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Abstract
Breast cancer related lymphoedema (BCRL), the chronically swollen arm of patients that have
been treated for breast cancer, is no longer considered to be a result of lymphatic obstruction as
recent studies have identified failing peripheral lymphatic function as a principal contributing
factor. The aetiology and pathophysiology that results in this lymphatic failure is not clearly
understood, but it can occur with minimal or even in some cases no damage to the axillary lymph
nodes, and evidence suggests that some patients are pre-disposed to develop the disease, and have
poor lymphatic function in their non-affected arms. It has been shown that interstitial forces such
as hydrostatic pressure, and interstitial fluid velocity, can regulate both lymph flow, and lymph
formation, and there is good evidence that interstitial forces are dysregulated in lymphoedema
patients. Here I outline a hypothesis for how dysregulation of interstitial parameters could
contribute to the generation of breast cancer related lymphoedema, by combining disparate strands
of current evidence on the molecular and physiological control of interstitial and lymph flows.
One mechanism by which lymphoedema could be generated is that a reduction in interstitial
velocity results in increased VEGF-C production, which in low flow conditions, instead of acting
on the lymphatics to increase pumping and lymphangiogenesis, acts on vasculature to increase
fluid filtration. The resulting increase in interstitial pressure restores flow, but at the expense of
increased volume and hence oedema. The evidence supporting the hypothesis and possible tests of
it are presented and discussed.
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1. Introduction
1.1. Breast cancer related lymphoedema (BCRL)

Following treatment for breast cancer 25% of patients develop a chronic, sustained swelling
of the limb on the treated side, referred to as breast cancer related lymphoedema (BCRL),
which is distinct from the acute swelling experienced by many patients immediately after
surgery [1]. There is usually a substantial delay between the initial treatment and appearance
of BCRL, with most cases developing within 3 years of treatment [2]. The onset of this
chronic oedema is rapid but the chronically swollen limb may remain in a relatively steady
state after the initial onset of lymphoedema [3]. There is evidence to suggest that the
swelling may gradually worsen over time but there is only a weak positive correlation
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between the degree of swelling and the duration of swelling [4]. The pathophysiology of
lymphoedema has been attributed to an obstruction of the lymphatics after surgery, resulting
in an increased downstream pressure, which is transmitted to the interstitium [5]. In the last
few years this view has been substantially challenged, by the concept of lymphatic pump
failure as an underlying cause of the disease [6]. There is now substantial evidence that the
lymphatic collecting vessels along the arm, often at a large distance away from the initial
insult to the lymphatics fail in lymphoedema [7], and that this results in an inability to clear
interstitial fluid from the arm, and hence increased arm volume. Moreover, lymphoedema is
a chronic sustained condition, in which swelling, once it occurs is maintained over many
years, despite treatment with compression hosiery, manual lymphatic drainage or other
treatments [2]. There is therefore a clear and substantial alteration in the interstitial forces
that control fluid movement into and out of the arm. This review will lay out an additional
hypothesis for lymphoedema, that is complementary to and consistent with the view of
lymphatic pump failure as a key driver of establishment and maintenance of BCRL, but
which invokes an interstitial contribution mediated by lymphatic growth factor expression.

1.2. Interstitial components of lymphoedema
Tissue oedema results from an imbalance between fluid movement into the tissue, i.e. the
filtration of fluid from the capillary into the tissue, and fluid movement out of the tissue,
either re-absorption of fluid back into the blood or lymph flow [8]. Thus in a steady state
(i.e. no active swelling), the net fluid filtration out of the capillaries into the tissue, must
balance the net lymph flow out of the tissue [9]. Lymph flow can increase in response to
increased filtration rate up to a point, and the difference between the normal filtration rate
and the maximal lymph flow can be thought of as the lymphatic reserve. In chronic
lymphoedema, therefore, when no swelling is actively occurring, but the arm is in a steady
state, there must be a balance between this filtration and fluid efflux by lymph flow.

The classic view of secondary lymphoedema is that obstruction of the lymphatics results in
reduced outflow of fluid, and reduces lymphatic reserve [10]. If that is the case, then in the
steady state there must be a reduced filtration rate. One of the consequences of reduced
filtration rate is an increase in interstitial protein concentration. However, the interstitial
protein concentration in breast cancer related lymphoedema is inversely, not positively
correlated with the increase in arm volume, indicating that the bigger the increase in arm
volume, the lower the protein concentration, and hence the higher the filtration rate [11].
This is in contrast to the clearly demonstrated reduction in tracer removal from the arm in
BCRL patients [12]. This reduction in the amount of time it takes a tracer to be removed
from the arm is a result of reduced fluid velocity [13]. Fig. 1 shows that approximately 50
min after injection of radioactive tracer into the lower arm the tracer has moved from the
injection site to the upper arm in the pre-operative state, but not the post operative state
[14,15], indicating that lymph velocity (not necessarily lymph flow) is reduced in BCRL, a
finding widely reported [16]. Interestingly however, the images shown in Fig. 1 come from a
study that showed no relationship between reduced lymph velocity after treatment compared
with before treatment in the whole cohort of patients who developed lymphoedema [15]. A
reduction in lymphatic velocity may reflect a downstream reduction in interstitial fluid
velocity.

Interstitial fluid velocity has been reported at rates of up to 0.3–1 μms−1 in normal tissues
[17]. Recent evidence from the Swartz group indicates that cells can recognise small fluid
velocities well below this magnitude [18]. Moreover, lymphatic regeneration (Fig. 2), and
the lymphatic growth factor vascular endothelial growth factor C (VEGF-C) appear to be
regulated by the presence or absence of interstitial flow through tissues [19]. It has been
shown that VEGF-C expression is increased in the absence of fluid flow relative to normal
flows. VEGF-C is required for lymphatic growth, but acts through two receptors, VEGFR3
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on lymphatic endothelial cells (and on vascular endothelial cells in tumours and during
development), and VEGFR2, restricted to vascular endothelial cells [20]. VEGF-C can act
on lymphatic vessels and blood vessels. On lymphatic vessels, VEGF-C results in
lymphangiogenesis [21], lymphatic contraction, and increased lymph flows [22]. On blood
vessels, VEGF-C acts to increase vascular permeability [23,24] and to stimulate
angiogenesis [25]. VEGF-C results in a significant increase in hydraulic conductivity in a
similar manner to VEGF-A [23]. Interestingly, chronic exposure of vascular endothelial
cells to VEGFs result, through VEGFR2 activation in increased hydraulic conductivity in
the absence of altered oncotic reflection coefficient [26]. This latter property means that the
filtration of fluid is increased without a concomitant increase in protein permeability, which
would result in a reduced interstitial protein concentration [27], as seen in lymphoedema
[11].

VEGF-C therefore has properties that would be consistent with both increasing fluid efflux,
and lymph flow [22], and can be responsive to a reduction in fluid velocity [19]. However,
there is as yet little direct evidence that VEGF-C is upregulated in extant, chronic
lymphoedema in humans, although it is upregulated in animal models of chronic
lymphoedema [28]. However, lymphography of patients with BCRL indicate that the area of
lymphatics that took up a bolus of fluorescence, was significantly increased in the swollen
arm compared to the non-swollen contralateral arm [29]. This can be interpreted in one of
two ways, either there is more lymphatics, or there is the same number of lymphatics but
they are taking up the dye more easily. Subsequent work on biopsies taken from patients
with lymphoedema stained with LYVE 1 for lymphatics revealed that the number of
lymphatics per unit area in the skin was not altered (Joory, in prep.).

It has recently been demonstrated that the response to VEGF-C is dependent on the local
blood vessel density. Over-expression of VEGF-C by adenoviruses in the rat mesenteric fat
pad resulted in lymphangiogenesis and angiogenesis in the mesenteric connective tissue
[30]. However, in areas of low blood vessel density, VEGF-C is strongly lymphangiogenic,
but in areas of high blood vessel density there is less increase in lymphatic density [30],
indicating that the local bioavailability of VEGF-C determines its physiological outcome—
acting more on blood vessels in the absence of lymphatics. Thus VEGF-C appears to act on
the vessels it sees first. So, if VEGF-C was to be upregulated by a lack of flow then its
action would depend upon whether it is close to a lymphatic or a blood vessel. Blood vessel
density in human skin is of the order of 80–100 mm−2 [31], whereas lymphatic vessel
density is 8–10 mm−2 [32]. Thus it is significantly more likely that VEGF-C molecules
upregulated by lack of flow will act first on a blood vessel rather than a lymphatic. It is
therefore possible that the target cell type for VEGF-C may depend on interstitial flow.
Using a mouse model of a lymphatics in the tail, the Swartz group have shown that
regeneration of lymphatics [33], but not blood vessels, is dependent upon flow [19].
Moreover, in the presence of VEGF-C, but absence of flow, there is no lymphatic growth
but there is increased blood endothelial growth [19]. In this case the VEGF-C is acting on
the blood endothelial cells, but not on the lymphatic vessels. So it appears there is evidence
for the hypothesis that the response to VEGF-C is dependent on fluid flow.

This leads us to a novel interstitial hypothesis for lymphoedema (Fig. 3). Lymphatic failure
results in a reduction in velocity of fluid flow from the interstitium into the lymphatics. This
decrease is detected in the cells of the interstitium (probably fibroblasts) and results in an
increase in the production of VEGF-C. This secreted VEGF-C, in the absence of flow
towards a draining lymphatic network, diffuses to reach the nearest VEGFR that it can act
on, most likely on the blood vessels, where it increases hydraulic conductivity and hence
fluid filtration, which thus increases interstitial fluid volume, and interstitial pressure, and
increases the hydrostatic pressure difference between the interstitium and the lymphatics, so
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resulting in fluid flow towards those lymphatics, and hence reducing VEGF-C induction. So
this increased pressure is required to induce sufficient fluid velocity, and therefore a
requirement for increased hydrostatic pressure and hence increased volume in the
interstitium of the arm in order to get a steady state. If the steady state begins to drop again
due to further lymph failure, then VEGF-C is again produced and the cycle continues until a
new steady state is reached.

This hypothesis raises a number of specifically testable predictions. These include:

(A) During development of lymphoedema:

1. There will be reduced interstitial fluid velocity.

2. There will be increased VEGF-C.

3. VEGF-C will act on VEGFR2 on blood endothelial cells.

4. There will be an increase in hydraulic conductivity of the capillaries in
lymphoedema.

(B) During steady state:

1. There will be increased interstitial hydrostatic pressure.

2. Interstitial fluid velocity in established lymphoedema will compare with that
before lymphoedema.

3. There will be evidence of lymphatic pump failure.

Some of these predictions have already been tested, are being tested, or could be tested
relatively easily. Predictions during the steady state have been tested. The interstitial
pressure in the lymphoedematous arm is significantly higher than in the control arm [34].
The final point (evidence of lymph pump failure) has recently been clearly shown by Modi
et al., who measured the pressure required to inhibit the lymphatic's ability to drain a
radioactive tracer across a compression cuff inflated to specific pressures. They found that in
lymphoedematous arms a much lower pressure was required to prevent lymph drainage
indicating that the lymphatics were unable to generate as high pressures in
lymphoedematous compared with the normal arm [6].

The capillary filtration coefficient of patients with established lympheodema has been
measured by Stanton et al., and there was no significant difference in the filtration between
the two arms indicating that filtration has re-established itself [4]. However, this was in
established lymphoedema, not during the swelling process. In fact the vast majority of
studies have been done on patients who are already in a steady state, and as the swelling can
occur quite precipitously, it will be difficult to measure parameters during swelling. To do
this prospective studies are required and it is this recent advance that has been quite
informative. Of specific interest is the recent finding that a subset of patients that have
lymphoedema have high filtration rates to start with (i.e. before they develop lymphoedema)
[35]. This implies that some patients are susceptible to lymphoedema due to their normally
higher filtration rates. There is evidence to suggest that there may be a subset of breast
cancer patients who have a predisposition to developing BCRL. The basis of this evidence is
that the prevalence of BCRL in patients treated for bilateral breast cancer is no higher than
in those treated for unilateral breast cancer [2]. The probability of developing BCRL in one
or both arms following bilateral breast cancer treatment can be calculated based on the
prevalence in unilateral breast cancer patients, assuming that the development of swelling in
one arm is independent of swelling in the other arm. The calculated theoretical probability
(48%) was substantially higher than the reported prevalence in bilateral breast cancer
patients (14.5–34.2%) suggesting a pre-existing congenitally determined lymphatic
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insufficiency as a putative predisposing factor. There is also evidence to suggest that
variations in lymphatic function may affect the development of BCRL. Moreover, lymphatic
function appears to be reduced in the contralateral non-swollen arm of patients with BCRL
with hand swelling, compared with the contralateral non-swollen arm of BCRL patients who
have no hand swelling [15].

1.3. Assumptions
The hypothesis is built on a number of assumptions, which need at this point to be
questioned.

1. There is reduced interstitial fluid velocity in BCRL. A reduced lymphatic velocity
does not necessarily translate to reduced interstitial velocity. This assumption has
yet to be tested.

2. Human VEGF-C production is interstitial flow dependent. The work currently done
showing VEGF-C induction in vivo has been done in mouse tissues. However,
there is evidence from human cancer cells that human VEGF-C can be induced by
flow through the matrix through which the cells are embedded.

In summary, if the hypothesis I have outlined is correct, then we would expect to see in
patients that are going to go on to develop lymphoedema that the interstitial velocity is
higher than normal, resulting in reduced lymphatic reserve, and lymphatic pump failure in
the presence of increased resistance after axillary node interference during cancer surgery or
radiotherapy, and/or increased filtration of fluid into the arm either as a result of a specific
event (e.g. a trigger effect), or because the patient has a high filtration rate and therefore
reduced lymphatic reserve compared to the general population. When the lymph pump fails,
a reduction in the interstitial fluid velocity occurs, which results in an increase in VEGF-C,
and increase in blood endothelial VEGF-R2 phosphorylation, increased hydraulic
conductivity and increase in interstitial filtration rate, resulting in an increased interstitial
pressure. That increase in interstitial pressure will then act to limit the increase in filtration
rate and so terminate swelling at the point at which the pressure in the interstitium is enough
to drive the fluid into the lymphatics. This interstitial flow returns towards normal at the
expense of an increase in interstitial fluid volume.

If the above hypothesis can be demonstrated, this also outlines a new potential avenue for
therapy, in that targeting the vasculature may aid BCRL. Inhibition of VEGFR2 in patients
after their breast cancer treatment would be predicted to reduce the effect of VEGF-C on
blood endothelial cells. It will therefore be of immense interest to determine whether current
clinical trials of VEGFR kinase inhibitors in breast cancer [36] result in less lymphoedema
than in patients undergoing therapy that results in either no VEGFR2 inhibition, or patients
undergoing anti-angiogenic therapy with agents that do not affect VEGFR2 (e.g.
bevacizumab) [37].
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Fig. 1.
Reduced transport of radiolabelled dye from periphery to axilla in BCRL. From [14].
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Fig. 2.
Low lymph flow velocity results in reduced lymphatic migration in animal models. The
dotted lines indicate denuded tissue. When interstitial flow occurs (A and B) both
lymphatics (green) or blood vessels (red) regenerate. In the absence of flow (C and D) there
is no lymphatic regeneration, although blood vessel regeneration is unaffected. From [18].
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 3.
Interstitial hypothesis for secondary lymphoedema.
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