'dy)I
2

Thyroid Uptake (V.dose/day)
_.. .I.....,----- ............... v

10 20 30 40 50 60 70 80 90 100 110
HOURS

FIG. 2. THE DISAPPEARANCEOF I"1-ALBUMIN FROMTHE
SUBCUTANEOUSTISSUE OF A LYMPHEDEMATOUSFOREARM
DUE TO A RADICAL MASTECTOMYFOR CARCINOMAOF THE
BREAST AS COMPAREDTO THAT OF THE OPPOSITE NORMAL
FOREARM.
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M.S. ,65 -PosL. Roed. Mosct of radioactivity in the plasma, urine and thyroid
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activity in the subcutaneous tissue was signifi-
cantly greater in the cardiac edematous than in the
normal limb (p < 0.01). Twenty-four hours fol-
lowing injection of the I131-albumin, radioactivity
of the injection site covered an average area of
22.9 cm2 in edematous cardiac patients as com-

pared to 11.3 cm2 in normal subjects. Although
the average rate of removal of Na24Cl in cardiac
edema was about 50 times more rapid than that of
I131-albumin, it was significantly slowed, being
about one-fourth as rapid as that in normal sub-
jects (p < 0.01).

In seven subjects who were restudied after
cardiac compensation, the removal of I131-albumin
from the subcutaneous tissue of the legs decreased
noticeably toward the normal range. The T2
averaged 31.7 hours as compared to 13.9 hours
before treatment. The clearance of Na24 also re-

turned toward normal after treatment, but in con-

trast to that of 1131-albumin, it was considerably
more rapid after compensation than it had been
during congestive failure. The TX of Na24 before
treatment averaged 53 minutes, whereas after
treatment it averaged 28 minutes. The return of
Na24 clearance to the normal range after treatment
was associated with "complete" compensation as

indicated by the disappearance of peripheral edema
and a decrease in venous pressure and circulation
time to normal levels. However, normal clear-
ance values for I131-albumin occurred without
"complete" compensation, but it was consistently
associated with the disappearance of edema.

Removal of I'31-albumnin in hypoproteinemic
edema. The disappearance of I131-albumin from
the subcutaneous tissue of the legs of patients with
hypoproteinemic edema caused by cirrhosis or

nephrotic syndrome was significantly more rapid
than that in the control group (p < 0.01). The
T, averaged 15.2 hours and ranged from 10 to 20
hours.

DISCUSSION

I131-albumin appeared to have a high degree of
stability following injection into the subcutaneous
tissue. The existence of a firm bond between the
radioiodine and albumin molecules in the tissue is
supported by the observation that the disappear-
ance of I131-albumin from the tissues was consid-
erably slower than that of inorganic 1131. The
amount of radioiodine excreted in the urine and

taken up by the thyroid gland following the sub-
cutaneous injection of the labeled albumin was
small and consistent with the metabolic break-
down of plasma proteins, and over 96 per cent of
the plasma radioactivity was contained on the
protein fraction precipitated by trichloroacetic
acid and was accounted for in the albumin fraction
separated by electrophoresis.

The removal of labeled albumin from the rest-
ing limb was slow but occurred at an exponential
rate. The explanation for the increased clearance
of the labeled protein in the first 4 to 8 hours after
injection is not clear but might be due to the in-
jection of some radioactivity directly into the sub-
cutantous lymphatic capillaries or to a temporary
injury to the lymphatic capillaries by the injec-
tion. Some dissociation of 1131 from the albumin
molecule has been reported to occur in certain
batches of radioiodinated serum albumin (16).
However, it is unlikely that the clearance of un-
bound 1131 would account for the relatively rapid
fall-off of activity at the injection site during the
first 4 or more hours, since the removal of inor-
ganic J131 was virtually complete in 1 hour.

The appearance of radioactivity in the blood
did not parallel the disappearance of radioactivity
from the site of injection even when appropriate
corrections were made for the radioactivity which
had been excreted in the urine or taken up by the
thyroid gland. The dissimilarities in the disap-
pearance and appearance curves are not surpris-
ing, since the level of radioactivity in the blood
at a given time presumably is influenced not only
by the amount of radioactivity appearing in the
blood from the injection site but also by the vol-
ume of distribution of the radioactivity, which in-
creases as the labeled albumin equilibrates with
extravascular protein.

The marked reduction in the clearance of J131_
albumin from the subcutaneous tissue in lymph-
edema suggests that the principal route of removal
of extravascular protein in man is through the lym-
phatic vessels and that the direct passage of inter-
stitial protein across blood capillaries into the blood
stream is negligible in such a limb. Studies with
I131-albumin in animals also support this view
(17). The finding also suggests that the rate of
disappearance of labeled albumin might be em-
ployed as an index of lymphatic "function." in-
cluding flow, since it is likely that protein is ab-
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sorbed by the lymphatic vessels along with a
relatively fixed amount of interstitial fluid. In
animal studies, Drinker and Field have concluded
that the absorption of protein by the lymphatics
is accompanied'by salt and water in the same con-
centrations that exist in the tissue fluid (1).

The present observations that the disappearance
of Na24 or 1131 from subcutaneous tissue is much
more rapid that that of I131-albumin, that it is
comparable in lymphedematous and normal limbs,
and that it is influenced by the degree of cardiac
compensation, are in line with the evidence that in-
organic ions are principally cleared from the in-
terstitial fluid by direct diffusion through the blood
capillaries into the blood stream (18-21). The
findings are also consistent with reports that the
rate of disappearance of inorganic ions from the
tissues may be a useful index of blood flow, es-
pecially through the capillaries (18-20).

With the exception of lymphatic edema, the
disappearance of J'31-albumin in edema caused by
other conditions such as venous obstruction, con-
gestive heart failure, and hypoproteinemia was sig-
nificantly more rapid than the removal of J131.
albumin from normal limbs. It is unlikely that
the differences in albumin removal were due to
differences of diffusion of the injected protein in
the subcutaneous tissue, since the IP1"-albumin
disappeared at an exponential rate. It is also im-
probable that differences shown by the different
groups in thyroidal and renal clearances of radio-
iodide liberated from degraded 1131-albumin in-
fluenced the disappearance of the injected albumin.

An increase in permeability to protein in the
blood capillaries might also promote the removal
of I131-albumin by the blood stream. However,
evidence for such a change is lacking in cardiac
and nephritic edema, since the interstitial protein
concentration in these conditions is only a small
fraction of the plasma protein concentration and
no greater than the protein content of interstitial
fluid in normal limbs (22, 23). Furthermore,
Ross and Walker have recently presented findings
which indicate a decrease rather'than an increase
in capillary permeability to protein in congestive
heart failure (24). Other present observations
which argue against the blood stream as the ma-
jor route of removal of subcutaneously injected
albumin in cardiac edema are those showing that
the clearance of I131-albumnin changed in an op-

posite direction to that of NaI131 or Na24Cl follow-
ing recovery from heart failure.

These results are consistent with the presence
of an increased lymphatic flow in cardiac edema.
They also appear to indicate that edema fluid in
heart failure is not "stagnant," but actually ex-
changes with the fluid and salt in the blood and
circulates through the lymphatics at a fairly con-
stant rate and more rapidly than does normal in-
terstitial fluid.

As opposed to the present findings, McMaster
has concluded from the local spread of vital dyes
injected intradermally that lymphatic flow, al-
though increased in nephritic edema, was negligi-
ble or absent in cardiac edema (10). Threefoot,
using similar methods of study, has indicated a
reduction in lymphatic flow within the skin of
all edematous extremities (11). Since leakage
of the vital dye from the cutaneous lymphatics
was reported to occur in both these studies, it
might have influenced the results of the experi-
ments. Furthermore, the interpretation of these
studies was made from the distribution and not
from the actual rate of removal of the dye from
the tissues.

In addition to the methods of measurement,
other factors which might account for differences
in results between those and the present studies
include the age of the patients studied, duration
of the edema, and differences in the cutaneous as
compared with the subcutaneous lymphatic flow.
In the current study the patients were younger
and had a shorter history of heart failure than the
patients studied by McMaster.

In edema, especially of long duration, a pro-
liferation of interstitial tissue may occur and in-
terfere with lymphatic drainage. This factor and
differences in interstitial pressure may account
for the variations in the clearance of labeled al-
bumin from edematous tissues. It likewise ap-
pears from the observations in edematous states,
especially in heart failure and superior vena caval
block syndrome, that the interstitial pressure is
an extremely important determinant of lymphatic
flow, even when marked hypertension exists in the
veins into which the main lymphatics drain.

SUMMARY

The disappearance of human serum albumin
labeled with radioiodine from the subcutaneous
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tissue of the forearm or leg described an expo-
nential slope and was followed by the appearance
of radioactive albumin in the blood. The rate of
removal of 1131-albumin from the tissues was sig-
nificantly reduced in edema caused by lymphatic
obstruction, but significantly increased in edema
caused by venous obstruction, congestive heart
failure or hypoproteinemia. The disappearance
of Na24Cl or of NaJ131 from the tissues was con-
siderably more rapid than that of I131-albumin
and was not significantly altered in lymphatic
edema, although it was significantly reduced in
cardiac edema. Following treatment of the heart
failure, the clearance of labeled protein and inor-
ganic ions changed in opposite directions and re-
turned to or toward normal values.

These findings indicate that 1131-albumin in-
jected into the subcutaneous tissue is removed
mainly by lymphatic vessels and suggest that
lymphatic flow is reduced in lymphedema but is
increased in cardiac and other types of edema.
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