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Standard intravenous chemotherapy delivery to neoplasms relies on simple diffusion gradients from the
intravascular to the interstitial space. Systemic perfusion creates untoward effects on normal tissue limit-
ing both concentration and exposure times. Regional intra-arterial therapy is limited by drug recirculation
and vascular isolation repeatability and does not address the interstitial microenvironment. Barriers to de-
livery relate to chaotic vascular architecture, heterogeneous fluid flux, increased interstitial and variable
solid tumor pressure and ischemia. To address these difficulties, a delivery system was developed allowing
mass fluid transfer of chemotherapeutic agents into the interstitium. This implantable, reusable system is
comprised of multiple independently steerable balloons and catheters capable of controlling the locore-
gional hydraulic and oncotic forces across the vascular endothelium.
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The intravenous (iv.) route is the standard pathway of delivering chemotherapy to neoplasms. As cancers have the
propensity to disseminate, it is therefore logical to treat all body parts and circulating tumor cells and should always
be an integral part of chemotherapy treatment.

Tumors and their draining lymph nodes reside in the interstitial or extravascular space and hence delivery requires
the therapy to traverse the vascular endothelium [1]. The prime mechanism is simple diffusion down a concentration
gradient aided by an increased intrinsic tumor vascular permeability [2]. The main obstacle is providing sufficient
chemotherapy concentration to eradicate the tumor without causing deleterious side effects on normal structures
remote from the tumor. The effective concentration of the delivered chemotherapy agent depends upon the relative
mass of the organ compared with total body mass in attacking the neoplasm [3]. For example, a pancreatic head
tumor may be 35 g in a 75 kg patient; this is a relative mass factor of 2000-times while the affected clearing lymph
nodes may be 5–7 mm with a dilution factor of 10,000 to 1 [3]. The concentration limitation also prolongs the
time requirement to produce an effective response. Cellular uptake depends on a series of complex biochemical
interactions, some active and some passive, but all time dependent. Of equal importance is the desire to reduce
the time taken to properly assess a treatment’s effectiveness so that therapy can be changed promptly, if necessary.
The combination of concentration and time restraints allows tumors to mutate, conjugate or develop mechanisms
to mitigate chemotherapeutic actions thereby increasing cancer viability. Side effects may lead to early treatment
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Figure 1. The intravenous route for chemotherapy delivery is impaired by the high resistance vasculature. The
tumor vessels are often tortuous, heterogeneous, hypovascular with little or no flow (A). Ischemic apoptosis liberates
proteins centrally in the tumor with a resulting high oncotic pressure. This, combined with a decreased functional
lymphatic drainage and high vascular permeability, results in an increase in central interstitial fluid pressure, which
precludes adequate chemotherapy penetration (B).

cessation and occasional premature death. Further, the intravenous route may also impair the natural immunological
response to the tumor via bone marrow suppression and lympholysis.

In addition to the vascular endothelial barriers, the intravenous route for chemotherapy delivery is affected by
multiple metabolic and excretory processes including plasma binding [4] as well as the dynamic tumor microenvi-
ronment [5]. The tumor vessels are often tortuous, heterogeneous, hypovascular or frequently associated with a low
PO2, which can initiate high protein transcription (Figure 1A) [6]. Ischemic apoptosis liberates protein centrally in
the tumor with a resulting high oncotic pressure (Figure 1B) [1]. Combined with a decreased functional lymphatic
drainage and high vascular permeability, the result is an increase in central interstitial fluid pressure (IFP) pre-
cluding adequate chemotherapy penetration [7,8]. A further confounding element is the increase in extracellular
matrix density from elevated concentrations of collagen, hyaluronan and proteoglycans making the tumor stiffer
and creating high pressure gradients [9]. The solid tumor pressure (STP) also relates to unregulated and often
unpredictable cellular growth. Rapidly multiplying cells abut, compress and deform their neighboring tissue and
may create a pseudo capsule within the host tissue [6]. There also exists a complex interplay between a multitude of
physiological constituents including STP, IFP, infusion hydraulics, vascular heterogeneity, endothelial permeability
and hypoxia [10–12]. All these erratic variables result in constant 3D spatiotemporal remodeling (Figure 2).

A number of treatment modalities have been proposed in an attempt to overcome these challenges that hinder
effective chemotherapy delivery.

Direct arterial delivery/regional chemotherapy infusion
Part of the solution to increasing the efficacy of dose chemotherapy delivery is to directly infuse the vessels
supplying the tumor. Regional infusion encompasses many diverse modalities, including intraperitoneal therapy
(for appendiceal and ovarian cancers) [13], intrathecal therapy (for metastatic lesions to the brain) [14] and direct
arterial infusion treatment (regional chemotherapy infusion).

One of the best studied areas of regional infusion is that of hepatic arterial infusion (HAI) for secondary colorectal
cancer [15,16]. Here, patients undergo percutaneous implantation of an indwelling arterial hepatic catheter connected
to an infusion reservoir (port-a-cath) or a transcutaneous catheter can be implanted in the gastroduodenal artery
and is intermittently connected to an arterial pump thereby delivering chemotherapy continuously over several
hours [17].
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Figure 2. The interactions of anatomical vascular chaos, ischemia, high fluid pressure chemotherapy and
immunotherapy are self-propagating. Chemotherapy and ischemia improve antigen exposure inducing inflammatory
pathways and hence potentiating checkpoint pathway inhibition. Induced cell lysis releases proteins increasing
interstitial fluid pressure and thence initiating hypoperfusion.

The relative advantage (RT) of HAI over the typical intravenous route is given by the following formula:

RT
TBC

Q e
 


1

1( ) (Equation 1)

Where the total body clearance (TBC) is calculated by dividing the chemotherapy dose by the area under the
time–concentration curve (AUC). Q and e denote the flow past the tumor and the extraction ratio, respectively [3,17].
An important deduction from this equation is that utilizing this treatment allows for a transient increase in local
chemotherapy concentration with minimal plasma binding (Figure 3) [18–20]. Therefore, when intravenous and
HAI variables are introduced into this equation a relative advantage can be deduced. This has relevance with some
compounds that have a very high vascular extraction ratio on first pass removal, such as in fluorouracil derivatives [3].
Although this method has been shown to be modestly beneficial via meta-analysis [3,16], catheter migration and
thrombosis [21] as well as the need for laparotomy for device insertion has resulted in limited universal acceptance [22].

Drug eluting embolic particles
Transcatheter arterial chemoembolization (TACE) involves the delivery of a chemotherapeutic agent, mixed with
embolic material, administered selectively into the feeding arteries of the tumor to obtain higher intratumor
drug concentrations compared with intravenous therapy, with occlusion of the blood vessel causing infarction
and necrosis [23]. Microspheres are the most common embolic agents and can be made from various compounds
including glass and resins. These compounds are usually bound to chemotherapeutics. No consensus exists as to
the choice of agent [24].

The DC Bead (BTG International Ltd, London, UK) is a novel drug delivery embolization system [25–27].The
beads vary in diameter of 100–700μm and are typically hydrophilic, nonreabsorbable hydrogels usually impregnated
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Figure 3. Standard intra-arterial chemotherapy at the tumor vascular interface. The transient increase in
concentration of direct intra-arterial chemotherapy is washed out and recirculated. The induced side effects limit
both the maximum concentration and area under curve values.

with a chemotherapeutic agent such as doxorubicin [28]. Administration is similar to TACE without the need for
lipiodol intermixing [29,30].

The therapeutic advantage of chemo-eluting particles relate to a controlled and sustained locoregional release
of therapeutic agents in high concentration with prolonged administration at the targeted tumor thereby reducing
its potential systemic toxicity [28]. Rapidly dividing neoplasms often have high vascular density and therefore
facilitates self-selecting particle deposition. Embolic ischemia adds to this therapeutic advantage. Doxorubicin
beads with TACE deployed in hepatocellular carcinomas have been shown to require fewer treatments compared
with conventional TACE and have the same overall survival [31].

The disadvantages relate to occlusion of normal tissue with secondary ischemia. In addition, inadvertent migration
of these particles into the systemic circulation can result in pulmonary embolization or infarction [32]. This concept
is further complicated by arteriovenous shunts, which are commonly found in tumors [33]. Long-term ischemia
induces collateralization related to surrounding endothelial shear stress and hormonal release. This may promote
rather than inhibit tumor growth. In addition, the maximum chemotherapy concentration delivered usually remains
intravascular and fails to address the problems of chaotic, tortuous and highly resistant vascular beds. In fact, some
tumors themselves are hypovascular, which may result in the inability of beads to reach their target [34].

Stop flow techniques
Cessation of blood flow augments arterial chemotherapy delivery as well as the delivery of immunotherapeutic cancer
treatments [35]. The goal of locoregional drug administration is to deliver a higher concentration of chemotherapy
to the target compared with the delivery of chemotherapy systemically.

This treatment modality involves deploying an occlusion balloon catheter into the tumor feeding vessel thereby
allowing chemotherapy greater time to traverse the vascular endothelium. In Equation 1, as the flow approaches
zero and the extraction rate is high, the relative advantage improves dramatically [35]. Several techniques have
been developed and include selective arterial infusion [36], celiac axis infusion [37], aortic stop flow infusion [38]

and isolated hypoxic infusion.The last two treatment regimes offer the advantage of reducing regional active drug
clearance as well as inducing hypoxia of the isolated compartment, which has been shown to increase the cytotoxic
action of some anticancer agents, for example, mitomycin C and doxorubicin [39–41].

In the past, ‘isolated’ hypoxic abdominal perfusion has been reserved for patients with unresectable pancreatic
cancer (stage III/IV) nonresponsive to traditional systemic chemotherapy [42,43]. During abdominal isolated per-
fusion, balloon catheters positioned within the aorta above the celiac axis and within the vena cava above the
hepatic veins stop the blood flow of the abdominal vascular bed creating a virtual ‘closed circuit’ for perfusion
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of the pancreas, liver and adjacent tissue. Despite leakage from the collateral circulation, a regional concentration
advantage of perfused agents has been demonstrated in several studies [44,45]. An additional advantage of hypoxic
abdominal perfusion is the decrease in tissue oxygenation and pH. Hypoxia increases the state of tumor cells and
inhibits proliferation [40]. Hypoxia also enhances the cytotoxic activity of antiblastic agents such as mitomycin C
and doxorubicin. The high incidence of local recurrence postradical pancreatic resection and the pattern of regional
metastatic spread makes this technique practical for treating locally advanced pancreatic cancer, which is otherwise
very difficult to treat using traditional surgical or medical intervention [46,47].

This technique does have shortcomings including prolonged end organ ischemic time, high hydraulic infusion
forces required to adequately perfuse the tumor with chemotherapy as well as the potential genesis of collateral
tumor circulation. Confounding deficiencies in this technique can occur during balloon deflation, which may
result in the rapid exit of unwanted residual chemotherapeutic agents into the venous circulation [48]. Inability to
repeat treatment and difficulty related to radiographic vascular superselection has resulted in a limited number of
clinicians using this treatment modality.

Isolated & percutaneous hepatic infusion with recirculation & hemofiltration
Hepatic perfusion with high-dose chemotherapy directly into the liver via an open-surgical procedure, known
as isolated hepatic perfusion (IHP), has been demonstrated to control disease and extend survival for patients
with unresectable hepatic metastases [49,50]. It takes approximately 8 hours to complete and the recovery period
is protracted with patients spending 2–3 days in an intensive care unit immediately after the procedure followed
by an additional 10–15 days in the hospital prior to discharge. IHP has not been widely adopted as a treatment
because it is an open-surgical procedure that is limited to one-time-only treatment and is associated with a high
morbidity and mortality [51].

Percutaneous hepatic perfusion was developed to replace IHP. This technique utilizes a double-balloon catheter
system (produced by Delcath Systems, NY, USA) positioned percutaneously in the retrohepatic vena cava [52–54].
The double-balloon catheter has a unique construction with a large central lumen, three accessory lumina and
fenestrations throughout its length that allows the hepatic venous effluent to be isolated and filtered through an
extracorporeal filtration system. The two balloons on either end of the catheter are positioned inferior and superior
to the hepatic veins [55,56]. The venous outflow from the liver is filtered through this double-balloon catheter into
the extracorporeal filtration system. Filtered blood is then returned to the systemic circulation through a catheter
in the internal jugular or subclavian veins. Cannulation of the femoral artery with placement of a catheter into
the proper hepatic artery allows for directed infusion of chemotherapy into the organ containing the pathologic
tissue [57,58]. Once the extracorporeal circuit is established, chemotherapy can be delivered via the hepatic artery
with simultaneous extracorporeal blood filtration via the inferior vena cava and systemic return by way of the neck
veins [59].

Although initial results have been encouraging, numerous difficulties have been identified, namely, hematological,
cardiovascular, hepatic, nephrotic and gastrointestinal toxicity [52,54,60]. Surgical morbidity, cost and repeatability are
additional significant drawbacks. Also, this technique does not address the all-important tumor microenvironment.

Simple diffusion versus mass fluid transfer & bulk fluid flux
The delivery systems described have been unable to address the 3D spatiotemporal barriers that exist in the delivery
of chemotherapy. In conventional chemotherapy delivery, the maximum concentration remains intravascular.
However, cancer cells reside within the extravascular space and therefore therapy is required to traverse their
semipermeable membranes to attain their maximum therapeutic concentration. The laws that govern basic diffusion
were described by Fick [61]. The major variables of diffusion are solute concentration, time of exposure and cross-
sectional vascular area. In the chemotherapeutic setting, the derived pharmacokinetic variables are of maximum
concentration (Cmax) and an estimate of exposure is described by the AUC. These values are important for describing
response curves and potential side effects of chemotherapeutic agents. Darcy’s Law expands on these principles
adding blood viscosity and infusion velocity as further variables governing fluid flux across these membranes and
hence the possible advantage of bolus delivery of therapeutic agents [62].
Mass fluid transfer can be defined as the delivery of soluble molecules across a semipermeable membrane while
bulk fluid flux is the process used by lipid insoluble proteins to cross the capillary endothelium [7,8]. The latter has
relevance to local antibody delivery to solid neoplasia. Bulk fluid flux is defined by Starling’s law: “fluid movement
due to filtration across the wall of a capillary is dependent on the balance between the hydrostatic pressure gradient
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(�P) and the oncotic pressure gradient across the capillary (�
∏

)” [7,8,63]. Starling’s equation is as follows:

J K P Pv f c i c i   (( ) ( ))   (Equation 2)

1. Where Jv is the transendothelial solvent filtration in volumes per second;
2. Kf is the filtration constant that relates to the hydraulic conductance and capillary surface area;
3. Pc is the capillary pressure;
4. Pi is the interstitial pressure;
5. σ is the reflection co-efficient related to the re-absorption of albumen;
6.

∏
i is the oncotic interstitial pressure; and

7.
∏

c is the capillary oncotic pressure.

In the delivery of chemotherapeutic agents to solid tumors, the filtration constant can be manipulated by
changing �P (Pc - Pi) and also �

∏
(
∏

c -
∏

i). One way to improve �Pi is to increase the infusion pressure above
normal cardiac infusion pressures. To improve �

∏
, the intravascular oncotic pressure can be reduced optimally

by decreasing the plasma protein concentration. Kf can be improved by physical factors such as hyperthermia and
ischemia [64]. Venous end capillary bed reabsorption of chemotherapy can be manipulated by increasing venous
pressure.

Starling’s equation can therefore be summarized in chemotherapy delivery as the flux across the tumor circulation.
The focus of chemotherapy delivery is therefore dependent on three central concepts, in other words, inflow
hypertension, removing plasma proteins and obstructing venous outflow [65].

Vascular mechanics
To remove blood and plasma proteins locoregionally from the tumor, the inflow pressure must be reduced so that
there is no discernible flow. This requires pressure to be reduced below critical closing pressure (20 mmHg at
capillary level) [66]. Achieving this allows plasma proteins and blood to be washed out into the venous system with
saline. The net effect is an outward oncotic flux of 30 mmHg.

The concept of generalized hypoproteinemia and interstitial edema is well known in clinical equivalents such
as Kwashiorkor and nephrotic syndrome. The mechanical requirement to reduce inflow below critical closing
pressure requires occlusion catheters and balloons usually placed superselectively to occlude not only the axial
inflow system but also collateral flow. This important step needs to be modulated and regulated by continuous
pressure transduction assessment. Once the oncotically active components are removed, the venous outflow can
then be occluded via various means such as positive end expiratory pressure (PEEP) or balloon occlusion of the
hepatic veins via catheterization of the internal jugular vein. PEEP has the added advantage over selective venous
occlusion as it results in a generalized increase in venous pressure thus avoiding shunting of the venous flow from
one segment of the organ to the other.

Venous outflow obstruction ensures retention of chemotherapy in the interstitial space. Therapeutic agents can
then be infused at suprasystolic pressures to overcome elevated vascular resistance intrinsic to many tumors. Most
importantly the measured chemotherapy infusion pressure is designed to remain less than the measured outflow
venous pressure to avoid systemic contamination (Figure 4).

There are a multitude of intrinsic physical factors that can also affect membrane permeability. One such factor is
ischemia or oncosis, which plays an integral part of the mass fluid transfer concept [67]. Others include hyperthermia,
pH and osmolarity variation all of which may assist in the therapeutic delivery of substances across the neoplastic
cells semipermeable membranes.

Hyperperfusion
Of paramount importance to cellular chemotherapy absorption is the concept of ‘cellular hyperperfusion’ which
is defined as an increase in inflow pressure beyond the pressure that can be attained from the normal cardiac
cycle. In the past, the technique of limb hyperperfusion has been successfully utilized to overcome high peripheral
resistance in critical limb ischemia [68–70]. Figure 5 shows thermographic images of a gangrenous foot hyperperfused
at 150% of the normal inflow pressures throughout the cardiac cycle [71,72]. The same basic hardware was modified
to hyperperfuse solid tumors with chemotherapy.
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Figure 4. Mechanisms of vascular isolation and mass fluid transfer. To remove blood and plasma proteins
locoregionally from the tumor, the inflow pressure must be reduced so that there is no discernible flow (vascular
isolation). This requires intravascular pressures to be reduced below critical closing pressure (20 mmHg at capillary
level). Achieving this allows plasma proteins and blood to be washed out into the venous system with saline. The net
effect is therefore an outward chemo-oncotic flux of 30 mmHg. It is this chemo-oncotic flux that ensures that delivery
of chemotherapy to the tumor across the vascular semipermeable membrane (mass fluid transfer) is augmented. The
mechanical requirement to reduce inflow below critical closing pressure requires occlusion catheters and balloons
usually placed superselectively. Venous outflow can then be occluded via various means such as positive end
expiratory pressure or balloon occlusion.

Figure 5. Thermographic images of a gangrenous foot hyperperfused at 150% of the normal inflow pressures
throughout the cardiac cycle. Gangrenous left leg hyperperfused with extracorporeal bypass. Outcomes were shown
to be superior to standard to tibial bypass (right leg).

Multicatheter access system
To optimize cellular endothelial permeability, mass fluid flow as well as hydraulic and oncotic forces, an implantable
multicatheter vascular access system was developed (AllVascular Pty Ltd, St Leonards, Australia). The system’s
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Figure 6. Implantable multicatheter access system.

prerequisites for mass fluid transfer are an implantable, tunneled, transcutaneous large bore port. In the dormant
phase, the device is plugged with a disposable flexible plunger with a chamfered tip.

This abuts the anastomosis to create a continuous interface with the vascular endothelium and maximizes laminar
flow. The plunger shaft is perforated allowing for anticoagulation of the potential space between the plunger and
the internal surface of the silicone port. These features minimize thromboembolic complications. To activate the
system, the plunger is removed and the access system is connected to a multiport adaptor which can accommodate
up to six cannulas (Figure 6). Each port on the adaptor is equipped with a hemostasis valve to provide a seal to
avoid blood loss when introducing catheters.

Superselecting target vessels using this system are made possible with the aid of radiological guidance. The system
design enables carefully modulated pressure control via pressure transduction. Importantly the delivery process is
easily repeatable and is controlled from a single point source. Access is possible to both the primary and secondary
tumors either simultaneously or individually. Additionally, the device has been developed to minimize potential
complications. The implantable access tube is silicone, minimizing tissue reaction and flexible to accommodate
independent catheter steerage. The ePTFE in the anastomosis is resilient and difficult to perforate with guide wires.
The arterial anastomosis is double layered and the two suture lines are offset to minimize guidewire perforation,
hemorrhage and false aneurysms. It is also designed to withstand elevated suprasystolic pressures. Polyester felt
placed circumferentially around the silicone access tube serves as an infection barrier and promotes dense fibrous
ingrowth, minimizing inadvertent patient dislodgement (Figure 6).

Potential complications relate to multiple catheter deployments remote from the device, including dissection
and thromboembolism.

Pilot study system deployment
The safety and feasibility of a multicatheter access system has previously been assessed in a pilot study involving
patients with secondary colorectal liver tumors [73]. A total of 57 infusions were delivered across a total of ten
patients each treated over a 4-week interval [73]. To obtain capillary closing pressure (normally 20 mmHg at the
precapillary level), balloon catheter control of the celiac axis, superior mesenteric axis as well as hepatic artery
isolation at two levels was required (Figure 7). In addition, the venous outflow was controlled by PEEP which
ensured pressures in excess of 30 mmHg within the liver were sustained during bolus infusion of chemotherapy
delivery. The tumor was subsequently washed out with saline and infused with a chemotherapy solution. This
method gives an oncotic gradient of 30 mmHg into the interstitial space, which may be supplemented by a high
protein concentration contents within the tumor.

To minimize rapid re-absorption of fluid and chemotherapy from re-entering the systemic circulation, the induced
venous hypertension was maintained for several minutes after the gradual arterial inflow was reconstituted. Some
systemic washout was inevitable once the balloon inflation was released. In the pilot study, evidence of this systemic
recirculation was confirmed by the accumulation of platinum levels after an infusion had been completed [73].

The results confirmed chemotherapy infusions with hepatic vascular isolation can be achieved with targeted
selectivity and minimal complications using this implantable multicatheter access system. Biweekly administration
of chemotherapy and compressing treatment time into 1 month minimizes the time for the tumor to mutate or
introduce mechanisms to mitigate chemotherapy effectiveness and allows patients to promptly return to normal
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Figure 7. A schematic of the superselection of the hepatic artery for targeted chemotherapy delivery while simultaneously occluding
the remaining branches of the celiac axis and inferior mesenteric artery.

life [73]. This time compression also allows the oncologist to assess progression/regression and modify therapy
technique.

Direct comparison of mass fluid transfer with routine systemic intravenous therapy
A typical patient infused with systemic iv. oxaliplatin of 85 mg/m2 over 2 hours can be expected to produce an
unbound (active) Cmax of 0.69 μg/mL and an AUC of 4 μg/mL/h [73]. In contrast should a clinician utilize the
hepatic closed segment isolation system with mass fluid transfer, one can expect a local unbound (active) Cmax

of 750 μg/mL and an AUC of 300 μg/mL/h in addition to the known 4 μg/mL/h with recirculation [73]. As
the closed segment system relies on artificially high venous pressures supported by elevated inflow hyperperfusion
pressures, the resultant chemotherapy exposure time is high.

Figure 8 summarizes some of the obstacles in delivering intravenous chemotherapy to target cells. Vascular
isolation liver therapy allows the dilution factor to be reduced to the mass of the target organ compared with total
body mass. This approach minimizes the perfusion of unwanted effects on sensitive organs. Checkpoint immune
inhibition is maximal locoregionally [74]. As the plasma proteins are removed locally before infusions, the plasma
binding of active agents is minimized; oxaliplatin is 85% rapidly and irreversibly inactivated by plasma proteins [75].
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Figure 8. Standard intravenous chemotherapy delivery to neoplasms relies on simple diffusion gradients from the intravascular to the
interstitial space. Summarizes numerous barriers which prevent efficient iv. chemotherapy delivery to the target tumor cell.
iv.: Intravenous

Removing the intravascular oncological active plasma protein creates an intravascular to extravascular transfer
gradient of approximately 30 mmHg. This is then augmented by the higher protein concentrations often in
the tumor interstitium [7,8]. High pressure bolus injection (Darcy’s Law) improves the vascular endothelium
mass fluid flux to counter elevated vascular resistance associated with the chaotic vascular architecture. The local
permeability is improved by the synergistic effects of the elevated hydraulic and oncotic gradients. The induced
interstitial edema may also improve the dense cellular packing and convection pathways [9,62]. Local tumor
defences, including lysosome engulfment, are concentration dependent and may be neutralized by overwhelming
intracellular chemotherapy gradients [9,62]. However, these optimal hemodynamics may have minimal effect on the
genetic capability of tumors to mutate and become multidrug resistance.

After resumption of normal flow when the catheters are removed, the high vascular tumor resistance and
increased interstitial edema renders intravascular reabsorption of chemotherapy difficult. This combined with a
known tumor hypoplastic lymphatic system results in the chemotherapy now ‘locked in’. Increased lymphatic flow
through surrounding normal lymphatics may be helpful in treating lymph node deposits.

Direct comparison of mass fluid transfer with hepatic arterial infusion
HAI takes advantage of the fact that a proportion of the arterial blood volume delivered to the liver and particular
liver tumors is via the hepatic artery [76]. There is therefore a transient increase in hepatic artery chemotherapy
concentration during activation of the forward flow chemotherapy perfusion pump. This concentration increase is
limited by recirculation. Confounding chemotherapeutic factors include an immediate chemotherapy dilution as
blood flow within the artery reaches 300 mL/min within the hepatic artery and 1200 mL/min while transversing
the portal system intrahepatically. In total, 15% of the tumor vascular supply is by the portal system.

The hepatic chemotherapy mass fluid transfer method requires intermittent obstruction of both portal and
hepatic arterial inflows with multiple catheters selected segmentally, lobar or the liver in its entirety. Plasma proteins
are subsequently removed allowing the transfer of chemotherapy to the interstitium of the tumor. This is achieved
due to the elevated oncotic gradient that exists between the intravascular and extracellular compartments. During
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infusion venous outflows are obstructed minimizing systemic contamination. Chemotherapy is delivered as a bolus
to its intended target at suprasystolic pressures. Reduction of the portal flow activates the hepatic artery buffer
response increasing global hepatic arterial blood flow and also shunts chemotherapy into the portal system via the
peribiliary anastomosis [76].

A method of addressing the 15% of blood supply to the tumor by the portal system involves balloon occlusion
and perfusion of the splenic artery at the splenic hilum. As the spleen is an end organ, chemotherapy delivered into
the splenic hilum results in indirect perfusion of the portal system via the splenic vein. This method is repeatable.

Relevance of mass fluid transfer to in vitro testing
The known safe peak dose of unbound oxaliplatin delivery at 130 mg/m2 is about 0.9 μg/mL [77]. In comparison,
a concentration of 37 μg/mL (67.5 micromoles) of oxaliplatin is the lethal dose required to kill 99.9% (LD99.9) for
squamous cells (SM1573) [78]. This can only be achieved safely with locoregional treatment. The relative sensitivity
of the tumor to therapy may be more predictable, as delivery capabilities become more objective. Local environment
manipulation may also be easier to achieve and therefore becomes less unpredictable. In the above example, heating
to 41◦C improves the LD99.9 by 180%. Local measures to combat increased solid intratumor pressure, such as
hyaluronidase, collagenase and abraxane delivery may also be efficacious.

Future perspective: direct comparison of mass fluid transfer with previous locoregional
approaches
The breast
Many of the principles of locoregional delivery of chemotherapy were incorporated by Stephens in stage III breast
cancer treatment [79,80]. Intra-arterial infusion with superselection was possible from the groin and localization of
the tumor blood supply was achieved with selective blue dye infusion. The results were impressive but the side
effects due to chemotherapy recirculation were extensive. Suggested improvements would include the use of a long
balloon to occlude all the collateral arteries that are not involved in direct arterial supply to the tumor (Figure 9A).

Plasma protein washout is possible before venous outflow is occluded via a single long balloon occluding the
internal and lateral thoracic and pectoral veins supplemented by PEEP. This maneuver also minimizes intercostal
perforating venous outflow (Figure 9B). The essence of the locoregional isolation technique allows the clinician to
manipulate the tumor microenvironment. A simple needle into the breast allows measurement of local chemotherapy
concentration and interstitial pressure surrounding the tumor. The interstitial chemotherapy dilution may indicate
local lymphatic perfusion.

Mass fluid transfer has the potential to treat most solid tumors
Immune-checkpoint modifiers offer a broad and diverse opportunity to enhance antitumor immunity with the
potential to produce promising clinical responses [81–83]. However, local tumor inflammation is needed to precipitate
the activation of the checkpoint inhibitory pathway (Figure 2) [84].

Multicatheter local vascular isolation of organs may be helpful in initiating inflammation by triggering tumor
lysis. Ischemia, elevated intrafluid pressure and high-concentration chemotherapy may combine to create a local
aggressive immune response and hence a better response to locally delivered checkpoint inhibition (Figure 2).
The advantage of delivering these checkpoint modifiers locally minimizes the potential for more serious systemic
autoimmune complications.

Although mass fluid transfer has the potential to treat most solid tumors. Several tumors, such as brain and
pancreatic tumors, present unique physical and biochemical barriers that will need to be overcome. Brain capillary
endothelial cells are interconnected by tight junctions, with limited fenestrations and pinocytotic vesicles that
form a barrier to prevent unimpeded diffusion into the brain. Therefore, progress in treating this disease may
be dependent on the disruption of this blood–brain barrier. Also, given the number of agents that are substrates
for active efflux at the blood–brain barrier there will need to be a modification of drug structures to diminish
efflux transporter affinity and perhaps co-administration of transport inhibitors are required to enhance delivery
of anticancer drugs. Pancreatic tumors harbor a dense, desmoplastic stroma that serves to limit the delivery of
chemotherapeutic agents to these tumors. Efficacious delivery of chemotherapy to these tumors via mass fluid
transfer requires further investigation.
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Figure 9. Locoregional intra-arterial breast chemotherapy delivery (A) with venous outflow obstruction (B).

Interaction with new technology
The US FDA has recently approved fluciclovine F18 for PET imaging in males with suspected prostate carcinoma
recurrence based on PSA elevation [85,86]. Prostate arterial isolation has been shown to be safe and efficacious for
benign prostatic hypertrophy [87]. The use of bulk fluid flux and multicatheter isolation may prove helpful in the
focal treatment of pelvic recurrence in an otherwise difficult area to treat.

Conclusion
The current paradigm to treat solid neoplasia using systemic treatment alone encounters intrinsic difficulties related
to the perfusion penetration and permeability of chemotherapy. The barriers relate to the chaotic tumor vasculature
and elevated pressure within the tumor. Mass fluid transfer and bulk fluid flux combines intravenous, intra-arterial,
stop flow and superselective locoregional chemotherapy delivery. The technique adds venous outflow obstruction
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for chemotherapy retention and locoregional hypertension for added penetration and intravascular protein removal.
Most importantly, the system is repeatable, measurable and addresses the tumor microenvironment. The essential
components needed to manipulate mass fluid transfer and bulk fluid flux are therefore inherently dependent on
specifically designed vascular hardware.

Executive summary

Background
• The standard treatment of solid organ neoplasms relies on the systemic delivery of intravenous chemotherapy.
• Effective treatment relies on the administration of a sufficient chemotherapy concentration to eradicate the

tumor without causing deleterious side effects on normal structures remote from the tumor.
• In an attempt to overcome the challenges of effective chemotherapy delivery a number of treatment modalities

have been proposed:
1. Direct arterial delivery
2. Drug eluting particles
3. Stop flow techniques
4. Isolated hepatic infusion with recirculation and hemofiltration
5. Implantable multicatheter access system

Simple diffusion versus mass fluid transfer & bulk fluid flux
• Mass fluid transfer can be defined as the delivery of soluble molecules across a semipermeable membrane.
• Bulk fluid flux is the process used by lipid insoluble proteins to cross the capillary endothelium.
Vascular mechanics
• Optimal delivery of chemotherapy is dependent on locoregional control of the tumor microenvironment.
• Vascular inflow pressure is required to be below critical closing pressure.
• Venous outflow obstruction ensures retention of chemotherapy in the interstitial space.
• Therapeutic agents can be infused at suprasystolic pressures to overcome elevated vascular resistance intrinsic to

many tumors.
Multicatheter access system
• An implantable vascular access system with the capacity for multiple independently steerable targeting catheters.
• The system allows for repeatable vascular isolation that optimizes endothelial permeability and bulk fluid flow.
Direct comparison of mass fluid transfer with routine systemic intravenous therapy
• Locoregional delivery enables an improvement of 2–3 orders of magnitude compared with intravenous therapy.
Direct comparison of mass fluid transfer with hepatic artery infusion
• Hepatic artery infusion results in a transient increase in hepatic artery chemotherapy concentration during

activation of the forward flow chemotherapy perfusion pump.
• The hepatic mass fluid transfer method requires intermittent obstruction of both portal and hepatic arterial

inflows with multiple catheters.
• Plasma proteins are removed allowing the transfer of chemotherapy to the interstitium of the tumor.
• Obstruction of venous outflows prevents systemic contamination and therefore chemotherapy is delivered as a

bolus to its intended target at suprasystolic pressures.
Relevance of mass fluid transfer to in vitro testing
• The relative sensitivity of the tumor to therapy may be more predictable, as delivery capabilities become reliable,

for example, squamous cells SM1573 have a LD99.9 of 37 μg/mL (67.5 micromoles) of oxaliplatin. This can only be
considered possible by local treatments.

• In the above example, heating to 41◦C improves the LD99.9 by 180%.
Direct comparison of mass fluid transfer with previous locoregional approaches
• In the previous locoregional treatment of stage III breast cancer, superselection and intra-arterial chemotherapy

achieved good results with severe side effects.
• The repeatable vascular hardware system allows manipulation of inflow, outflow and oncotic gradients

minimizing systemic chemotherapy contamination.
• A simple needle into the breast allows measurement of local chemotherapy concentration and interstitial

pressure within the tumor. The interstitial chemotherapy dilution may indicate local lymphatic perfusion.
Mass fluid transfer has the potential to treat most solid tumors
• Multicatheter local vascular isolation of organs may be helpful in initiating inflammation by triggering tumor

lysis.
• Ischemia, elevated interstitial fluid pressure and high-concentration chemotherapy may combine to create a local

aggressive immune response and hence a better response to locally delivered checkpoint inhibition.
Interaction with new technology
• The use of bulk fluid flux and multicatheter isolation may prove helpful in the focal treatment of pelvic

recurrence of prostate cancer with the recent approval by the US FDA of fluciclovine F18.
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