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Simple Summary

Hepatic malignancies remain one of the most common and deadly cancers worldwide,
particularly when surgical resection is not an option. For these patients, locoregional
therapies have been adapted to deliver treatment directly to liver tumors using catheters
placed in the blood vessels feeding the tumor. While this targeted approach is less
invasive, drugs and treatment particles often spread unevenly or leak backward into
healthy tissue. A newer paradigm, called pressure-enabled drug delivery, uses specialized
catheter designs that generate sustained pressure during infusion. This method allows
for more effective penetration into tumor blood vessels while reducing backward leakage.
This review summarizes current catheter-based liver cancer treatments, explains how
pressure-enabled drug delivery works, and examines emerging evidence supporting
its use.

Abstract

Hepatic malignancies account for a substantial portion of global cancer mortality, with
hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma (IHC), and metastatic
liver disease representing the most common diagnoses. While surgical resection and
liver transplantation remain curative options for eligible patients, most patients are diag-
nosed at stages unsuitable for surgery. This has shifted medical management towards
locoregional therapies (LRTs) which are often catheter-directed. Of these interventions,
the use of conventional end-hole catheters for therapeutic infusion has been a mainstay
of treatment, but this method is constrained by retrograde particle escape and elevated
tumoral interstitial fluid pressure. Together, these factors limit drug penetration into the
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balloon-occlusion or microvalve-based catheter platforms, has emerged as a strategy to
Academic Editor: Dania Cioni T . . . . . .
overcome these limitations. This narrative review synthesizes current evidence regarding

Received: 12 July 2026
Revised: 19 July 2026
Accepted: 20 July 2026

PEDD and contextualizes its role within the broader LRT landscape. Preclinical stud-
ies and early clinical data illustrate improved drug-delivery characteristics, acceptable
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1. Introduction

In the case of unresectable hepatic cancers, both primary and metastatic tumors are
often treated with locoregional intra-arterial therapies. The goal of these therapies is to
deliver the desired treatment to the tumor and induce necrosis of the neoplastic cells
in that region, all while sparing the surrounding, healthy parenchymal tissue [1]. The
resistance of the tumor environment to said therapy can be described and quantified by an
elevated interstitial fluid pressure (IFP). IFP is a multifactorial phenomenon that opposes
the hydrostatic pressure in the vasculature and prevents extravasation of chemotherapeutic
agents. This hostile environment redirects blood flow to tumor margins and results in
non-homogeneous distribution of chemotherapy [2].

Pressure-enabled drug delivery (PEDD) is an emerging technology that leverages
dynamic pressure modulation to increase the perfusion of therapeutic agents within the
tumor, prevent reflux, and minimize damage to surrounding parenchyma [3]. Specifically,
PEDD devices utilize one-way valves that adapt their orifice size in response to pressure
gradients, allowing variance of flow rates at different stages of the cardiac cycle. This
paper provides a comprehensive overview of investigations regarding the adaptation of
PEDD for the treatment of hepatic tumors in the context of modern locoregional therapies
(LRTs). Various evidence-based clinical and therapeutic advantages of this modality, when
combined with conventional intra-arterial treatment modalities, are covered. Additionally,
the synergistic use of PEDD with immunotherapy is discussed. A review on current clinical
trials evaluating the deployment of PEDD for hepatopancreaticobiliary malignancies is
further explored.

2. Current Catheter-Directed Locoregional Therapies
2.1. Trans-Arterial Embolization (TAE)

Trans-arterial embolization (TAE) is a bland embolization technique that induces
selective hypoxia and tumor necrosis through the delivery of embolic agents [4,5]. Un-
der fluoroscopic guidance, these agents are injected into tumor-feeding vasculature until
arterial stasis is achieved, capitalizing on the vascular demands of the tumor which are
grossly dependent on the hepatic artery instead of the portal vein like much of the liver
parenchyma [6]. Agent selection remains debatable as it is a multifactorial decision depen-
dent on tumor size, patient-specific flow patterns and anatomy, underlying liver function,
and the required depth of vascular penetration [4,7-9].

Considerations for TAE primarily include intermediate-stage HCC, liver-dominant
neuroendocrine metastases, and other arterial-dependent or hypervascular hepatic tu-
mors [5,10,11]. In combination with systemic therapy, TAE can also be utilized for ad-
vanced or unresectable disease [8,12]. In either case, the goals of treatment are local
control, downstaging, or as a bridge to transplantation in candidate patients [11]. TAE
is, however, relatively contraindicated in decompensated cirrhosis (Child-Pugh C and
Barcelona Clinic Liver Cancer (BCLC) stage D) and clinically symptomatic end-stage can-
cer [9,11]. Uncorrectable coagulopathy and portal vein thrombosis (PVT), wherein the liver
becomes predominantly dependent on arterial blood supply, remain absolute disquali-
fiers [13-15]. Further, a wide variety of hepatic and extrahepatic complications have been
noted post-procedurally in the medical literature, including liver abscess, femoral artery
pseudoaneurysms, cholecystitis, pulmonary embolism, and variceal bleeding [13,16].
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2.2. Trans-Arterial Chemoembolization (TACE)

Trans-arterial chemoembolization (TACE) is a descendant of TAE that utilizes arterial
occlusion to cut off blood supply while simultaneously supplying chemotherapeutics to
the local tissue. This provides a synergistic effect of ischemic necrosis and tumor cytotox-
icity [17,18]. TACE can further be subdivided into three groupings: conventional TACE
(c-TACE), drug-eluting bead TACE (DEB-TACE), and degradable starch microsphere TACE
(DSM-TACE). Each offers a unique therapeutic modality in the context of LRTs. c-TACE in-
volves mixing the chemotherapy agent(s) with radiopaque lipiodol for real-time monitoring
of treatment delivery. Alternatively, DEB-TACE employs non-absorbable microspheres that
continuously release chemotherapeutic agents while also embolizing the tumor’s arteriolar
supply [14]. Compared to c-TACE, DEB-TACE has been found to have lower systemic con-
centrations of infused chemotherapeutics while synchronously increasing chemotherapy
concentrations at tumor sites [19,20]. A newer regimen, DSM-TACE utilizes biodegradable
microspheres that degrade within 30-60 min of introduction. This eliminates the permanent
ischemia introduced by other TACE techniques and, in turn, reduces the release of HIF-1a
and VEGF that promote tumor neoangiogenesis and progression [21-25]. Interestingly, sev-
eral clinical trials have investigated the use of TACE in combination with immunotherapy
and targeted therapy. These studies have further demonstrated improvements in tumor
responses and progression-free survival for treatment-resistant HCC [26,27].

Unlike TAE, TACE is considered the standard of care for intermediate (BCLC stage
B) HCC without vascular invasion, extrahepatic spread, or significantly decreased liver
function (beyond Child-Pugh A-B) [18]. TACE can also be considered in select patients
who are not candidates for, or have progressed on, systemic therapy [8,15,28-30]. The goal
of treatment, however, remains a bridge therapy to liver transplantation, downstaging,
or local control [11,31-33]. TAE and TACE also share similar contraindications, such
as decompensated cirrhosis (Child-Pugh C), clinically symptomatic portal hypertension,
tumors > 10 cm, widespread bilobar tumor burden, and uncontrolled biliary obstruction [9].
As in all cases, overall survival and adverse effects seen in HCC patients being treated with
TACE continue to be related to tumor size, number, and the agent selected [34,35].

2.3. Trans-Arterial Radioembolization (TARE)

Trans-arterial radioembolization (TARE) is a local radiation therapy that delivers glass
or resin-based yttrium-90 (Y-90) microspheres, a 3-emitting radioisotope, to hepatic tumors
via the hepatic arteries. This allows for the delivery of high-dose radiation to various hepatic
tumors without significantly impacting the surrounding hepatic parenchyma [36,37]. Prior
to therapy, hepatic mapping angiography is conducted using technetium-99 m (*™Tc)
macro-aggregated albumin (MAA) particles which simulate the deposition of radioactive
microspheres and help to identify potential off-site sphere deposition [36,38]. This protocol
allows for something quite unique to the TARE treatment modality, personalized dosimetry,
or the tailoring of dosing to a patient’s specific tumor burden and anatomy. Specifically,
personalized dosimetry allows for larger radiation doses to be delivered to the mapped
tumor, which in concept would produce a more robust tumor response. Compared with
standardized dosimetry, personalized dosimetry has been shown to improve objective
response rates while maintaining a favorable adverse-event profile [39].

In general, the indications and contraindications of TARE are congruent with those
of TACE and TAE for primary and metastatic hepatic disease [14,37]. However, TARE
has further demonstrated effectiveness in early-stage and unresectable (BCLC A) HCC,
unresectable intrahepatic cholangiocarcinoma, and for patients with PVT in whom further
embolization would risk hepatic decompensation [36,40-43]. TARE has also been heavily
utilized in the context of early-stage, solitary tumors < 5 cm which are anatomically difficult
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to ablate and as an alternative to portal vein embolization (PVE) [44,45]. This utility is, how-
ever, somewhat limited given the need for prophylactic embolization, and the possibility
for spread of the therapy to nontarget vasculature, often including pulmonary vasculature,
gastroduodenal, and right gastric arteries [46,47]. Y-90 microspheres, specifically those
that are resin-based, can persist in the gastroduodenal tract for years and cause refractory
ulceration [48].

2.4. The Barcelona Clinic Liver Cancer (BCLC) Framework

In general, therapies for hepatic malignancies follow established clinical staging frame-
works. The most prominent of these classifications is the BCLC, which integrates tumor
burden, liver function, and performance status in order to direct treatment selection [12,44].
Within the framework, surgical resection and transplantation deliver the strongest curative-
intent outcomes for patients with limited tumor burden and adequate hepatic reserve.
However, these interventions become less feasible as tumor multifocality, vascular invasion,
or hepatic dysfunction develop. Ablation extends this curative intent to small lesions in
non-surgical candidates, but it remains limited by many of the same variables. In these
desperate cases, systemic therapy becomes the principal modality. Each modality has a
stage-appropriate role rather than competing for the same patient population, and patients
often progress across multiple treatment categories during the course of their disease
(Table 1) [12,44].

Table 1. Barcelona Clinic Liver Cancer (BCLC) Classifications and Reported LRT Outcomes [12,18,41,44].

Stage Standard Outcome
BCLC A Resection, 5-year OS *: 60-80% (res?c’qon),
N . . 70-80% (transplant, within
(Curative-intent) liver transplantation N L.
Milan criteria)
Ablation (RFA *, .
BCLC A MWA *, cryoablation), 1- and 3-year OS: comparable

(Non-surgical, <5 cm) to resection

SBRT * alternative

TACE: 1-year OS > 90%,
TACE, TARE 5-year OS 20-35%.
TARE: median OS ~ 17 months.

TACTICS (+sorafenib): median
0S 36.2 mo. LAUNCH
BCLCB . (+lenvatinib): 17.8 vs. 11.5 mo.
(Combination) TACE + systemic agent EMERALD-1
(+durvalumab /bevacizumab):
PFS *15.0 vs. 8.2 mo.

IMbrave150 (atezolizumab +
bevacizumab): median OS 19.2
BCLCC Svstemic th vs. 13.4 mo for sorafenib.
(Advanced HCC) ystemic therapy HIMALAYA (durvalumab +
tremelimumab): 5-year
0OS 19.6%.

Pooled median OS 14.2 months
(TACE) and 13.5 months (TARE)

* Intrahepatic cholangiocarcinoma (ICC); microwave ablation (MWA); overall survival (OS); progression-free
survival (PFS); radiofrequency ablation (RFA); stereotactic body radiotherapy (SBRT).

BCLCB
(Bridging/downstaging)

Unresectable ICC * TACE, TARE

The standard of care niche for catheter-directed therapies, as described above, are the
BCLC-endorsed intermediate-stage malignancies, meaning that PEDD is used as a delivery
refinement for LRTs which already occupy validated positions in the BCLC algorithm,
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not as a substitute for surgical, ablative, or systemic options. It is intended to enhance
the efficacy of treatments at the intermediate stage and bridging indications where LRTs
already serve as the standard of care while preserving the multidisciplinary pathway that
integrates all available modalities.

3. The Evolution of Catheter-Based Delivery Platforms

While revolutionary, the therapies described in the preceding section depend on the
ability to deliver embolic and chemotherapeutic agents specifically to target tissues at effec-
tive concentrations. This step remains a persistent technical and physiological challenge,
as these agents frequently fail to permeate the interstitial space of solid tumors. This is,
in part, because the IFP within the tumor is elevated well above that of the surrounding
parenchyma [2,49,50]. Multiple physiologic characteristics common to solid tumors work
to maintain this pressure gradient, including aberrant angiogenesis, underdeveloped intra-
tumoral lymphatics, and compressive solid stress [49,50]. The resulting hydrostatic barrier
opposes uniform drug penetration and redirects blood flow toward the tumor periph-
ery [2,50]. In vitro studies have further shown that elevated IFP in and of itself promotes
hepatocellular carcinoma proliferation, metastasis, and resistance to apoptosis, creating a
pro-oncogenic loop that compounds the delivery problem [51]. These observations have
driven the development of catheter-based platforms that aim not only to navigate complex
anatomy but to also modulate local hemodynamics in ways that improve intratumoral
drug deposition (Figure 1).

A.

Figure 1. Tllustrative comparison of the three catheter-based delivery platforms during intra-arterial
infusion of a hepatic tumor: (A) End-hole microcatheter: antegrade infusion of the therapeutic
agent (purple-blue particulates) occurs without resistance to retrograde particle escape or propulsion
against elevated IFP (blue vessel coloration); (B) Balloon-based catheter: temporary inflation of a
proximal microballoon arrests antegrade flow and redistributes embolic material toward tumor-
feeding vessels; (C) Microvalve-based catheter: a collapsible and expandable tip preventing reflux
and generating a sustained local pressure gradient at the site of IFP.
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3.1. End-Hole Catheters

The standard platform for intra-arterial liver-directed therapy is the end-hole micro-
catheter. Devices such as Progreat (Terumo, Somerset, NJ, USA) and Renegade (Boston
Scientific, Marlborough, MA, USA) were designed for navigation of the tortuous hepatic
vasculature, but their open-ended configuration imposes no resistance to retrograde particle
escape [52]. Reflux of embolic material into nontarget territories, such as the gastroduo-
denal and right gastric arteries, has historically required prophylactic coil embolization
to prevent gastrointestinal mucosal injury [52]. This means that additional intervention
and skillful titration of the infusion rate under fluoroscopy are required to mitigate re-
flux. However, this is a subjective endpoint that does not account for the downstream
hemodynamic conditions within the tumor. Drug mixing is also often incomplete because
agents are subject to laminar flow within the vessel rather than being consistently dispersed
across the lumen, which yields an uneven delivery across downstream branch vessels [53].
Two distinct catheter designs have emerged to address these limitations, balloon-based
occlusion platforms and, more recently, microvalve-based platforms.

3.2. Balloon-Based Catheters

These devices use a temporarily inflated microballoon to arrest antegrade flow and
establish a pressure-isolated vascular compartment at the infusion site. Devices such as the
Attendant (Terumo) or Logos (Piolax) microballoon catheters are positioned and inflated
proximally to the tumor. Post-inflation and arrest of antegrade flow, a measurable drop in
distal arterial pressure promotes embolic agent movement toward tumor-feeding vessels
through a favorable pressure gradient [54,55]. This system, B-TACE, has demonstrated
significantly higher rates of complete tumor necrosis when compared to conventional
TACE, with, at most, a transient increase in hepatic dysfunction [56,57]. The first direct
comparative study of selective B-TACE versus selective conventional TACE identified B-
TACE as an independent predictor of both improved primary nodule control and improved
overall survival on multivariate analysis [58]. Mechanistic in vivo work by Lucatelli et al.
further confirmed that balloon occlusion increases intratumoral deposition of both drug-
eluting microspheres and yttrium-90 [59]. This is a finding corroborated in a European
propensity-score-matched multicenter analysis by Golfieri and colleagues, as well as a
single-center case—control analysis by Lucatelli et al., wherein both reported higher com-
plete response rates and lower retreatment rates with B-TACE than with conventional or
DEM-TACE [60,61]. B-TACE has also been applied successfully to large HCC nodules, with
repeated alternate infusion of cisplatin and gelatin slurry, achieving objective responses in
all 19 nodules greater than 7 cm and a 58% complete response rate [62].

A related balloon-based device, the Sniper Balloon Occlusion microcatheter (Embolx,
Sunnyvale, CA, USA), is positioned distally and inflated proximal to the infusion site,
generating a negative-pressure zone beyond the balloon that can reverse flow in collateral
vessels and redirect the desired agents toward tumor-feeding branches. Applications of this
technique have also been noted to capitalize on the reversal of flow in the diaphragmatic
arteries during TACE to enhance hepatic tumor delivery [63]. Building on these compar-
ative outcomes, recent single-center evidence further supports B-TACE as a potentially
curative-intent option in selected patients. In 82 treatment-naive HCC patients undergoing
lipiodol-based subsegmental B-TACE, Gwon and colleagues observed an initial complete
response rate of 98.8% and a curative response in 78% of patients over a median 39.1-month
follow-up [64].
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3.3. Microvalve-Based Catheters

Rather than using an inflatable balloon, these devices incorporate a collapsible, funnel-
shaped expandable tip distal to the infusion port. During systole, antegrade blood flow
partially collapses the tip to permit particle transit into the tumor. During diastole, and in
response to any retrograde flow, the tip expands to occlude the vessel lumen and prevent re-
flux. Importantly, because the microvalve modulates flow rather than arresting it, antegrade
perfusion is preserved throughout the infusion. Rose et al. demonstrated in 18 patients
undergoing hepatic embolization that deployment of the expandable tip produced a mean
downstream arterial pressure decrease of 22 mmHg (p < 0.00001). This effectively partitions
the vascular compartment of interest from the greater systemic circulation and produces
favorable downstream effects similarly seen in the balloon-based devices as discussed
above [65]. This marks a distinct mechanistic difference from balloon-based devices as
balloon-occluded delivery systems arrest antegrade flow and rely on the resulting hemody-
namic drop to redirect embolic material into tumor-feeding branches. Microvalve-based
devices, however, preserve systolic antegrade flow and use the retained forward pressure to
drive therapeutic agents into the hostile tumor microenvironment. Additionally, bench-top
modeling published by van den Hoven and colleagues showed that the expandable tip
promotes a more centralized catheter position while inducing turbulent rather than laminar
flow. This produces significantly more homogeneous downstream particle distribution
than a standard microcatheter [53]. Whether these complementary mechanisms produce
additive or comparable clinical benefit remains untested.

4. Mechanism of Pressure-Enabled Drug Delivery

PEDD describes the use of microvalve-based catheters to generate and maintain a
more favorable local pressure gradient during infusion while preventing reflux. Specifically,
deployment of the microvalve initially reduces downstream arterial pressure by restricting
flow through the device [65]. Then, during active infusion both antegrade blood flow
during systole and progressive distal embolization raise pressure within the partitioned
compartment [66]. It is this partitioned and pressurized compartment that acts against
the tumor IFP gradient. The TriNav Infusion System (TriSalus Life Sciences, Westminster,
CO, USA) exemplifies this approach, wherein the infusate is delivered against the partially
occluded vessel so that forward flow is retained while retrograde escape is prevented [67].

4.1. Overcoming Intratumoral Interstitial Fluid Pressure

As discussed previously, solid tumors generate elevated IFP through several inter-
related mechanisms. Aberrant angiogenesis produces both structurally defective vas-
culature and poor-to-absent lymphatic drainage that allows for interstitial fluid accu-
mulation [2,49,50,68]. Stromal fibrosis and uncontrolled cellular proliferation also exert
compressive solid stress that physically collapses intratumoral vessels; producing a radi-
ally decreasing pressure gradient from the tumor core to its periphery [49-51]. Shankara
Narayanan et al. characterized this barrier directly in an orthotopic murine pancreatic
adenocarcinoma model. This study showcased a baseline tumor IFP averaging at 45 mmHg.
Pressure-enabled retrograde venous infusion of gemcitabine then raised local IFP by a
further 29 mmHg and yielded roughly 7-fold higher intratumoral drug concentrations
than systemic delivery (127 vs. 19 ng/mg, p < 0.01) [69]. These data support the concept
of restrictive IFP and would suggest that externally applied hydraulic pressure can re-
open collapsed tumor microvasculature to restore drug penetration into regions that are
pharmacologically inaccessible under strained hemodynamic conditions.
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4.2. Integrating Pressure, Flow, and Vascular Dynamics

Compared to traditional end-hole catheters, the gains observed with PEDD reflect
three advancements in combating the hemodynamic effects previously discussed. First,
the dynamic microvalve centers the catheter tip within the vessel lumen. This reduces
wall-contact streaming and improves infusion consistency [67]. Second, flow over the
valve generates turbulence at the distal tip, promoting mixing of particles with blood and a
more even distribution across downstream branch vessels. This was most notably seen in a
comparison study by van den Hoven and colleagues, in which bench-top models illustrated
a downstream heterogeneity deviation of 15.5% with the ARC modality compared to a 40.9%
deviation with an end-hole catheter (p = 0.047) [53]. Third, reflux prevention allows pressure
to build locally within the target arterial network. Rose and colleagues showed that this
pressure progressively increases during TACE as downstream embolization accrues. This
in turn produces a measurable systemic-to-hepatic arterial pressure difference (SHAPD)
that varies with embolic type and degree of obstruction [66]. This specific mechanism is
further enhanced by the aberrant angiogenesis of tumor vessels, as these vessels typically
lack the neural and smooth muscle compartments present in normal vasculature. This
means that, instead of vasoconstricting in response to sudden hypotension, these vessels
remain grossly patent, further redistributing blood and chemotherapeutics towards the
tumor. Together these effects generate the sustained local pressure gradient that drives
particles against the IFP barrier and into previously inaccessible tumor vasculature.

4.3. Preclinical PEDD Microsphere Delivery

While these mechanistic advancements substantiate the potential benefit of PEDD,
much of the demonstrable data remain preclinical, and the reported gains serve as sur-
rogate markers of delivery rather than guideline-directed oncologic endpoints. Namely,
two Oncopig studies published by Jaroch et al. tested the PEDD hypothesis in vivo, us-
ing particles representative of the two principal hepatic embolotherapy classes. In these
cases, fluorescently labeled glass microspheres (19.3 to 20.7 um) acted as surrogates for
Y-90 spheres [67], and larger trisacryl gelatin embolic microspheres (100 to 300 um) were
substituted for those used in drug-eluting bead TACE [70]. Near-infrared imaging with
a custom deep-learning algorithm quantified signal intensity in concentric 1 mm zones
extending both into and away from the tumor border.

In the case of glass microspheres, lobar PEDD (n = 10) increased total intratumoral
penetration by 117% over conventional end-hole delivery (n = 7, p = 0.004), with higher
signal across every zone from 20 mm inside the tumor core to 10 mm beyond the border
(p <0.05 for all zones). Selective PEDD (n = 9) produced a 39% increase over end-hole
controls (n = 8, p = 0.032). Importantly, delivery to normal liver beyond 30 mm from
the tumor margin did not differ between groups. This would suggest that improved
drug delivery was not achieved at the expense of off-target parenchymal exposure. Lobar
PEDD also produced therapeutic delivery equivalent to conventional selective delivery
(p = 0.497), meaning that this modality of treatment is comparable to conventional methods.
Clinically, multifocal or infiltrative disease treated via a single proximal catheter position
may achieve what currently requires time-consuming catheterization of individual feeding
vessels without loss of efficacy [67].

For larger embolic microspheres, selective PEDD (1 = 8) increased total intratumoral
penetration by 227% over conventional delivery (n = 8, p = 0.029) and peritumoral delivery
within 5 mm of the tumor border by 209% (p = 0.045). The tumor-to-normal tissue (T/N)
ratio improved from 2.7 to 4.2 and the peritumor-to-normal (PT/N) ratio from 3.1 to 4.6. A
trend toward reduced normal tissue exposure in the treated angiosome (p = 0.090) accom-

https://doi.org/10.3390/ cancers18152367


https://doi.org/10.3390/cancers18152367

Cancers 2026, 18, 2367 9 of 19

panied these gains [70]. Again, this follows the trend of improving therapeutic treatment
without sacrificing the established effectiveness or precision of traditional modalities.

5. Clinical Evidence and Therapeutic Advantages of PEDD

Clinical translation of PEDD requires demonstration of safety, feasibility, and efficacy
in patients. The published evidence comprises retrospective analyses, single-center series,
real-world cohorts drawn from industry-sponsored datasets, and early-phase immunother-
apy trials (Table 2). However, while the available data consistently show improved drug-
delivery characteristics with an acceptable safety profile, prospective randomized compar-
isons against conventional delivery remain limited.

Table 2. Summary of Reported Clinical and Translational Advantages of PEDD.

Study

Outcome Measured

Reported Result

Microvalve infusion vs.
end-hole DEM-TACE in
solitary HCC

On-target microsphere
deposition and tumor necrosis

88.7% vs. 55.3% on-target
deposition; 89% vs. 56%
tumor necrosis

Single-session SIS *
DEM-TACE in unresectable
HCC

Per-patient and per-lesion
complete response rate

32% per-patient and 54%
per-lesion CR after a single
session

ARM * vs. conventional
during Y-90 planning
angiography

Need for prophylactic coil
embolization and procedural
metrics

Coil embolization eliminated;
significantly reduced
fluoroscopy time, procedure
time, and radiation dose

ARM vs. conventional with
tantalum microspheres
in swine

Embolization efficiency

99.9% + 1.0% vs. 72% + 13%
(p < 0.05)

Selective PEDD vs. end-hole
conventional delivery in
Oncopig liver tumor model

T/N * deposition ratio with
embolic microspheres

T/N ratio improved from 2.7
to 4.2 (56% relative increase);
trend toward reduced
normal-tissue exposure
(p = 0.090)

PEDD vs. conventional
real-world cohort (matched
analysis)

30-day inpatient visits after
TACE and post-procedure
fatigue

8.0% vs. 20.5% inpatient visits
(61% reduction, p < 0.05);
fatigue 20.9% vs. 26.4%

(p <0.05)
PEDD vs. conventional . . ~$7734 total avoidance per
Per-patient charge avoidance .
real-world cohort patient

ARC * vs. traditional
coil-based nontarget
protection during Y-90 TARE

Per-case savings from
eliminating coil embolization

~$7000 in per-case savings

PEDD-mode anti-CEA CAR-T
via TriNav in a CEA-positive
liver metastasis patient

Intratumoral CAR-T delivery
and clinical response

~5.2-fold increase in CAR-T
delivery; 13-month complete
response with no adverse
events above grade 3

Pressure-enabled regional
venous infusion of TLR9
agonist + anti-PD-1 vs.
systemic delivery in
murine pancreatic
adenocarcinoma model

Intratumoral concentration of
immunomodulatory agent

~3-fold higher intratumoral

signal vs. systemic; reduced
tumor burden in
combination arm

* Surefire Infusion System (SIS); antireflux microcatheter (ARM); tumor-to-normal-tissue ratio; antireflux

catheter (ARC).
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5.1. Improved Intratumoral Drug Delivery

The earliest histopathological evidence of improved delivery came from Titano and
colleagues, who retrospectively compared microvalve infusion (MVI) to end-hole delivery
during drug-eluting microsphere TACE for solitary HCC [71]. In explant pathology from a
total of 23 patients (n = 5) who underwent liver transplantation, the MVI group demon-
strated 88.7% on-target microsphere deposition versus 55.3% for the end-hole technique.
Corresponding tumor necrosis was also noted to be 89% versus 56% for each group, re-
spectively. These findings remain the only explant-level validation of improved delivery
with a microvalve catheter and provide a histopathologic grounding for the preclinical flu-
orescence findings of both the Jaroch studies and the vasoreactivity postulation of Pasciak
etal. [67,70,72]. Kim and colleagues separately reported on 22 patients with unresectable
HCC treated with DEM-TACE via the Surefire Infusion System (SIS), observing a 32%
per-patient and 54% per-lesion complete response rate after a single session [73]. These
rates compare rather favorably to historical end-hole DEM-TACE series of 15 to 25% for
comparable tumor sizes.

5.2. Decreased Reflux and Nontarget Embolization

Prevention of nontarget delivery was the original design intent of the SIS/TriNav
platform, and, as such, the clinical evidence in this domain is the most robust. To this point,
Fischman et al. demonstrated in a prospective RCT that using an antireflux microcatheter
during planning angiography eliminated the need for prophylactic coil embolization while
achieving comparable prevention of nontarget distribution and significantly reduced flu-
oroscopy time, procedure time, and radiation dose [74]. Van den Hoven and colleagues
confirmed exclusive intrahepatic microsphere deposition in patients treated without prior
coil embolization on post-treatment PET-CT [75]. These observations are further supported
preclinically by Arepally et al., wherein an ex vivo analysis of renal artery embolization with
tantalum microspheres and microCT quantification in swine demonstrated 99.9% + 1.0%
embolization efficiency with the ARM versus 72% =+ 13% with a conventional catheter. This
represents a significant decrease in nontarget embolization (p < 0.05) [76]. A cautionary
counterpoint comes from a case report of a biloma following bland embolization with the
TriNav device, in which the authors hypothesized that enhanced distal embolic penetration
may increase ischemic exposure of the peribiliary plexus [77]. This highlights the contin-
ued need for careful titration of embolic endpoints, specifically in the context of bland
embolization and small-caliber particles.

5.3. Sparing of Normal Hepatic Parenchyma

Preservation of functional liver reserve is critical in patients with hepatic malignancy,
many of whom have an innate complexity of underlying cirrhosis, prior treatment ex-
posure, or limited hepatic reserve. The differential vasoreactivity observed by Pasciak
and colleagues, wherein there was simultaneously reduced nontarget embolization and
increased tumor deposition in all nine patients (p < 0.05), provides a likely biophysical
basis for improved selectivity [72,78]. Consistent with this, neither of the Jaroch studies
showed increased microsphere deposition in normal liver beyond 30 mm from the tu-
mor border, and the embolic-microsphere study demonstrated a trend toward reduced
cumulative normal-tissue exposure in the treated angiosome (p = 0.090). As previously
mentioned, a 56% improvement in the T/N ratio from 2.7 to 4.2 was observed [67,70].
Because treatment-related decompensation remains a concern in cases of serial TACE or
TARE treatments, a delivery platform that concentrates the therapeutic effect within a
tumor while minimizing collateral damage could extend the treatment window for patients
requiring multiple sessions [44]. However, this is a hypothesis not yet tested prospectively.
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5.4. Safety and Economic Outcomes

The largest clinical dataset evaluating PEDD in routine practice was published by
Gupta et al. as a retrospective industry-affiliated analysis [79]. Using the Clarivate Real
World Data repository, the authors identified 603 PEDD patients and 16,210 conventional-
technique controls treated between January 2020 and March 2024. As in the earlier claims-
based analysis by Cook and colleagues, patients selected for PEDD had higher Charlson
comorbidity indices and greater disease burden than the conventional cohort [80]. In
matched analyses, PEDD was associated with reduced post-procedure fatigue (20.9% vs.
26.4%, p < 0.05) and a 61% reduction in 30-day inpatient visits among TACE recipients
(8.0% vs. 20.5%, p < 0.05). Effects were more pronounced in “high-adopter” facilities, where
PEDD was associated with lower overall lymphopenia (0.6% vs. 5.2%; p < 0.05). Among
patients with secondary liver metastases at these facilities, PEDD was associated with
substantially lower rates of fatigue (19.2% vs. 39.7%) and lymphopenia (0.0% vs. 8.2%)
(p < 0.05 for both). This is a pattern grossly consistent with a learning-curve effect.

Gupta et al. estimated a per-patient charge avoidance of $7734 with PEDD ($4599 from
fewer complications, $3135 from reduced inpatient stays), while Morshedi et al. previously
documented approximately $7000 in per-case savings from eliminating coil embolization
during TARE planning [79,81]. Although the two estimates are not directly additive, they
could indicate that PEDD’s higher per-procedure device cost may be offset by reductions
in downstream healthcare resource use.

5.5. PEDD as a Platform for Regional Immunotherapy

Immunotherapy has emerged as a key field of study in the development of thera-
peutics designed to combat multiple cancerous pathologies. The liver microenvironment
is somewhat unique in that it maintains a quality of immunosuppression mediated by
myeloid-derived suppressor cells (MDSCs). These cells expand in response to tumor colo-
nization and suppress cytotoxic T-cell function through the GM-CSF/STAT3/IDO/PD-L1
axis [82-84]. This quality is organ-specific and pharmacologically reversible, possibly
opening the door to regional reprogramming of the hepatic immune compartment [84,85].

Capitalizing on this unique physiology, the Katz group has led clinical development
of regional cellular immunotherapy through the Hepatic Imnmunotherapy for Metastases
(HITM) program. Phase I HITM established the safety and feasibility of anti-CEA CAR-T
delivery via hepatic arterial infusion for CEA-positive adenocarcinoma liver metastases [86].
The Phase Ib HITM-SIR trial combined CAR-T with Y-90 SIRT in six heavily pre-treated
patients, with no grade 4 or 5 toxicities, no severe cytokine-release syndrome, a mean
48% decrease in serum CEA, and one metabolic complete response on PET [87]. The
HITM-SURE case report then provided the first direct linkage between PEDD-enhanced
delivery and a clinical outcome. Here, a patient receiving anti-CEA CAR-T via the TriNav
device in PEDD mode achieved an estimated 5.2-fold increase in CAR-T delivery and a
13-month complete response without adverse events above grade 3 [88]. This work would
suggest that the implementation of PEDD in future immune-based therapy could be highly
effective; however, as a single-patient observation, this finding serves more as a clinical
anchor rather than definitive evidence.

Specifically, preclinical work has extended this paradigm to immunomodulatory
agents. PEDD-delivered TLR9 agonist combined with anti-PD-1 blockade reduced tumor
burden in a murine pancreatic adenocarcinoma model, with pressurized regional venous
infusion yielding an approximately 3-fold higher intratumoral signal than systemic deliv-
ery [84,89]. PEDD hepatic arterial delivery of nelitolimod (SD-101) was feasible in both
Oncopig and murine models, reducing tumor progression, depleting intrahepatic MDSCs,
and promoting cytotoxic CD8* T-cell responses [3]. Additionally, co-administered regional
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TLR9-agonist delivery and systemic anti-PD-1 depleted intrahepatic MDSCs and activated
antitumor immunity, with the combination outperforming either agent alone [90]. IL-10
blockade, another target in the hepatic immunosuppressive program, produced a 1.8-fold
increase in carcinoma cell death in human colorectal liver metastasis slice cultures and
enhanced anti-CEA CAR-T cytotoxicity [91]. Collectively these data support using PEDD
to concentrate immunomodulatory agents within the hepatic tumor microenvironment and
shift it toward a state permissive of antitumor immunity [3,82,84,89,90]. However, phase II
or III data confirming oncologic benefit are not yet available.

6. Future Directions

The clinical trial landscape for PEDD has expanded rapidly (Table 3). The TriSalus-
sponsored PERIO program anchors the industry-led effort, with three trials evaluating
PEDD-delivered nelitolimod across uveal melanoma liver metastases (PERIO-01), HCC and
intrahepatic cholangiocarcinoma (PERIO-02), and locally advanced pancreatic adenocarci-
noma (PERIO-03). PERIO-01 and PERIO-02 were terminated during enrollment, reflecting
the broader challenges of early-phase oncology trials in rare indications. However, the
active PERIO-03 trial may provide a prospective clinical assessment of PEDD-delivered
immunotherapy in a solid tumor.

Table 3. Current Clinical Trials of PEDD in Hepatopancreaticobiliary Oncology *.

Trial Inclusion Intervention
Pancreatic retrograde
PERIO-03 n Ijoct?uy daivaniei o venous infusion (PRVI) of
pancreatic adenocarcinoma — sp101 + anti-PD-1
PEDD/TriNav vs. standard
HCC, colorectal liver microcatheter during Y-90
PEDIR . L
metastases radioembolization
mapping
. . TriNav for ™ Te-MAA
I Primary and metastatic .
Fidelity li mapping and Y-90
1ver tumors
treatment

Lipiodol Deposition Using

End-hole vs. HCC, neuroendocrine liver End-hole vs. TriNav for

Pressure-Modulated metastases lipiodol TACE
Delivery
TriNav for Y-90
PREDICTT Prlma?y and metastatic m1cro§phere therapy; CT
liver tumors relative-enhancement
analysis
Cryoablation and Arterial Cryoablation + hepatic

Infusion of SD-101 in
Combination with
Durvalumab and
Tremelimumab

Advanced HCC

arterial PEDD of SD-101 +
durvalumab +
tremelimumab

* Data compiled from ClinicalTrials.gov as of April 2026.

Investigator-initiated trials are addressing complementary questions. PEDIR (Mas-
sachusetts General Hospital, Boston, MA, USA) and the TriNav Fidelity Study (University
of Texas, MD Anderson, Houston, TX, USA) are primed to evaluate whether PEDD im-
proves concordance between pre-treatment ™ Tc-MAA mapping and post-treatment Y-90
distribution. PEDD-cTACE (Abramson Cancer Center, Penn Medicine) randomizes HCC

https://doi.org/10.3390/ cancers18152367


https://doi.org/10.3390/cancers18152367

Cancers 2026, 18, 2367

13 of 19

and neuroendocrine liver metastasis patients to end-hole versus TriNav delivery during
lipiodol TACE, quantifying intratumoral lipiodol volume and density on post-procedure
CT. This represents the first randomized imaging-based comparison of PEDD in the TACE
setting and a clinical analog to the Jaroch preclinical microsphere studies and the Titano
explant analysis [67,70,71]. Additional trials, including PREDICTT at MD Anderson and a
UC San Diego trial combining cryoablation with PEDD-delivered SD-101 and dual check-
point inhibition (STRIDE regimen), represent a growing interest in multimodal protocols
that use PEDD as a delivery platform.

However, several questions remain unresolved. Of the greatest clinical interest are
perhaps the ideal infusion rate, pressure thresholds, and catheter positioning relative to
tumor-feeding vessels. Preclinical data also suggest that benefits may vary with tumor
vascularity. Specifically, hypervascular lesions, such as HCC, may derive greater benefit
than hypovascular metastases. Consistent with this, a within-patient randomized trial
of an antireflux catheter during ®®Ho-radioembolization in colorectal liver metastases
(typically hypovascular) found no improvement in tumor-to-nontumor activity ratios [92].
However, the mechanistic prerequisite for pressure-augmented delivery is a measurable
downstream pressure reduction upon device deployment, and this physiologic gradient
may be blunted by concurrent vasoactive premedication [93]. Whether the null finding
reflects a true absence of benefit in hypovascular disease or an unrecognized attenuation
of the pressure differential remains unresolved. Institutional experience also appears to
influence outcomes [80]. The additive or synergistic value of PEDD relative to B-TACE,
which shares some hemodynamic principles, has not been directly compared. Finally, most
published PEDD efficacy data are derived from industry-sponsored preclinical studies or
retrospective clinical analyses. Independent, prospective, randomized trials with oncologic
endpoints are essential to establish the clinical value of PEDD definitively.

The convergence of PEDD with regional immunotherapy is seemingly of particular
clinical interest. Chai and colleagues showed that regional anti-PD-1 delivery produces
higher intratumoral concentrations and superior tumor control with reduced systemic
exposure in murine models, and the Katz laboratory has systematically characterized the
MDSC-driven program that blunts conventional systemic immunotherapy in liver metas-
tases [3,82,84,85,89,94]. PEDD offers a technical solution to the delivery challenges that
have historically limited regional approaches [3,89]. Integration into treatment algorithms
will also require attention to cost. The TriNav system is more expensive per procedure
than standard microcatheters, but data from Morshedi et al. and Gupta et al. suggest that
elimination of coil embolization and reductions in post-procedure complications can offset
much of this difference [79,81]. Whether improved delivery ultimately translates into fewer
treatment sessions, reduced hospitalization, or longer progression-free intervals remains to
be determined.

7. Conclusions

Elevated intratumoral IFP remains one of the most significant and underappreciated
barriers to effective locoregional therapy in hepatopancreaticobiliary malignancies. Con-
ventional catheter-based delivery systems were not designed to address this barrier directly.
PEDD, implemented through the TriNav Infusion System, represents a potentially benefi-
cial mechanistic shift. Rather than simply preventing reflux, the system actively generates a
local pressure gradient that opposes intratumoral IFP, reopens collapsed microvasculature,
and drives therapeutic agents into tumor tissue.

Preclinical data demonstrate consistent, statistically significant improvements in mi-
crosphere penetration with PEDD across both glass and embolic-sized particles, with lobar
PEDD achieving delivery equivalent to conventional selective infusion. Clinical data, while
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predominantly retrospective, indicate that PEDD is safe in patients with complex profiles
and improve pathologic tumor response during DEM-TACE. Real-world evidence confirms
comparable or improved safety alongside reductions in post-procedure complications
and healthcare utilization [79,80]. The application of PEDD to regional immunotherapy,
including CAR-T cells and TLR9 agonists, capitalizes on the distinct immunobiology of the
hepatic microenvironment [3,88-90,94]. These gains, however, remain surrogate measures
of delivery, and the supporting clinical literature consists predominantly of retrospective
analyses, single-center series, and industry-affiliated real-world studies. Prospective ran-
domized trials comparing PEDD to both conventional and balloon-based delivery with
oncologic endpoints are needed to move this technology from a promising innovation to
an established component of interventional oncology.
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TAE Trans-arterial Embolization

CAR-T Chimeric Antigen Receptor T-cell

TACE Trans-arterial Chemoembolization

TARE Trans-arterial Radioembolization

PEDD Pressure-Enabled Drug Delivery

SIS Surefire Infusion System

HCC Hepatocellular Carcinoma

MDSCs Myeloid-Derived Suppressor Cells

MVI Microvalve Infusion

B-TACE Balloon-occluded Trans-arterial Chemoembolization
ARC Antireflux Catheter

IFP Interstitial Fluid Pressure

C-TACE Conventional Trans-arterial Chemoembolization

DEB-TACE  Drug-Eluting Bead Trans-arterial Chemoembolization
DSM-TACE  Degradable Starch Microspheres Trans-arterial Chemoembolization

Y-90 yttrium-90
MAA Macro-Aggregated Albumin
PImTe Technetium-99 m
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