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ABSTRACT

Lymphatic vessels are important in
draining excess fluid from the abdominal
space and preventing ascites. In sheep,
diaphragmatic lymph vessels draining the
abdominal space run to the caudal medi-
astinal lymph node and efferent vessels
from the node drain into veins in the neck.
To estimate the lymph flow response to
excess intraperitoneal fluid in sheep, we
cannulated a caudal mediastinal node
efferent lymphatic in 5 sheep. After the
sheep recovered from the surgery, the
lymph flow (Q; ) was 154+ 161 (SD)
pl/min and the lymph protein concentra-
tion (Cp) was 3.7+9g/dl. Lymph flow
decreased linearly with increases in ym-
Dhatic outflow pressure > 6cmH,0. From
this linear Q; vs. outflow pressure relation-
ship, we estimated the effective pressure
driving lymph flow as the outflow pressure
at which Q; =0. At baseline, the driving
pressure was 24.7+ 14.0 cmH,0. After we
infused Ringers solution (10% body
weight) into the abdominal space, Q;
increased significantly to 7.0+4.1 times
baseline and C; decreased significantly to
0.7+0.6g/dl. Although the abdominal
pressure increased significantly from
10.6+2.8 cmH,0 to 15.8+2.1 cmH,0, we
found no increase in lymphatic driving
pressure.

Lymph vessels are important for
maintaining normal fluid balance within
the abdominal space (1-3). Abdominal

fluid enters diaphragmatic lymph vessels
through stoma on the abdominal surface
of the diaphragm (1) and, in the sheep,
many of the diaphragmatic vessels drain
to the large caudal mediastinal lymph
node in the chest cavity (4). Efferent
lymphatics from the node then carry the
fluid to veins within the neck. Although
the abdominal lymph flow rate is normal-
ly low, it may increase substantially to
remove excess fluid from the abdominal
space. Thus, lymphatic vessels serve as an
important safety mechanism against asci-
tes.

Several factors may determine the
rate of lymphatic flow. First, according to
Zink and Greenway (5), abdominal lymph
flow is directly proportional to intra-ab-
dominal pressure. Thus, increases in
abdominal fluid pressure might be one
means by which abdominal lymph flow is
increased. Second, lymph may be passive-
ly pumped due to compression of the
lymphatic vessels by motion of the sur-
rounding tissues. Passive pumping could
explain the observation that there is little
flow from diaphragmatic lymph vessels
unless the diaphragm is moving (4,6).
Third, some investigators believe that
fluid is actively pumped through the lym-
phatics by rhythmic contraction of the
lymphatic vessel smooth muscle (7,8).
The abdominal fluid pressure and the
pressure generated by active and passive
pumping must force fluid through the
resistance of the lymphatic vessels and
nodes and against the pressure in the
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neck veins.

In this study, we measured the lym-
phatic flow response to excess intraperito-
neal fluid in awake sheep. We measured
the lymph flow rate at several different
outflow pressures and we used these data
to estimate the effective pressure driving
lymph flow. As expected, lymph flow
increased when we infused fluid into the
abdominal space, but we were surprised
to find no increase in the effective pres-
sure driving lymph flow.

METHODS

Five female sheep (28-38Kg) were
anesthetized with halothane and ventilat-
ed with O,. We placed catheters into a
femoral artery and vein and we placed
another catheter into the abdominal space
via a small incision in the right abdominal
wall. Next we injected 25mg of indocya-
nine-green dye into the abdominal cathe-
ter and massaged the abdomen to cause
the dye to spread within the abdominal
space and fill the lymphatic vessels. Then
we opened the right chest at the 6th rib.
We located a dye-filled caudal mediasti-
nal node efferent lymphatic vessel and
cannulated it with 0.025 inch inside diam-
eter silastic tubing. The lymphatic cannula
was tunneled through the chest wall and
secured to the side of the sheep. We used
standard surgical techniques to close the
chest. Our technique to cannulate the
lymphatic was essentially the same as the
technique described at Staub et al (9),
except we did not resect the tail of the
node and we did not inject dye directly
into the node.

We allowed all sheep to recover
from the surgery for 1-2 days before the
experiments. During the experiments, the
sheep were awake and standing in their
cages with free access to food and water.

Lymph flow vs. outflow pressure

We have previously described our
technique in detail (10). We placed an
extension of 1.2mm ID polyethylene tub-
ing onto the lymphatic cannula. The out-
flow end of the extension was connected

to a graduated pipette and the lymph flow
was determined by timing the flow down
the pipette. First, we measured the lymph
flow rate (Q) with the pipette fixed
~20cm below the olecranon. Then we
raised the pipette in 4-10cm steps and
measured Q at each pipette height. At
each height, we estimated the lymphatic
vessel outflow pressure (Po) as the height
plus the product of Q; and the cannula
resistance. Qp was plotted vs. Po and a
regression line was estimated. From the
regression line, we estimated the effective
pressure driving lymph flow (P;) as the
Q=0 intercept.

The experiments

First we determined the baseline Q;
vs. Po relationship. Then we infused 2.8-
3.8L (10% body wt.) warmed Ringers
solution into the abdominal space. The
infusion required approximately 40 min.
We remeasured the Qp vs. Po relation-
ships 60, 140 and 300 min after the start
of the infusions.

To determine the time course of the
lymphatic response to the abdominal
infusions, we measured the lymph flow
rate each 10-20 min. For these measure-
ments, we held the pipette level with the
olecranon (zero height). We also used a
refractometer to estimate the protein
concentration of each lymph sample and
the protein concentration of plasma sam-
ples. Plasma (blood) samples were taken
from the femoral artery catheter each
hour.

In 4 of the sheep, we determined the
abdominal fluid pressure. We filled the
abdominal catheter with Ringers solution
and raised the open end of the catheter
above the sheep. We recorded the ab-
dominal pressure as the height of the
Ringers solution within the catheter. The
abdominal pressure was measured at
baseline and 60 and 300 min after the
start of the infusions.

We used the olecranon as the zero
reference level for all pressures because
we have used it as the reference level in
our previous studies with awake sheep
(10,11). The olecranon (elbow) is easy to
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see on all sheep and, in a standing sheep,
it is near the level of the atria.

At the end of the experiments, we
euthanized the sheep with an overdose of
thiopental sodium. We opened the right
chest and removed the tip of the cannula
from the lymphatic vessel. We allowed
the tip of the cannula to rest on the me-
diastinal tissue near the lymphatic. Then
we connected the external end of the
cannula to a lymph-filled pipette and
measured the flow rate as we held the
pipette at several different heights above
the sheep. The cannula resistance was
calculated from the flow vs. height data as
Aheight/Aflow. With this technique, we
estimated the cannula resistance = 0.016
+ 0.003 cmH,Oemin/ul.

Statistics

Data are given as mean + 1 SD in
the text and mean + SE in the figures.
We used the method of least squares to
determine the best fit lines to the lymph
flow vs. pressure data. Two way analysis
of variance was used to test for differenc-
es in data between sheep and between
times. We accepted p<0.05 as indicating
significant differences.

RESULTS

None of the sheep showed any sign
of distress during the experiments. How-
ever, in each sheep, the abdomen became
distended as we infused the Ringers solu-
tion. In one sheep, the Ringers solution
began to leak through the abdominal wall
around the abdominal catheter. We eu-
thanized this sheep 140 min after the
infusion.

The baseline lymph flow rate for all
sheep=154£161ul/min. As shown in Fig.
1, the lymph flow rate increased and the
lymph protein concentration decreased
almost as soon as we began the infusions
(both changes significant). The lymph
flow remained elevated and the lymph
protein remained low for the rest of the
experiment,

The Qq vs. Po relationships at base-
line and 140 min after the start of the
infusions are shown in Fig. 2. The Qq vs.
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Fig. 1. Lymph flow rate (times baseline) and
lymph and plasma protein concentrations.
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Fig. 2. Lymph flow rate (Q, ) vs. outflow pressure
(Po) at baseline and 140 min after the start of the

infusions.

Po relationships at 60 and 300 min were
similar to the relationship at 140 min. Q
did not decrease significantly until we
increased Po>6 cmH,0. For Po>6
cmH,0, Q decreased linearly with in-
creases in Po. As shown in Fig. 3, the
abdominal pressure increased significantly
but the lymphatic driving pressure did not
increase after the intra-abdominal infu-
sions.
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Fig. 3. Effective lymphatic driving pressure (P,) and abdominal pressure.
*Indicates data significantly different from baseline.

DISCUSSION

Our results are important for sever-
al reasons. First, we believe this is the
only report of the abdominal lymph flow
response to excess intraperitoneal fluid in
unanesthetized, spontaneously breathing
animals. Anesthetic agents may depress
active lymphatic pumping (7). Further-
more, several studies have shown that
contraction of the diaphragm muscle is
important in causing diaphragm lymph
flow (6,11,12). Thus we felt it was impor-
tant to perform our experiments in
awake, spontaneously breathing sheep.

As shown in Fig. 1, the lymph flow
increased almost immediately after we
began the intra-abdominal infusions and
the flow reached 6-8 times the preinfu-
sion flow rate. Although the caudal medi-
astinal node efferent vessels we cannulat-
ed carry lymph from several sources, the
substantial decrease in lymph protein
concentration indicates that the post-
infusion flow was primarily from the
protein-free Ringers solution we placed
into the abdominal space.

After the infusions, the lymph flow
rate was 0.50+£0.27ml/min. Thus the lym-
phatic vessels we cannulated removed
approximately 150ml (0.5ml/min x 300
min) or ~5% of the infused volume in 5
hrs. However, this is an underestimate of
the total volume removed through all the
lymphatics which drained the abdominal
space. Also, an even larger volume may

have been absorbed by the venous capil-
laries. Nevertheless, judging from the
elevated intra-abdominal pressure at 5 hrs
and large volumes of intraperitoneal fluid
post mortem, it is clear that the removal
of excess intraperitoneal fluid in sheep is
a slow process.

Another important finding was that
the increased lymph flow rate was not
associated with an increase in the effec-
tive pressure driving lymph flow. We
expected that the driving pressure would
increase because the intra-abdominal
pressure increased. Zink and Greenway
(5) found that, in anesthetized cats, the
abdominal lymph flow depends directly
on the intra-abdominal pressure. Howev-
er, the effective driving pressure should
depend on the pressure generated by
active and passive lymphatic pumping as
well as on the intra-abdominal pressure.
Part of the passive pumping is probably
due to motion of the diaphragm. Further-
more, diaphragmatic motion may have
been restricted by the large volume of
intraperitoneal fluid in our sheep. Thus it
is possible that a decrease in the pressure
generated by lymphatic pumping offset
the increase in intra-abdominal pressure
so that there was no increase in the effec-
tive driving pressure.

The lack of an increase in driving
pressure is important because lymphatic
vessels drain into veins. In many diseases,
the venous pressure is elevated above

Permission granted for single print for individual use.
Reproduction not permitted without permission of Journal LYMPHOLOGY .



normal. Thus, to remove excess fluid
from the abdominal space, the lymph
must be pushed against an elevated pres-
sure (13). Because the pressure driving
abdominal lymph flow was relatively low
after we infused fluid into the abdominal
space (20-22 cmH,0), the abdominal
lymph drainage could be significantly
slowed or stopped by the elevated venous
pressures commonly found in humans
with ascites (13). This can be seen in Fig.
2. According to the data in that figure,
abdominal lymph flow would be slowed
by 50% at an outflow pressure of only 13
cmHzo.

Although diaphragmatic lymph ves-
sels may be important in removing excess
intraperitoneal fluid, they may not be
necessary to maintain normal fluid vol-
ume in the peritoneal cavity. For instance,
Raybuck and his associates (14) found
that obliteration of the diaphragmatic
lymphatics in rats did not lead to ascites.
On the other hand, rats with lymphatic
obliteration and portal hypertension had
much more intraperitoneal fluid than rats
with portal hypertension alone.

In conclusion, after intra-abdominal
infusions of Ringers solution (10% body
weight) caudal mediastinal lymph flow
increased to 7 times baseline and the
increased flow was sustained for 5 hrs.
Although abdominal pressure increased,
we found no increase in the effective
pressure driving lymph flow.
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