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DuriNG investigations into the influence  act origin of excess TDL is unclear, how-
of mechanical factors on lymph produc- ever, as is the relationship between ascites
tion, Starling ¢ demonstrated that pre- and  formation and the site of venous obstruc-
posthepatic venous obstruction produced  tion. The fact that lymph originating in
characteristic changes in the protein con-  the liver can be distinguished from lymph
tent of thoracic duct lymph (TDL). He formed in the extrahepatic portal bed by
observed that after supradiaphragmatic in- its uniquely high protein content was used
ferior vena cava constriction, TDL of in-  in this study to determine the relative in-
creased protein content was derived pre-  fluence of pre and postsinusoidal obstruc-
dominantly from high-protein liver lymph  tion on the production of TDL and ascitic
(LL), whereas after portal vein ligation, fluid in hepatic cirrhosis. Protein content
TDL of lowered protein content originated  of TDL, LL, intestinal lymph (IL), ascitic
primarily from low-protein intestinal capil-  fluid and plasma was measured in various
lary filtrate. combinations in 68 patients with cirrhosis,

In patients with cirthosis of the liver  including 10 after portacaval shunt. These
portal inflow and hepatic outflow venous  results were compared with findings in con-

obstruction may coexist ** and are accom-  trol subjects and in experimental animals
panied by increased flow of TDL.*%* Ex-  with hepatic and portal venous hyperten-
sion.

Presented at the Annual Meeting, American Method
Surgical Association, April 17-19, 1968, Boston, ethods
Massachusetts. A. Experiments on Dogs

Supported in part by grants from USPHS (HE- P g
09073, HE-11904, AM-10875), American Heart Twenty-one healthy mongrel dogs (10—
Association, and Institute of Medical Education 15 Kg.) were studied. General anesthesia
and Research of St. Louis City Hospital. was induced with intravenous Myotal (0.3

* Dr. M. Witte is an Established Investigator . .
of the American Heart Association. ml./Kg.) and breathing controlled by posi-

#% Dr. Dumont is a recipient of the USPHS tive pressure respiration at constant rate
Research Career Development Award. and volume. When samples of lymph were
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Fic. 1. Total protein in thoracic duct, liver
and intestinal lymph (mean = SD) in dog after
acute constriction of thoracic inferior vena cava
(IVC) or portal vein (PV). Corresponding tho-
racic duct lymph mean flow rate is shown.

drawn for analysis, skeletal muscular activ-
ity was abolished by succinyl choline (0.1
mg./Kg.). The portal vein, abdominal vena
cava and aorta were cannulated and ar-
terial, cava and portal pressures recorded
either continuously using pressure trans-
ducers and a multichannel direct writing
polygraph (Sanborn) or intermittently with
saline manometry (venous pressure only).
The thoracic duct was cannulated in the
right chest and lymph allowed to drain by
gravity through an indwelling polyethylene
catheter.

Flow rate was recorded at 10-minute in-
tervals and essentially all lymph collected
was returned intravenously. Administration
of other fluids was limited to catheter irri-
gation or manometric measurements and
never exceeded 50 cc. of saline in any one
experiment. Liver lymph was obtained
from a periportal hilar lymphatic and intes-
tinal lymph from a lymphatic channel
which regularly paralleled the inferior bor-
der of the superior mesenteric artery. Total
protein content of LL, IL (regional lymph)
and TDL, plasma and ascitic fluid (if pres-
ent) was measured using a T/S refractome-
ter (Model 10401 American Optical) re-
quiring approximately one drop of fluid.
Three groups of animals were studied.

Group I (five dogs). In three dogs after
a control period of 1 hour, the thoracic infe-
rior vena cava (IVC) was constricted ap-
proximately 50% by silk ligature and serial
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changes in LL, IL, and TDL determined
for 60 minutes. In two other dogs LL and
IL were not sampled until 60 minutes after
cava constriction to avoid the effects of
interrupting these pathways on TDL.

Group II-a. In five dogs a protocol simi-
lar to group I was followed except the
portal vein (not the IVC) was narrowed
to raise mesenteric venous pressure 2.5 to
3 times control value without markedly al-
tering arterial pressure.

Group II-b. In two dogs the portal vein
was narrowed by silk ligature approxi-
mately 50% to raise mesenteric venous
pressure between 19-22 cm. saline, and 1-2
weeks later the animals were restudied.
After control specimens were determined
for 1 hour the portal vein was completely
ligated and serials samples continued for
another 60 minutes.

Control values for LL, IL, TDL and
plasma were determined in 14 dogs in-
cluding those in group I and II-a prior to
venous obstruction.

Group III (five dogs). The thoracic infe-
rior vena cava was constricted approxi-
mately 14 of its external diameter with
umbilical tape and 1-2 weeks later the dogs
were restudied. Ascitic fluid, regional and
thoracic duct lymph protein and TDL flow
were determined, and the portal vein then
constricted as in group II-a.

B. Clinical Observations

The thoracic duct was cannulated in the
neck with polyethylene tubing under local
anesthesia. Flow rate by gravity drainage
and protein content was measured in 68
patients with hepatic cirrhosis and in 13
control subjects (2 normal volunteers, 8
with calculous biliary tract disease without
evidence of hepatic cirrhosis, and 3 with
localized abdominal malignancy). Ages
ranged from 25-75 years with the majority
in the fourth and fifth decade. Portal pres-
sure was determined by splenic puncture,
umbilical vein catheterization or by cannu-
lation of an omental or mesenteric vein
during laparotomy in 44 patients.. Liver
lymph from periportal or hepatic capsular
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lymphatics and IL from mesenteric lacteals
were obtained during laparotomy in 11 pa-
tients including eight with cirrhosis and
three control subjects (two during simple
cholecystectomy and one during resection
of a localized esophageal carcinosarcoma).
Ascitic fluid was obtained during laparot-
omy or via abdominal paracentesis in 28
patients with cirrhosis. In four patients flow
rate and protein content of TDL was de-
termined within 24 hours after portacaval
shunt operation and in another six patients
at varying subsequent intervals ranging
from 24 weeks. Protein content in ascitic
fluid, lymph and plasma was measured by
salt fractionation (Biuret method) ** or
with a T/S refractometer.

Results

Figure 1 summarizes the effects of acute
portal and vena cava obstruction in dogs
on total protein levels in LL, IL and TDL
expressed as per cent of plasma content.
Control values of LL, IL and TDL protein
were similar to previous reports®2° and
remained unaltered during a 60-minute ob-
servation period.

Group I—Within 20 minutes after con-
striction of the supradiaphragmatic inferior
vena cava both flow rate and protein con-
tent of TDL regularly increased. Concen-
tration of protein in LL, if not already near
plasma level, also increased, but IL concen-
tration was unchanged (Fig. 2).

Group II-a—Acute portal vein constric-
tion produced a rapid fall in intestinal and
TDL protein levels. Although TDL flow
rates varied, the mean was unchanged. In-
testinal lymph flowed profusely after portal
vein constriction, but liver lymphatics col-
lapsed and LL protein diminished slightly
(Fig. 3a). In two dogs with undisturbed
regional lymphatic pathways, TDL flow in-
creased in one and did not change in the
other. Figure 4 summarizes the results of
prolonged hepatic venous inflow and out-
flow obstruction on regional and TDL pro-
tein and TDL flow.

Group II-b—Two-staged portal vein oc-
clusion resulted in more prolonged mesen-
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Fic. 2. Characteristic effect on thoracic duct
(TDL), liver, intestinal lymph, and plasma pro-
tein, and thoracic duct lymph flow rate in dog
after acute constriction of the thoracic inferior
vena cava.

teric congestion and a marked decrease in
IL and TDL protein (Fig. 3b). Concentra-
tions in liver lymph, normally 90% of
plasma level, decreased to 73% of plasma
(p < 0.001). Mean TDL flow remained at
control values. Neither animal developed
ascites and prior to secondary complete
ligation portal pressure had returned to less
than 16 cm. of saline.

Group III—Ascitic fluid developed in
each dog with chronic caval constriction
and this fluid contained high concentration
of protein (61% = 5). Portal pressure was
elevated in only one at time of restudy
(18 cm. saline). The thoracic duct and
hepatic lymphatics were enormously dis-
tended and flow from the thoracic duct
was markedly increased. At times both
ascitic fluid and periportal lymph appeared
hemorrhagic. Plasma protein levels were
slightly below control animals but LL, IL
and TDL protein (as % plasma) were
close to control values. As portal pressure
increased following portal vein ligation,
TDL and IL protein content rapidly de-
creased to levels resembling those observed
in chronic portal constriction (Figs. 4, 5).
Increased TDL flow rate was not altered
by portal vein constriction, but again IL
appeared to flow vigorously and LL be-
came less readily accessible.

Figures 6-8 summarize data from human
subjects. In control subjects LL, IL and



570

Fic. 3. a) Left—Characteristic effect on tho-
racic duct, liver, intestinal lymph and plasma pro-
tein, and thoracic duct lymph flow rate in do
after acute constriction of the portal vein. b§
Right—More pronounced decrease in thoracic
duct and intestinal lymph protein after two-stage
portal vein ligation.

TDL protein levels were similar to values
observed in normal dogs. Flow rate from
the thoracic duct averaged 0.8 ml./min.
(range 0.5-1.8 ml./min.).

In 19 patients with hepatic cirrhosis with
no history of bleeding esophageal varices
who presented in a less advanced stage of
the disease, TDL flow was elevated (5.4
ml./min.), and protein content was either
normal or high (mean=71%). Ascitic
fluid samples in this group had a high pro-
tein content (45% ). In one patient LL and
IL protein were also high (81%). In 10
other patients with moderately advanced
cirrhosis usually presenting with jaundice
as well as ascites but without bleeding
esophageal varices, TDL protein was 50%
and ascitic fluid protein 18%. In 41 addi-
tional patients who were in the “late” stages
of the disease with marked portal hyper-
tension (37 cm. saline) and severely de-
ranged liver function, and who manifested
bleeding esophageal varices, mean TDL
protein was low (32% ) and fell even lower
(15% ) when portal blood flow was blocked
by cross-clamping the portal vein prior to
portacaval anastomosis.

Flow rate from the thoracic duct was
uniformly elevated (not significantly differ-
ent from “early” cirrhosis, p > 0.1) until a
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portacaval shunt was established after
which it returned to normal or near normal
levels. Intestinal and LL protein content
were low with the former only 14 the nor-
mal value. Ascitic fluid protein in this group
averaged only 13% and approximated the
protein value for IL (8%). After porta-
caval shunt and reduction in portal pres-
sure, TDL protein increased to 47% of
plasma level and flow diminished to 2 ml.
/min. One patient temporarily accumulated
ascitic fluid after operation with protein
content of 48%. In another patient with
malfunction of the shunt (portal pressure
fell slightly from 46 cm. to 43 cm.) ascitic
fluid containing small amounts of protein
(8%) developed postoperatively at rapid
rate until death ensued on the tenth post-
operative day.

In four patients with cirrhosis plus portal
vein occlusion, including two with porta-
caval shunt thrombosis, TDL, IL, LL and
ascitic fluid protein averaged only 19%,
1%, 27% and 2%, respectively, of plasma
content.

Detailed analysis of thoracic duct lymph
flow, end pressure, and sulfobromophtha-
lein (BSP) content in these patients will
be reported separately.*®

Discussion

Ludwig was the first to propose, in 1861,
that lymph originates from plasma by capil-
lary filtration regulated by intravascular
pressure.?® Later, Starling ¢ and then Lan-
dis 2 2" emphasized that lymph formation
is controlled by a balance of forces includ-
ing hydrostatic pressure on both sides of
the capillary membrane, colloid-osmotic
pressure of plasma and tissue fluid, and
permeability of the capillary wall. Arterial
pressure initiates capillary filtration but
hydrostatic pressure in the venous limb of
the capillary is lower than colloid-osmotic
pressure of plasma protein, and protein-free
interstitial fluid is partially reabsorbed. Pro-
tein which has leaked into the interstitial
space and excess tissue fluid eventually re-
turn to the blood stream through lymphatic
channels. Accordingly, changes in lymph
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Fic. 4. Total protein in thoracic duct, liver and
intestinal lymph (mean = SD) in dog after chronic
constriction of the thoracic inferior vena cava
(IVC) or portal vein followed by acute portal
vein obstruction. Corresponding thoracic duct
lymph mean flow rate is shown.

flow and protein concentration reflect al-
terations in capillary filtration or net pro-
duction of tissue fluid.

Intracapillary pressure (Pc) depends on
various factors including the mean capil-
lary, arterial (Pa) and venous pressure
(Pv) and the precapillary (Ra) and post-
capillary (Rv) flow resistances or

Pa(Rv/Ra) + Pv
Pc = 38
1+ (Rv/Ra)

A rise in arterial pressure generally has a
minimal effect on mean capillary hydro-
static pressure because of a concomitant
increase in precapillary arteriolar resistance.
On the other hand, a rise in venous pres-
sure is less offset by changes in resistance,
and rapidly leads to a rise in capillary pres-
sure. This imbalance promotes a prepon-
derance of filtration over reabsorption, ac-
cumulation of tissue fluid, and a rise in
lymph flow.

Hydrostatic pressure in the liver sinusoid
is derived primarily from portal vein pres-
sure which normally does not exceed 15
mm. Hg. The hepatic artery perfuses a
relatively minor portion of the liver capil-
lary bed (the peribiliary plexus) and these
capillaries terminate in a high pressure ve-
nous system.® The low pressure sinusoidal
bed is highly permeable and allows a large
amount of plasma protein to “leak” through
its capillary wall® 3 Effective colloid-
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Fic. 5. Characteristic effect on thoracic duct
(TDL), liver, intestinal 1 &;h and plasma protein,

and thoracic duct lymph flow rate in dog after
chronic caval and acute portal vein constriction.

osmotic pressure in the sinusoid, therefore,
is minimized and filtration pressure is un-
opposed by oncotic pressure.* For this rea-
son, posthepatic venous obstruction greatly
increases liver capillary filtrate and liver
lymph high in protein.” 33

In contrast to liver sinusoids, intestinal
capillaries are less permeable to plasma
protein 3347 and hydrostatic pressure is
derived exclusively from arterial pressure.
Following portal vein obstruction a rise in
hydrostatic pressure is accompanied by
greater filtration of water than of protein.
The volume of IL increases but its protein
concentration decreases.?

Excess interstitial fluid from both the
small intestine and liver is transported to
the thoracic duct as lymph.s%50 After
experimental supradiaphragmatic inferior
vena caval constriction a preponderance of
high protein LL enters the thoracic duct.
Thoracic duct lymph flow and protein con-
tent correspondingly rise. After portal vein
constriction the major source of TDL is
very low-protein IL, and TDL protein falls.
Coincident with mesenteric venous conges-
tion and visibly enhanced IL flow, how-
ever, hepatic lymph is obtained only with
great difficulty as flow from periportal lym-
phatics almost ceases. A corresponding re-
duction in hepatic sinusoidal pressure prob-
ably accompanies the rise in mesenteric
capillary hydrostatic pressure.* Thoracic
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duct lymph flow depends on the sum of
these effects, and the flow fluctuates de-
pending upon the degree of venous ob-
struction and the relative contribution of
IL and LL before and after portal vein
constriction. Although this maneuver has
a variable effect on TDL flow, diminution
in TDL protein concentration regularly
occurs.

Chronic caval obstruction greatly aug-
ments flow in the thoracic duct. In this
situation, however, TDL arises not only
from the liver and intestine but also from
the kidneys, retroperitoneum and lower ex-
tremities. Lymph aspirated from dilated
lymphatic channels in these areas had a
protein content ranging from 3045% of
plasma. “Contamination” by this low-
protein lymph could be averted by con-
striction of hepatic veins,®® rather than infe-
rior vena cava, and TDL would then con-
tain an even greater proportion of LL.

These experiments confirm that hepatic
venous outflow obstruction greatly in-
creases formation of liver capillary filtrate
and thereby augments TDL flow high in
protein. As the transporting capacity of the
hepatic lymphatic system is exceeded, high
protein capillary filtrate from the liver spills
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into the peritoneal cavity to initiate as-
cites.> 2 When portal vein obstruction is
superimposed on posthepatic venous ob-
struction, the bulk of excess capillary fil-
trate forms in the intestine. Thoracic duct
lymph flow remains high, but protein con-
centration decreases, reflecting the large
contribution from the extrahepatic portal
bed.

In patients without cirrhosis, protein con-
tent of thoracic duct, liver and intestinal
lymph resembles control values in dogs. In
patients with cirrhosis, protein content re-
sembles the values in animals with experi-
mental hepatic and mesenteric venous con-
gestion (Fig. 9a and 9b). In cirrhosis, post-
sinusoidal obstruction is often considered
the major factor leading to increased for-
mation of TDL and ascitic fluid.> " Pre-
sinusoidal obstruction is usually discounted
as an important mechanism in the produc-
tion of these fluids.

In dogs with caval or hepatic vein con-
striction 3¢ or in patients with Budd-Chiari
syndrome 16 3¢ 48 hepatic lymphatics are di-
lated and abundant, TDL flow is rapid
and ascitic fluid may accumulate without
marked increase in portal pressure. On the
other hand, in disorders characterized pre-
dominantly by presinusoidal obstruction
such as portal vein occlusion 1% 1% 4248 or
cirrhosis due to schistosomiasis,* * ascites
usually is absent or mild even if portal hy-
pertension is pronounced.

Although posthepatic venous obstruction
produces TDL and ascitic fluid of high pro-
tein content,* some patients with post-
necrotic or nutritional cirrhosis demonstrate
low protein content in both fluids (Figs.
6, 8). In these patients bleeding esophageal
varices and marked portal hypertension are
prominent manifestations of the disease. In
contrast, patients with “less advanced” liver
disease have high protein levels in ascitic
fluid, LL, IL, and TDL. This difference
suggests that early in cirrhosis when post-
sinusoidal obstruction predominates, excess
LL is the major source of TDL as well as
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ascitic fluid. As presinusoidal obstruction
and varix bleeding develop, hepatopetal
portal circulation decreases, mesenteric con-
gestion increases, and low-protein lymph
from the extrahepatic portal bed now con-
tributes the major portion of TDL.** At this
stage ascitic fluid probably arises from the
“weeping” of excess capillary filtrate from
intestinal and mesenteric serosal surfaces.
The relatively low protein content of LL
may signify decreased permeability or
“capillarization” of the hepatic sinusoid.*®

In extrahepatic portal venous obstruction
or in cirrhosis due to schistosomiasis, liver
sinusoidal perfusion and pressure is re-
duced by presinusoidal obstruction. Here,
an increase in intestinal capillary filtration
is offset by decrease in LL formation. These
divergent effects of prehepatic obstruction
render it unlikely that excess IL can over-
burden the lymphatic system. Conse-
quently, ascites usually does not develop.
Postnecrotic and nutritional cirrhosis, on
the other hand, are characterized early by
increased postsinusoidal resistance.?: 22 2% 0
Although presinusoidal obstruction and de-
creased portal inflow may develop later,
postsinusoidal obstruction persists, excess
LL continues to form, and the addition of
excess IL overloads the thoracic duct. Fur-

ota
Protein
%Plasma

Fic. 7. Total protein in liver and intestinal
lymph (mean = SD) in control subjects and in
patients at different stages of hepatic cirrhosis.
Numbers at the bottom of each bar represent
number of patients studied.
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thermore, when the portal vein is occluded
by thrombus or clamped during a porta-
caval anastomosis, the combination of both
intrahepatic and extrahepatic portal ob-
struction produces the greatest mesenteric
congestion and the lowest protein levels in
IL and TDL. After mesenteric congestion
is relieved by a portacaval shunt, TDL pro-
tein increases, reflecting a greater propor-
tion of LL. When ascitic fluid accumulates
after a successful shunt, it is high in pro-
tein and probably originates from tran-
sected hepatic lymphatics. Unless the re-
sidual postsinusoidal obstruction is severe,
ascites usually disappears. In the one pa-
tient with a hemodynamically unsatisfac-
tory shunt, ascitic fluid contained very lit-
tle protein presumably because mesenteric
congestion was unrelieved.

Following a portacaval shunt, protein
concentration in thoracic duct lymph in-
creases and flow rate declines. Although
postsinusoidal obstruction remains,* diver-
sion of portal blood into the cava reduces
TDL formation in three ways.

1) Relief of mesenteric congestion de-
creases formation of capillary filtrate in the
extrahepatic portal bed

2) Diversion of portal blood flow lowers
hydrostatic pressure in the sinusoid and de-
creases formation of capillary filtrate in the
liver

3) A side-to-side shunt provides addi-
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tional sinusoidal decompression as the
portal vein may function as an outflow
tract.

Ascites may disappear after a portacaval
shunt. In dogs with posthepatic venous ob-
struction, side-to-side shunts are more ef-
fective than end-to-side shunts in control-
ling transudation from the liver 3% and in
reducing TDL flow.3* 4 In patients with
cirrhosis, when postsinusoidal obstruction
predominates, side-to-side shunts are, simi-
larly, more effective. But, when presinu-
soidal obstruction predominates both end-
to-side and side-to-side shunts are equally
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effective in decreasing transudation from
the gut and mesentery.

Determination of portal pressure alone
discloses neither the nature of the hemo-
dynamic abnormality nor the origin of ex-
cess lymph and ascitic fluid in cirrhosis.
Although postsinusoidal obstruction may
occur early, a gradual increase in resist-
ance to transhepatic portal blood flow
probably develops concomitantly. If hepa-
topetal flow remains normal or high then
portal pressure may rise in the face of ele-
vated intrahepatic pressure. At this stage
TDL and ascitic fluid are derived predomi-
nantly from the liver. As the disease pro-
gresses and presinusoidal obstruction in-
creases, transhepatic portal blood flow de-
creases, liver function deteriorates and
bleeding esophageal varices develop. At
this stage TDL and ascitic fluid are derived
predominantly from the extrahepatic portal
bed.

It is concluded that in hepatic cirrhosis
the protein content of both thoracic duct
lymph and ascitic fluid reflect the balance
between pre- and postsinusoidal obstruc-
tion. The divergent effects of these hemo-
dynamic disturbances on lymph formation
determine some of the clinical manifesta-
tions of the disease.

Summary

Protein content of thoracic duct lymph,
liver lymph, intestinal lymph and ascitic
fluid was studied in dogs with experimental
hepatic and mesenteric venous congestion
and compared to patients with hepatic cir-
rhosis. Experimental posthepatic venous
obstruction increases formation of liver
lymph and of thoracic duct lymph high
in protein. As the lymphatic circulation
is overloaded, high-protein liver lymph
“weeps” into the peritoneal cavity to initi-
ate ascites. On the other hand, portal vein
obstruction lowers the protein concentra-
tion in intestinal and thoracic duct lymph.

In patients with hepatic cirrhosis “early”
in the disease, increased postsinusoidal re-
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sistance predominates and excess liver
lymph forms the bulk of thoracic duct
lymph. At this stage ascitic fluid is derived
from hepatic lymph. As the disease pro-
gresses presinusoidal resistance increases,
transhepatic portal blood flow decreases,
and bleeding esophageal varices occur.
Excess low-protein intestinal capillary fil-
trate now forms the bulk of thoracic duct
lymph and ascitic fluid is derived from
the bowel and mesentery.

After portacaval shunt and relief of
mesenteric congestion, thoracic duct lymph
flow decreases and protein concentration
rises due to a greater proportion of liver
lymph. If the shunt remains patent, post-
operative ascitic fluid is probably derived
from transected hepatic lymphatics.
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DiscussioNn

Dr. NatHaN A. Womack (Chapel Hill): I
think this is a splendid study of Dr. Witte, one
that deserves commendation. As he has noted, the
hepatic sinusoidal endothelial membrane is highly
premeable. In electron microscopic studies, as you
may recall, there may be seen fenestrations along
this membrane as well as probably separation of
the cell junction, making it possible for fairly large
particles to pass through. The usual rules relating
to capillary exchange, therefore, must at times be
modified to take care of the exchange of substances
from blood to lymph as a result of this unusual
permeability.

The sinusoidal endothelium is separated from
the hepatic cell by the somewhat irregular space
of Disse, which perhaps is the origin of the lym-
phatic circulation of the liver. Substances from the
sinusoidal blood spaces must traverse this space to
reach the liver cell and substances from the liver
cell into the lymph to be transported to the blood-
stream. Liver lymph, therefore, will be rich in
protein and it will be sensitive to reentery into the
sinusoidal circulation because of pressures and sev-
eral other mechanisms.

Dr. Witte and his colleagues have demonstrated
how sensitive this exchange mechanism is to portal
pressure and portal flow. The fact that such an in-



