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endothelium). This produces an upturninthem,  C; fell, and at high filtration rates it appr-
line downstream (see Fig. 12, right panel). Also, ~ oached a limiting value which, according
interstitial fluid pressure begins to fall due to  to theory, equals 1-o. Albumin, for example,
interstitial dehydration. Both these changes  reached a limiting dilution of about 0.15 or
oppose fluid absorption. The greater the  15% of plasma level, indicating a reflection
amount of fluid absorbed, the greater the coun-  coefficient of 0.85. Fig. 13 shows results for
teracting changes in 7, and P, until, eventually,  three plasma proteins of increasing size,
these changes fully offset the local absorptive  albumin (67 kDa), y-globulin (150 kDa) and
pressure (m,—P) and absorption ceases. Thus  fibrinogen (330 kDa), and it can be seen that
absorptlon 1s transient in the class (ii) situation  the bigger the protein molecule, the lower the
(see above). This transience is a vivid illustra-  C/ C, ratio, i.e. the greater the degree of mole-
tion of the importance of extravascular factors.
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Interstitial oncotic pressure as a
dynamic variable dependent on
filtration rate

Prenodal lymph flow, J, (ml/s x 10—4)

Fig. 13. Effect of net microvascular filtration
rate, measured as prenodal lymph flow J,
upon the lymph/plasma concentration ratio
C,/C,, for various plasma proteins

Lymph concentration is used as a convenient measure of
interstitial concentration. Three proteins of increasing
size are shown, namely albumin (67 kDa), vy -globulin
(50 kDa) and fibrinogen (330 kDa). Their limiting dilu-
tion at high flows equals |- o ; o increases with molec-
ular size. Filtration rate was varied by adjusting venous
pressure. N indicates normal value. Dog paw results from
Renkin et al. (1977) Microvasc. Res. 14, 191. (Top)
Mechanism underlying the effect of filtration rate on pro-
tein concentration, as described in the text. Reproduced
with permission from [2].

Understanding the factors that govern the con-
centration of plasma protein in interstitial fluid
is crucial to understanding fluid exchange,
because interstitial protein concentration deter-
mines interstitial oncotic pressure. The concen-
tration of protein in interstitial fluid (C), rela-
tive to that in plasma (C ) (ratio C./C ) is an
inverse function of Caplllary filtration rate. This
is illustrated in Fig. 13. Here, filtration rate in
the dog paw was varied by means of venous
congestion and estimated by the resulting
lymph flow in the steady state. C, was indic-
ated by the protein concentration in the paw
lymph C;. When filtration rate was increased,
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cular sieving and the bigger the reflection coef-
ficient. This kind of approach has been widely
used to estimate reflection coefficients and cap-
illary pore sizes [10].

The mechanism underlying the inverse
relation is sketched at the top of Fig. 13. C, 1s
mass m’ divided by volume V’. In a dynamic
system, this ratio depends on the mass of pro-
tein arriving by diffusive and convective trans-
port across the capillary wall in a given time
(transport rate dm/dt) divided by the volume of
water arriving by filtration over the same
period (filtration rate dV/dt): C,=(dm/dt)/
(dV/dt). A rise in filtration rate increases the
water transfer more than the protein transfer,
owing to partial reflection of the protein. As a
result, the ratio 7’/ V’ (concentration) falls. This
in turn reduces 7. This is an interesting situa-
tion because interstitial oncotic pressure is a
determinant of filtration rate, yet filtration rate
is a determinant of interstitial oncotic pressure.
This mutual interdependence has two impor-
tant consequences, namely buffering of filtra-
tion rate and transience of absorption states, as

described below.

(1) Buffering of filtration rates

Changes in 7 act as an important osmotic
buffer against excessive filtration rates [11,12].
The way this operates is illustrated in Fig. 14.
The top panel of the figure is essentially a copy
of the curve in Fig. 13 except that the ordinate
has been transformed from concentration to
oncotic pressure. If filtration rate rises, intersti-
tial oncotic pressure falls, so the difference
between plasma and interstitial oncotic pres-
sures, i.e. the absorption pressure (m,—m),
increases (point C). This will, in turn, tend to
oppose the rise in filtration rate that is causing
the change. How then can we decide by how
much filtration rate and absorption pressure
change, i.e. what determines the particular com-
bination of values when the tissue is in a steady
state?

A graphical analysis provides a useful
insight into how the effects of filtration rate on
absorption pressure, and absorption pressure
on filtration rate together establish a steady
state (Fig. 14, lower panel). The abscissa is fil-
tration rate and the ordinate is oncotic absorp-
tion pressure. The curved line shows how
increases in filtration rate raise the absorption
pressure; the curve is simply read off the results
in the upper panel. The continuous straight line
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Fig. 14. A graphical analysis of the steady state
for capillary fluid exchange

(Top) Effect of filtration rate on interstitial oncotic pres-
sure and absorption pressure (plasma oncotic pressure
minus interstitial oncotic pressure). This difference is
shown as a striped zone. Point A represents a typical nor-
mal value. Calculated from data in Fig. 13. (Bottom)
Curve shows oncotic absorption pressure from top panel
plotted as function of filtration rate. Increases in fiftration
rate raise the absorption pressure; the curve is simply
read off the results in the top panel. The continuous
straight line represents the Starling equation relation for
the dog paw, namely filtration rate as a function of
absorption pressure when the driving pressure (P_—P,) is
fixed; the intercept on the pressure axis equals P_—P,.
The convention of placing the dependent variable on the
ordinate was reversed for the Starling line to allow it to
be shown on the same plot. The point of intersection of
the two lines at A gives the only stable filtration rate, i.e.
the steady-state value. The dashed line is the Starling
relationship when P_— P, is raised by 10 mmHg; note the
buffering of filtration rate between B and C. The dotted
line is the relationship when P_—P, is reduced to
10 mmHg; note the initial absorption (D), reverting to
slight filtration in the steady state (E). Adapted and repro-
duced with permission from [13a].
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represents the Starling equation (eqn. 2) and
shows how increases in oncotic absorption
pressure reduce the filtration rate, if the
hydraulic pressure drop across the capillary
wall, P_—P, is constant. The usual convention
regarding the axis for the independent variable
(normally the abscissa) has been reversed for
the Starling line to allow it to be shown on the
same plot. The Starling line and the absorption
pressure curve intersect at point A, and this is
the only point at which a given pair of filtration
rate and absorption pressure values lies simulta-
neously on both curves. This is, therefore, the
only stable situation, i.e. the steady state, where
the effects of filtration rate on absorption pres-
sure exactly matches the effect of absorption
pressure on filtration rate. By way of illustra-
tion, consider a filtration rate a little higher than
point A. This would raise the absorption pres-
sure (move it up the curve from A, to the right);
but, as the Starling line shows, a rise in absorp-
tion pressure would reduce the filtration rate (a
move up the straight line, from point A, to the
left) and the situation would be unstable.
Filtration rate and absorption pressure would
readjust until the only stable combination,
point A, is re-established. It is, therefore, the
intersection of the Starling line and absorption
pressure curve which determines steady-state
fluid exchange, for a given pressure drop across
the capillary wall.

(It the reader finds this aspect of fluid
exchange difficult upon first acquaintance, it
may help to point out that the approach is anal-
ogous to that used by Guyton to determine
steady-state cardiac output from the intersec-
tion of a venous return curve and Starling law
of the heart curve. It can also be compared with
that used by respiratory physiologists to deter-
mine steady-state ventilation from the intersec-
tion of a PCO,-ventilation response curve and
Loeschke metabolic hyperbola (effect of venti-
lation on PCO,).]

The graphical analysis of the steady state
proves useful when considering the osmotic
buffering of filtration rate in the face of
oedemagenic challenges. If capillary pressure
rises for any reason, such as raised venous pres-
sure in heart failure, the Starling line is shifted
upwards, since its intercept on the ordinate is
P_—P. (see Fig. 14, lower panel); this follows
from substituting J =0 into eqn. 2.
Immediately after raising capillary pressure, the
oncotic pressures are unchanged, so there is an
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initial rise in filtration rate to point B. The fil-
tration rate then attenuates, however, because
the raised filtration rate increases the oncotic
absorption pressure (oncotic buffering), until
finally a new steady state is reached at point C.
Starling himself clearly recognized the signifi-
cance of dynamic changes in interstitial protein
concentration; in his classic paper of 1896 he
wrote, ‘“With increased capillary pressure there
must be increased transudation, until equilib-
rium is established at a somewhat higher point,
when there is more dilute fluid in the tissue
spaces and therefore a higher absorbing force to
balance the increased capillary pressure’.

The buffering capacity of this mechanism
is limited by the magnitude of normal intersti-
tial oncotic pressure, because the latter can at
best fall only as far as zero. The mechanism is
particularly powerful in the lung, because here
the interstitial protein concentration is nor-
mally 66-69% of that in plasma and the inter-
stitial oncotic pressure is 16-20 mmHg. This
provides one of the ‘safety factors against
oedema’ [12].

(2) Transience of venular fluid reabsorption
The interstitial protein dilution/concentration
curve is important for a second reason. It
buffers fluid absorption and, after some time, it
causes absorption to cease altogether (see Fig.
14, lower panel). When capillary pressure falls,
the capillary is initially tipped into absorption
(point D). As a result, interstitial protein con-
centration gradually rises. Therefore, after the
initial maximum reabsorption rate (point D),
there is a progressive fall in absorption pressure
and absorption rate, until finally the capillary
shifts back into slight filtration (point E).
Again, the steady state is given by the intersec-
tion of the line and curve. The pulmonary sys-
tem is an excellent example of a tissue that nor-
mally operates close to point E. In the lungs P,
is much smaller than & ; nevertheless, there is
continuous formation of lymph, i.e. capillary
filtration, because ; rises to a high level [8].
Fluid absorption is thus generally a self-
cancelling process. Sustained fluid reabsorption
is not possible in vessels with even a minor per-
meability to plasma protein unless the tight
coupling between interstitial protein concentra-
tion and filtration rate is somehow broken (as
mn tssues specialized for fluid absorption; see
later). Again, Starling seems to have recognized
this, stating in 1896, “With diminished capillary



pressure there will be an osmotic absorption of
salt solutions from the extravascular fluid, until
this becomes richer in proteids; and the differ-
ence between its [proteid] osmotic pressure and
that of the intravascular plasma is equal to the
diminished capillary pressure. Here then we
have the balance of forces necessary to explain
the accurate and speedy regulation of the quan-
tity of circulating fluid’.

The above analysis is based on whole-tis-
sue results for interstitial protein, such as those
in Fig. 13. Can we accept it as a valid argument
against sustained downstream reabsorption in
individual venular capillaries (forgetting, for a
moment, the arithmetical evidence against this
in Fig. 10)? The ‘proof’ is not absolute, but it
would require a rather special anatomical
arrangement to avoid the conclusion that local
venular absorption is also a self-cancelling
process. For such an absorption to be sustained,
it would be necessary for the stream of filtrate
from the arterial segment to be directed past the
venular segment en route to the lymphatic sys-
tem, so as to flush the perivenular interstitium
and dissipate the accumulating perivenular pro-
tein. There is no evidence for this kind of flow
pattern in most tissues.

Expekimental studies: the non-linear
relationship of filtration rate to
capillary pressure in the steady state

The argument that sustained downstream
absorption is not sustainable, except under spe-
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cial circumstances, was developed on theoreti-
cal grounds by Michel [4]. Direct experimental
evidence was provided by Michel and Phillips
[15] in a study of fluid movement across seg-
ments of individual capillaries in the frog
mesentery — which might be considered to be
the microcirculationist’s equivalent of the giant
squid axon. Pressure was varied in capillaries
perfused with a slightly hyperoncotic solution.
If capillary pressure was reduced below plasma
oncotic pressure immediately after commenc-
ing the perfusion, fluid absorption was
observed, as shown in Fig. 15 (this corresponds
with a shift from A to D in Fig. 14). But, when
the perfusion was maintained for 2-5 min at
low capillary pressure, and the measurement of
fluid exchange repeated, absorption no longer
occurred, even at very low capillary pressures.
Absorption dwindled to zero or even reversed
to slight filtration despite capillary pressure
being lower than plasma oncotic pressure —
rather as in the lungs, and as in point E of Fig.
14. Over the 2-5 min perfusion period, during
which there was absorption at first, plasma pro-
tein presumably accumulated in the intersti-
tium around the capillary, because there was no
filtration stream to wash it away and diffusional
dissipation was too slow to do so. Conseque-
ntly, m, increased and P; may have fallen a little
too. This abolished the absorption process in
the perfused capillary segment, as predicted by
mathematical theory [4] and by the equivalent
graphical analysis in Fig. 14(b). The results pro-
vide an experimental demonstration of the great
importance of labile extravascular forces.

Because the interstitial Starling terms are a
function of filtration rate and, therefore, of cap-
illary pressure, the relationship between capil-
lary pressure and filtration in the steady state is
not a linear one at low pressures. The effect is
most marked when P_is near to or less than 7.
The relationship is linear at high capillary pres-
sures because the interstitial terms are then not
far from zero and are, therefore, relatively sta-
ble. It is thus no coincidence that the steady-
state relationship for the single frog capillary
(Fig. 15, filled circles) is very similar to the rela-
tionship between left atrial pressure, a determi-
nant of pulmonary capillary pressure, and the
rate of oedema formation in the lung [16].

The evolution of our understanding of
fluid exchange has been nicely summarized by
Renkin (Fig. 16). Beginning with the primitive
or ‘amoeboid’ form of the Starling equation and



J.R. Levick

60 F
l /
S 40 {
S| /
-~ T
“o L
z / {
£ /
E 20} }
<
< | ("
g
g Steady state
K] 0 1 -3 'y A A —
8 10 20 30 40
i c Iy
2 X Pressure (cmH,0)
Q
S
[72]
Ko}
< 0} {
Transient
J 4ol /

Fig. 15. Filtration rate in a segment of frog mesenteric capillary (J /A, ordinate) perfused at vari-

ous capillary pressures (abscissa)

Perfusate oncotic pressure was 32 cmHZO, which is
higher than normal for a frog. When fluid exchange was
measured immediately after starting the perfusion (O),
low capillary pressures caused fluid absorption. If, how-

ever, perfusion was maintained for 2-5 min before fluid
exchange was measured (allowing time for interstitial
forces to alter), no absorption was seen at low capillary
pressures (@). Reproduced with permission from [15].

the idea of forces in balance [Fig. 16 (1) and (2)],
Landis’s work on the frog led to an expression
for filtration rate (3). With the introduction of
the reflection coefficient (4), the way was pre-
pared for the recent evolution of Michel’s mon-
ster: the non-linear expression (5) [4,17]. Here,
m, has disappeared as an independent variable
but is present in the guise of a non-linear func-
tion of T and the Peclet number. The latter is a
dimensionless parameter that represents the rel-
ative rate of convective transport [/ (1-0)] to
diffusional transport [PA (permeablhty X sur-
face area)] for plasma protein. This expression
describes a non-linear relationship between
steady-state filtration rate /, and capillary pres-
sure P, like the curve in Fig. 15, and it shows
the role of finite protein permeability (PA) and
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the reflection coefficient in causing the non-lin-
earity.

To recapitulate, three lines of evidence
indicate that for a wide range of tissues filtra-
tion prevails downstream in the steady state,
and hence that the traditional filtration—-absorp-
tion diagram is not a generally valid representa-
tion of fluid exchange along the capillary-venu-
lar axis in the steady state. The three lines of
evidence are (i) summation of all four Starling
pressures measured in a given tissue (Fig. 10
and Fig. 11); (ii) graphical or theoretical analy-
ses that take account of the rise in interstitial
protein concentration when filtration rate de-
clines (Fig. 14 and Fig. 16); and (iii) direct exp-
eriments on single capillary segments (Fig. 15).



