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(From the Department of Medicine, Postgraduate Medical School of the University of
London, England)

(Submitted for publication September 18, 1959; accepted April 7, 1960)

The portal vein and its branches may be demon-
strated by the intrasplenic injection of radiocon-
trast media. Such identification of collateral ves-
sels aids understanding of some of the symptoms
of chronic liver disease (1-4). The size and lo-
cation of collateral vessels is shown ; however, the
blood flow through them is not measured. Cer-
tain syndromes, such as the neurological complica-
tions of chronic liver disease (portal systemic en-
cephalopathy), depend more on the total collateral
blood flow than on the presence of any specific col-
lateral vessels (5). This paper reports a method
for measuring the portal collateral blood flow and
its application in 12 patients.

If an indicator substance is introduced into, and
is rapidly absorbed from the spleen, part of it
reaches the general circulation by passing through
the liver and the remainder by passing through
any collateral channels present (Figure 1). The
amount passing by each of the two routes is di-
rectly proportional to its respective blood flow.
The amount passing through the liver is measured
from the concentration of the indicator in the he-
patic venous blood and the blood flow through
the liver. Some indicator recirculates to the
portal vein by way of the arteries and is measured
in the femoral artery. When absorption is com-
plete the total amount of the indicator absorbed
may be determined from the product of its con-
centration and its volume of distribution.

During the time required to reach equilibrium,
the difference between the amount of radioactivity
leaving the splanchnic bed and the amount enter-
ing should be equal to the effective radioactivity

* Present -addresses: Dr. Iber, The Johns Hopkins
Hospital, Baltimore, Md.; Dr. Kerr, Royal Victoria In-
firmary, Newcastle upon Tyne, England; Dr. Dolle, Uni-
versity-Krankenhaus Eppendorf, Hamburg, Germany:
Dr. Sherlock, Royal Free Hospital, Grays Inn Road,
London, England.
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F16. 1. DIAGRAM OF THE EXPERIMENTAL METHOD.
HISA is injected into the spleen and may reach the
peripheral circulation by passing through the liver or
through the collateral vessels. HISA passing through
the liver may be measured by means of a hepatic vein
catheter.

injected minus the residual radioactivity in the
splanchnic plasma. The radioactivity leaving the
splanchnic bed is that leaving by the hepatic vein
plus that leaving by the collaterals.

METHOD

Assumptions. The major assumptions of the method
are listed below in the same order in which they appear
in the method and the evaluation of the data. Continu-
ous sampling from the hepatic vein must extend through-
out the period of absorption of indicator from the spleen.
The indicator must mix completely with the blood in the
splenic vein before the first branching point and with
all blood subsequently entering the splenic vein. The
sampling from the hepatic vein must be uniform and must
not alter the blood flow in the hepatic vein. The sulfo-
bromophthalein (BSP) technique must measure blood
flow in the hepatic vein. Recirculated indicator must
take the same route as injected indicator and this route
must not vary during the study. The time of circula-
tion from heart to hepatic vein is the same as circulation
from heart to femoral artery. The splanchnic blood vol-
ume may be estimated from values in the literature. The
flow of significant indicator through collateral circulation
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is slow compared with the flow through the hepatic vein.
The total blood flow through the liver must not change
during the procedure.

A preliminary investigation was carried out to test
the suitability of human iodinated serum albumin (HISA)
as an indicator. The HISA was prepared by the tech-
nique of McFarlane (6) and had an activity of 5 to 25
uc per ml. A measured dose of HISA in 1 to 2 ml
was injected into the spleen and samples were taken
from a peripheral artery or vein for 20 minutes to de-
termine concentration. The plasma volume was deter-
mined with Evans blue. Eight patients with splenomegaly
were studied; 6 had portal hypertension. The time
necessary to reach a constant concentration was from
2 to 3.5 minutes (mean, 2.8 minutes) and the constant
concentration was 94 to 106 per cent (mean, 98 per cent)
of that predicted if the injected dose were distributed
into the Evans blue volume. It was concluded that HISA
in small volumes was rapidly and almost completely ab-
sorbed from the injection site in the spleen and that its
rate of appearance in the circulation could be determined
if frequent samples were taken in the first 4 minutes.
No significant leakage from the circulation occurred
within the period of study.

Measurement of collateral blood flow was attempted
in 12 patients after an overnight fast and without pre-
medication. On the day prior to the test, the rate of re-
moval from the blood of BSP (5 mg per kg) was de-
termined. The volume of distribution (plasma volume),
the rate of removal of BSP and the rate of constant in-
fusion necessary for measurement of hepatic blood flow
were calculated (7). Samples were analyzed for BSP
by the technique of Seligson, Marino and Dodson (8).

On the morning of the test a no. 9 radiopaque catheter
was introduced into a right hepatic vein and the wedged
hepatic vein pressure recorded. All pressures were ex-
pressed in millimeters Hg above the measured right au-
ricular pressure and were obtained with a Miiller-Shil-
lingford photoelectric transducer and recorder manufac-
tured by the Cambridge Instrument Co. (9). Normal
values for wedged hepatic vein pressure are less than 12
mm Hg (10-13). :

An indwelling needle was inserted into a femoral ar-
tery and a priming dose of BSP, followed by a constant
infusion of BSP, was administered into the arm vein.
Paired samples of arterial and hepatic venous blood were
withdrawn at intervals for determination of hepatic
plasma flow (14).

Intrasplenic pressure was then measured (15) and,
with the needle in position, 2 to 20 uc of HISA in 1 to
2 ml was injected deeply into the spleen. Normal intra-
splenic pressure is less than 14 mm Hg (15, 16). Start-
ing at the time of injection, continuous simultaneous
manual withdrawal of blood was made from the hepatic
vein catheter and from the femoral artery at the rate
of 1 ml each 5 seconds. Syringes were usually changed
at 30-second intervals during the first 1.5 minutes and at
1 minute intervals thereafter for 3 additional minutes.
A single sample was taken from each site atter 10 min-
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RADIOACTIVITY per ML
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F1c. 2. HYPOTHETICAL RADIOACTIVITY OF FEMORAL AR-
TERIAL AND HEPATIC VENOUS PLASMA AFTER INJECTION
oF HISA 1NTO SPLEEN AT zERO TIME. Until absorption
is complete, the hepatic venous values are greater than
the femoral arterial values.

utes. Samples were heparinized and BSP and radioac-
tivity were measured in plasma. Counting was performed
in a well-scintillation counter that measured 1.2 X 10°
cpm per uc of iodine™. Plasma volume was measured
with Evans blue dye in 4 subjects. The volume of distri-
bution for BSP was used in the remainder.

Calculation. A curve was constructed of the radioac-
tivity measurements in the hepatic venous and femoral
arterial plasma, such as is shown in the hypothetical ex-
ample of Figure 2. The upper heavy line represents
hepatic venous radioactivity and the lower line (at the
upper border of the stippled area) represents femoral ar-
terial radioactivity, which is assumed equal to the levels
in recirculated arterial plasma leaving the splanchnic
circulation at the same time. When the arterial and ve-
nous lines join, the absorption of radioactivity is com-
plete and there is equilibrium.

Calculation is based on the premise that during the
time required to reach equilibrium, the difference be-
tween the amount of radioactivity leaving the splanchnic
bed and the amount entering it should be equal to the
effective radioactivity injected minus the residual radio-
activity in the splanchnic plasma. The radioactivity
leaving the splanchnic bed is that leaving by the hepatic
veins (Quv) plus that leaving by the collaterals (Qcon1).

_The radioactivity entering the splanchnic bed (Qr) is

the product of the femoral arterial concentration and the
hepatic plasma flow (Fnv). The effective radioactivity
injected is the product of the equilibrium concentration
(Ce) and the plasma volume (Ve). The residual
splanchnic radioactivity is the product of the splanchnic
plasma volume (Vn) and the equilibrium concentration
(Cg). The splanchnic bed is defined as those blood ves-
sels that drain through the hepatic vein.
Then:
Quv + Qo1 — Qa = VeCg — V4u1Ce

Qcoll = (VP - VSpl)CE + Ql'u - th- [1]
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TABLE I
Sample calculation

Time Arterial Venous Difference Area
min 108 cpm/ml (10® min) (cpm/ml)

0-0.5 4.6 11.8 7.2 3.6
0.5-1.0 16.2 21.9 5.7 2.8
1.0-1.5 11.6 19.8 8.2 4.1
1.5-2.0 12.5 16.4 3.9 1.9
2.0-3.0 11.6 12.5 0.9 0.9
3.0-4.0 11.6 11.6

Total 13.3 X 10

In Equation 1, V., is assumed to be either 21 per cent of
Ve or is calculated from Equation 1, assuming Qo1 to
be zero. Ve and Cg are determined directly from the
data. Qs — Quv is obtained from the plot of the data
as shown in Figure 2. In Figure 2, at any time (e.g., t)
the vertical distance (x) to the upper line represents
radioactivity per milliliter of plasma passing through the
hepatic veins, and the vertical distance (y) to the lower
line represents the portion of radioactivity derived from
recirculated splanchnic arterial plasma. The distance
(x —y) between the lines therefore represents the radio-
activity per milliliter of hepatic vein plasma absorbed
from the spleen. The radioactivity absorbed from the
spleen via the hepatic veins between time t and time t + dt
is therefore Fuy (x —y) dt microcuries. The total radio-
activity absorbed through the hepatic veins or the un-
known quantity Qnv — Q. in Equation 1 becomes

Quv — Qfa = Fv j;T (x — y)dt. [2]

Sample calculation: A sample calculation (Table I)
will better illustrate this manipulation. Table II con-
tains pertinent clinical and experimental data.

The experimental hepatic venous and femoral arterial
levels from Patient 1 are illustrated in Figure 3. Each
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F16. 3. PLASMA CONCENTRATION DATA FROM PATIENT
1. Each horizontal block is a single sample of plasma
collected by continuous sampling during the time indi-
cated by the widths of the block. Total absorption is
calculated by dividing the dose given intrasplenically by
the measured blood volume.
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vertical bar represents a single sample collected by con-
tinuous constant withdrawal of blood during the time in-
dicated on the abscissa. Quv — Qra is calculated from
Equation 2. The value of the integral is obtained graphi-
cally by determining the area between the hepatic venous
and the femoral arterial curves. Thus, in Figure 3 the
value of the clear area for each block until equilibrium is
listed.
This value when multiplied by the plasma flow (Table
IT) in milliliters per minute yields Qunv — Qra (13.3 X 10?
X 665 =872 X 10*). If the concentration in the femoral
artery is greater than that in the hepatic vein the dif-
ference is calculated as zero; negative values are not
considered. If Qconr is assumed to be zero, the value of
V1 may be calculated directly from Equation 1. This
value is recorded for each patient in Table II as the cal-
culated V1 expressed as a percentage of Vp.

For this patient the calculation is as follows:
Equation 1:

Vept _ Ot — Qv — Qeont + VeCh
Ve VeCe

8.82 X 108

=l-fiax10e

= 0.22.

Thus the Vg is 22 per cent of Vp.

In order to calculate collateral flow, V1 is assumed to be
21 per cent of Vp, and Equation 1 is rearranged to yield:
Equation 1:

Qeont _ 0.79VeCE + Qta — Quv
Qeot1 + Qbv — Qta 0.79VeCg

8.72 X 108
T 884 X 10°
Thus the fraction of portal blood flowing through col-
laterals is 1 per cent.

=1 = 0.01.

RESULTS

The clinical details, splenographic findings and
calculation of collateral flow in 12 patients are
given in Table II. Patients 1 to 3 had no clinical
evidence of collateral blood flow. The calculated
collateral blood flows are very low, in agreement
with the clinical data. The calculated splanchnic
plasma volumes of 22, 18 and 20 per cent of the
total were in excellent agreement with values from
the literature (17-19). Patient 4 had had ascites
on admission but at the time of study the ascites
had disappeared. There was no clinical evidence
of collateral vessels, but portal hypertension was
present. The calculated splanchnic plasma volume
was 38 per cent and the calculated collateral flow
was 22 per cent.

Patients 5 to 7 had cirrhosis with definite clini-
cal evidence of collateral circulation. The calcu-
lated splanchnic plasma volumes were 36, 55 and
85 per cent of the plasma volume, respectively.
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Fic. 4 Two SIMILAR STUDIES ON PATIENT 7. In the first study the hepatic
venous values were greater than those for the femoral artery. This was reversed

after the shunt.

The corresponding calculated collateral flows were
19, 43 and 81 per cent. The results in a patient
with collateral circulation (Patient 7) are illus-
trated in Figure 4; this patient was studied before
and after side-to-side portacaval shunt. In the
study before shunting, the hepatic venous samples
prior to equilibrium contained more HISA than
did the femoral arterial samples. The area be-
tween the curves was smaller than in Figure 3,
indicating that a smaller proportion of the HISA
was absorbed via the liver than in the patient with-
out collaterals. The calculated collateral flow was
81 per cent.

In Patient 7, following a side-to-side portacaval
shunt, the arterial blood contained more radio-
activity than did the hepatic venous blood, indi-
cating that radioactivity arrived at the liver first
through the hepatic artery. Therefore, the cal-
culated collateral flow was 100 per cent. Two
other patients were studied after surgical porta-
caval shunts. In Patient 8 the shunt was end-to-
side and in Patient 9, side-to-side; in both, the
peripheral blood contained more radioactivity than
did the hepatic venous blood until equilibrium
was reached. The patients with past or present
ascites had a higher calculated collateral flow
than had those without ascites.

In Patients 10, 11 and 12 the results were quite
unexpected. Both 10 and 11 had cirrhosis with
ascites and clinical evidence of marked collateral
circulation. In both, the radioactivity in the ar-
terial blood was higher than that in the hepatic
venous blood. The peculiar finding was also pres-

ent in Patient 12 who had no clinical evidence of
collateral circulation.

DISCUSSION

The important assumptions used in calculating
the collateral flow are listed in the Method section.
Several of these deserve comment.

The absorbed HISA must mix completely in
the splenic vein before the first effluent venous
branch is reached and at all points where new
blood is added. Though mixing is probably com-
plete in the small vessels and in splenic and portal
veins of normal size, the increased diameter of the
vessels and the reduced blood flow in portal hy-
pertension make streamlining possible and even
probable (20). This has been frequently observed
in splenic venograms, particularly at the entrance
of the inferior and superior mesenteric veins (16,
21).

The splanchnic plasma volume cannot be meas-
ured in the presence of collateral circulation (17);
it must therefore be estimated in order to calcu-
late the collateral flow. The value has been de-
termined in subjects without liver disease. A
mean splanchnic plasma volume of 21 per cent of
the plasma volume was found (17-19) ; the varia-
tion, however, was large. The portal vein and
its branches are dilated in portal hypertension;
their capacity is therefore enlarged. In the pres-
ence of a collateral circulation, part of the portal
vein blood drains through the liver and part drains
through the collateral vessels. The splanchnic
plasma volume used in Equation 1 is defined as
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the volume of plasma contained in the vessels
draining through the liver. By this definition the
fraction of splanchnic blood in the collaterals must
not be included. Even though the capacity of the
portal bed is enlarged, the value of 21 per cent is
still reasonable.

The radioactivity in the femoral artery does not
exactly represent the radioactivity in recirculated
arterial blood. Recirculated radioactivity mixed
in the splanchnic bed, and sampled as hepatic ve-
nous blood, left the aorta some time earlier (about
12 seconds) than the blood sampled simultane-
ously at the femoral artery. In portal hyperten-
sion the circulation time of blood from the aorta
to the hepatic veins is prolonged and therefore
this error is greater. This prolongation in portal
hypertension is approximately 20 seconds (20,
22-24). Applying this correction to the data de-
creases the calculated collateral flow by an average
of about 8 per cent. This error assumes particu-
lar importance if some radioactivity reaches the
peripheral circulation through a collateral vessel
much earlier than it would through the liver, pos-
sibly by-passing the pulmonary circulation. Un-
der these circumstances the radioactivity in the
peripheral arterial blood is much higher than the
simultaneously sampled recirculated arterial blood
mixed in the portal bed and sampled at the hepatic
vein. Such an error leads to overestimation of the
collateral flow.

A change in blood flow of 5 to 10 per cent fol-
lowing the intrasplenic injection might be missed
in the short time of sampling by the BSP tech-
nique.

In Patients 1 to 3 the calculated splanchnic
plasma volumes were in very good agreement
with the values given in the literature. In Pa-
tients 4 and 5 the calculated splanchnic plasma
volumes of 36 and 38 per cent were just outside
the range of normal in patients without collaterals.
Therefore, such values may represent the splanch-
nic plasma volume. On the other hand, both pa-
tients showed clinical evidence of collateral ves-
sels, suggesting that calculated Vg, is too high.

In Patients 6 and 7 the calculated values of 55
and 85 per cent for the splanchnic plasma volume
are obtained, assuming no collateral flow. Such
high values for splanchnic plasma volume are ex-
tremely unlikely ; collateral flow must be present.

In patients with end-to-side portacaval shunts,

F. L. IBER, D. N. S. KERR, W. DOLLE AND S. SHERLOCK

radioactive blood reaches the liver only through
the hepatic artery, and all of this blood leaves the
liver through the hepatic veins without bypass.
The volume of blood in all vessels from the hepatic
artery to the hepatic veins may be calculated (17).
In Patient 8 the value for this plasma volume of 5
per cent was obtained. This agrees adequately
with the figure of 6 per cent for this plasma volume
found in dogs (25).

Patients 10 to 12 had calculated collateral flows
of 100 per cent. This is unexpected in patients
without surgical portacaval shunts. In all three
patients the radioactivity was higher in the periph-
eral artery than in the hepatic vein. The highest
values of radioactivity in the peripheral artery in
these patients appeared in the first half minute
after sampling (as in Figure 4 after shunt). The
highest values of radioactivity in the artery in all
other patients appeared later, just after the end
of the first minute on the average. The rate of
appearance of radioactivity in the hepatic venous
blood was about the same as the rate in the other
patients. These findings suggest a high blood
flow of short circulation time through collateral
vessels. Such a shunt has been observed by Reich-
man, Davis, Storaasli and Gorlin (26) and may
represent the shunt from the portal vein to the left
side of the heart demonstrated in the anatomical
studies in cirrhotic patients of Abelmann and co-
workers (27). Such a mechanism would produce
a high concentration of HISA in a very small part
of the peripheral circulation (left heart and aorta)
before this portion of radioactive material could
appear in the hepatic vein by recirculation. Pa-
tient 11 showed oxygen-refractory desaturation
of the arterial blood which is evidence that venous
blood bypasses the lung.

Another explanation of these findings would be
a misplaced catheter in the inferior vena cava.
The removal of BSP, however, showed that the
catheter remained in the hepatic vein. A further
explanation could be the injection of HISA into
the muscle or peritoneal cavity. The recording
of the intrasplenic pressure in all three patients
and the nearly complete absorption of injected
HISA in two of the three indicates that the needle
was in the spleen. In Patient 12, however, only
one-third of the administered dose appeared in
the circulation in ten minutes. Equilibrium was
reached in three minutes. Megakaryocytes were
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seen in a smear made from the needle just prior
to injection, confirming that the needle was in the
spleen. There is no satisfactory explanation of
the findings in Patient 12,

SUMMARY

A method for the estimation of blood flow
through the collateral vessels of the portal vein is
described. The concentration of iodinated albu-
min injected into the spleen appearing at the he-
patic vein and in the peripheral circulation is meas-
ured, and from the difference the collateral flow is
estimated. The results of this method correlate
with clinical and radiological evidence of collateral
circulation. Some patients show very rapid cir-
culation of the iodinated albumin through collateral
vessels which makes application of the method
impossible.
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