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Abstract

Hepatic encephalopathy (HE) is a severe neurological syndrome arising from the interaction between
hyperammonemia and systemic inflammation. In ALF and ACLF, severe HE occurs within a broader
context of systemic derangements, including inflammation and hepatic synthetic dysfunction. Despite
advances in non-biological liver support systems (NBLSS), improved biochemical clearance has not
consistently translated into a survival benefit. This review organizes their therapeutic effects into three
principal and overlapping functional domains: metabolic detoxification, inflammatory-mediator clearance,
and plasma removal/replacement. Individual modalities may contribute to more than one domain,
although their dominant therapeutic functions differ. We observe a clinical transition from monotherapy
toward hybrid protocols. Specifically, sequential adsorption and reduced-volume plasma exchange
exemplify how complementary clearance and replacement functions can be combined while conserving
donor plasma resources. Given the heterogeneity of clinical outcomes, a precision-management
approach may better align extracorporeal support with individual physiological requirements. We
propose using clinical and biomarker-based indicators to identify metabolic-dominant, inflammation-
dominant, and synthetic-failure-dominant physiological phenotypes. These phenotypes are
conceptualized as overlapping and dynamically evolving physiological patterns rather than mutually
exclusive biological subtypes. Cross-cutting homeostatic requirements should be assessed in parallel
when selecting and adapting extracorporeal support. Dynamic phenotype-matched multimodal support
may better translate biochemical and neurological improvement into clinically meaningful stabilization
while providing a bridge to native liver recovery or transplantation.

Keywords: hepatic encephalopathy, acute liver failure, acute-on-chronic liver failure, non-biological liver support systems,
phenotype-matched management

1. Introduction

Hepatic encephalopathy (HE) is a severe compromise blood-brain barrier (BBB) permeability
complication of liver failure characterized by  [2]. Therefore, severe HE should not be considered an
profound neurological and metabolic dysfunction [1].  isolated neurological symptom, but rather the
Although  hyperammonemia was  historically = neurological manifestation of systemic dysfunction
considered the primary cause, current evidence induced by ALF and ACLF [3,4,5]. Consequently,
indicates that HE results from the combined effects of ~ extracorporeal interventions may need to address
neurotoxins and systemic inflammation, which these underlying systemic abnormalities to achieve

https://www.medsci.org



Int. J. Med. Sci. 2026, Vol. 23

3586

meaningful neurological stabilization. Standard
medical  therapies, including nonabsorbable
disaccharides and rifaximin, primarily reduce gut-
derived ammonia but do not directly address the
broader systemic inflammation characteristic of ACLF
[3,5,6]. Accordingly, in selected patients,
extracorporeal support may serve as a bridge to native
liver recovery or transplantation [6].

Non-biological liver support systems (NBLSS)
were developed to fulfill this clinical need.
Traditionally, these technologies are categorized by
their physical separation principles, ranging from
diffusive dialysis to bulk plasma separation [7].
However, this mechanism-based classification does
not reflect the physiological heterogeneity of liver
failure. To address this limitation, we organize the
therapeutic effects of NBLSS into three principal and
overlapping functional domains rather than mutually
exclusive device categories: metabolic detoxification,
inflammatory-mediator clearance, and plasma
removal/replacement. Albumin-dialysis systems such
as the molecular adsorbent recirculating system
(MARS) predominantly facilitate the removal of
albumin-bound toxins while also clearing water-
soluble solutes through their coupled dialysis
components. Adsorption-based systems such as the
double plasma molecular adsorption system (DPMAS)
remove bilirubin together with a range of circulating
inflammatory mediators. Plasma exchange (PE), in
contrast, combines broad removal of circulating
plasma constituents with replacement using donor
plasma. Importantly, assignment of a modality to a
particular functional domain reflects its dominant
therapeutic role rather than an exclusive mechanism of
action.

Despite technical advances, monotherapy may be
insufficient to address the multiple concurrent
physiological abnormalities of severe liver failure. No
currently available NBLSS reproduces the endogenous
biosynthetic function of hepatocytes. Dialytic and
adsorptive modalities primarily provide subtractive
extracorporeal support, whereas PE combines plasma
removal with exogenous replacement of circulating
plasma constituents when fresh frozen plasma is used
as the replacement fluid [8,9,10]. This replacement can
temporarily compensate for selected consequences of
hepatic synthetic failure but should not be interpreted
as restoration of hepatic synthesis. High-volume
plasma exchange is additionally limited by resource
availability and the risk of citrate toxicity [11]. These
limitations have driven increasing interest in hybrid
protocols, such as sequential DPMAS and reduced-
volume plasma exchange [12,13,14]. Such strategies
combine complementary clearance and replacement
functions according to evolving physiological

requirements and may reduce donor-plasma use in
resource-constrained settings [15]. In parallel,
disturbances of renal function, fluid balance,
electrolytes, and acid-base homeostasis may coexist
with any dominant phenotype and may require
adjunctive  renal  replacement  therapy or
hemodiafiltration  [3,4,5,6]. These homeostatic
abnormalities are therefore considered cross-cutting
support requirements rather than a separate liver-
failure phenotype.

However, biochemical and physiological
improvements achieved with NBLSS do not
consistently translate into survival benefits, resulting
in a recognized "biochemistry-survival
disconnect"[12,13,16,17]. This discrepancy may partly
reflect the biological heterogeneity of ALF and ACLF
and a mismatch between the dominant physiological
abnormalities of individual patients and the principal
functions provided by a given extracorporeal strategy.
However, irreversible liver injury, established
multiorgan failure, treatment timing and intensity,
transplantation-related  factors, and procedure-
associated adverse effects may also contribute. These
limitations support a re-evaluation of NBLSS beyond
hardware-based descriptions toward a framework
centered on clinical physiology. We aim to (1) organize
NBLSS according to their dominant and overlapping
therapeutic functional domains; (2) analyze the clinical
transition from monotherapy toward complementary
and hybrid extracorporeal strategies; and (3) propose
a phenotype-matched precision-management
framework in which dominant physiological
phenotypes, coexisting abnormalities, and cross-
cutting homeostatic requirements guide the dynamic
selection and combination of therapeutic modalities.

2. Methods

For this narrative review, PubMed, Embase, and
the Web of Science Core Collection were searched
from database inception through early 2026. The
search strategy utilized keywords and MeSH terms
related to non-biological liver support systems
(NBLSS) and hepatic encephalopathy (HE), including
"artificial liver support system," "MARS," "plasma
exchange," and "DPMAS," combined with "acute liver
failure" or "ACLE." To ensure comprehensive
coverage, the reference lists of key articles were also
manually screened.

Given the narrative design, formal systematic-
review eligibility criteria and quality-assessment
procedures were not applied; studies were selected
primarily for their clinical relevance to the scope of this
review. We focused on clinical trials, observational
studies, and high-quality case series that evaluated the
technical mechanisms and therapeutic efficacy of
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NBLSS. Priority was given to studies reporting on
neurological recovery, the clearance of neurotoxins
(e.g., ammonia and bilirubin), and transplant-free
survival. Studies exclusively focused on bioartificial
livers or isolated preclinical models were excluded to
maintain a strong clinical focus. The selected evidence
was then synthesized narratively to provide a practical
overview of current modalities and emerging
therapies. Because most clinical studies evaluate
complete extracorporeal modalities or multimodal
protocols  rather than isolated physiological
mechanisms, the synthesis did not attempt to quantify
the independent causal contribution of individual
functional domains. Instead, modalities were
organized according to their dominant therapeutic
effects while overlapping functions were explicitly
considered.

3. The Pathophysiological Mechanisms of
HE

Hepatic encephalopathy (HE) is a severe
neuropsychiatric complication of liver failure,
characterized by cognitive and motor abnormalities
and a poor prognosis [18]. Its pathophysiology
involves multiple interacting mechanisms, including
hyperammonemia, systemic and neuroinflammation,
metabolic and bioenergetic dysfunction, and
neurotransmitter dysregulation [17,19] (Fig. 1). These

mechanisms interact extensively, and their relative
contributions may differ among patients and change
during the course of ALF or ACLF.

3.1. Ammonia Toxicity

Ammonia toxicity remains a central mechanism
of HE pathogenesis. As hepatic clearance declines,
systemic ammonia accumulates, exerting neurotoxic
effects and correlating with disease severity and
prognosis [20,21,22]. At the cellular level, ammonia
impairs both astrocyte and microglial function. In bile
duct ligation (BDL) models, ammonia exposure
upregulates inflammatory and hypoxic pathways,
contributing directly to cerebral injury [23].
Specifically, ammonia inhibits autophagic flux in
astrocytes, which reduces their stress response
capacity and promotes cytotoxic edema [24]. It also
induces neutrophil dysfunction, leading to the release
of reactive oxygen species (ROS) [25]. This oxidative
stress impairs cerebral hemodynamics and oxygen
metabolism; the severity of these perfusion deficits
correlates  directly =~ with  arterial ammonia
concentrations [26,27,28]. Although hyperammonemia
commonly coexists with inflammatory and other
systemic abnormalities, metabolic and neurotoxic
accumulation may predominate in some patients,
defining what we operationally term a metabolic-
dominant phenotype.
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Figure 1. The Multifactorial Pathophysiology of Hepatic Encephalopathy.

https://www.medsci.org



Int. J. Med. Sci. 2026, Vol. 23

3588

3.2. Infection and Inflammation

Systemic inflammation is a major pathogenic
amplifier of HE and may arise from infection or sterile
inflammation associated with extensive hepatic
necrosis. These processes may coexist in ALF or ACLF
and produce overlapping findings, including fever or
hypothermia, leukocyte abnormalities, organ
dysfunction, and elevated inflammatory biomarkers.
Consequently, neither a single biomarker nor an
isolated negative culture can reliably determine the
inflammatory  origin, and  serial clinical,
microbiological, and physiological assessment is
required. Importantly, inflammation can worsen
neurological dysfunction beyond the effect of
hyperammonemia alone [2,29]. In ALF, early
encephalopathy coincides with microglial activation
and significant upregulation of proinflammatory
cytokines [30]. Systemic inflammation further
compromises the BBB, increasing permeability to
neurotoxins—a process particularly evident in
acetaminophen-induced ALF  [31,32,33]. These
inflammatory and oxidative processes may impair
neuronal function, neurotransmission, and cerebral
metabolic homeostasis. In some patients, the
inflammatory burden and associated BBB dysfunction
may predominate over metabolic toxin accumulation,
constituting an inflammation-dominant phenotype.
This designation describes the dominant physiological
burden rather than its infectious etiology and does not
imply that inflammatory and metabolic mechanisms
are independent, as substantial cross-talk between
hyperammonemia and inflammation is central to HE
pathogenesis [34,35,36].

3.3. Neurotransmitter Dysregulation

HE involves the overactivation of the inhibitory
GABAergic system. Gut-derived GABA bypasses
hepatic clearance, crosses the compromised BBB, and
binds to postsynaptic receptors, increasing central
inhibition [37]. Clinically, HE presentation resembles
benzodiazepine-induced encephalopathy [38,39]. This
is supported by findings of elevated endogenous
benzodiazepine-like ligands in the cerebrospinal fluid
and an increased density of peripheral-type
benzodiazepine receptors on astrocytes, which
together increase GABAergic tone and induce coma
[40,41].

3.4. Metabolic and Bioenergetic Dysfunction

HE is associated with the dysregulation of central
energy pathways, specifically the tricarboxylic acid
(TCA) cycle [42]. Patients experience altered energy
production and amino acid homeostasis. Cerebral
lactate accumulation increases osmotic stress and may

aggravate cerebral edema and intracranial
hypertension, major contributors to poor outcomes in
severe ALF [43]. Concurrently, liver failure alters the
ratio of branched-chain to aromatic amino acids
(BCAA/AAA). Due to impaired hepatic metabolism,
AAAs accumulate and cross the BBB, acting as
precursors for false neurotransmitters that disrupt
physiological signaling and accelerate encephalopathy
[44].

3.5. Gut Microbiota Disruption

HE pathogenesis is closely linked to gut-liver-
brain axis dysbiosis. Loss of commensal microbial
diversity and expansion of potentially pathogenic
taxa, including Enterobacteriaceae and Streptococca-
ceae, may promote systemic inflammation and
cognitive dysfunction [45]. Gut-derived neuroactive
metabolites may also accumulate when hepatic
clearance is impaired; for example, phenylethylamine
produced by Ruminococcus gnavus has been
implicated in direct neurotoxicity [46]. Microbiota-
directed interventions may improve selected clinical
outcomes. For example, probiotics have been
evaluated for the prevention of HE after TIPS [47],
whereas rifaximin is recommended for the prevention
of recurrent overt HE [6]. Nevertheless, persistent gut-
derived metabolic and inflammatory signals may
continue to contribute to the systemic neurotoxic
milieu. Thus, gut-liver-brain dysregulation represents
an additional contributor to the interacting metabolic
and inflammatory mechanisms underlying HE.

3.6. Therapeutic Implications: From HE
Pathophysiology to Extracorporeal Support
Requirements

The multifactorial pathogenesis of HE precludes
a simple one-mechanism - one-device approach.
Hyperammonemia and systemic inflammation
directly contribute to mneurological dysfunction,
whereas severe ALF or ACLF also involves hepatic
synthetic failure and disturbances of renal function,
fluid balance, electrolytes, and acid -base homeostasis
that influence the requirements and tolerance of
extracorporeal support. Hepatic synthetic failure is
therefore considered here as a systemic liver-failure
deficit that modifies support requirements rather than
as a direct HE mechanism equivalent to
hyperammonemia or neuroinflammation [1,3,6,14,15].

Accordingly, phenotype matching should
identify the dominant physiological pattern at a given
time rather than assign patients to fixed or mutually
exclusive categories. Clinically important coexisting
abnormalities should then determine which
extracorporeal functions are prioritized or combined.
The following section therefore evaluates NBLSS
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according to their principal but overlapping functional
domains, providing the basis for dynamic matching
between  evolving patient physiology and
extracorporeal support.

4. Functional Domains and
Pathophysiological Rationale of NBLSS

4.1. Principal and Overlapping Functional
Domains of NBLSS

NBLSSs provide temporary extracorporeal
support for patients with severe liver failure,
particularly when transplantation is not immediately
available or when native liver recovery remains
possible [8,9,32,48]. Their principal clinical role is
therefore to provide a bridge to transplantation or a
physiological window for native liver regeneration
[12].

Traditionally, NBLSSs are classified according to
engineering principles such as dialysis, filtration, and
adsorption. Although this approach describes how a
device operates, it does not directly indicate which
therapeutic functions are most relevant to a patient's
physiological ~abnormalities. To address this
limitation, we propose a framework based on three
principal and overlapping therapeutic domains:
metabolic  detoxification, inflammatory-mediator
clearance, and plasma removal/replacement.
Metabolic detoxification refers to the removal of
accumulated water-soluble and albumin-bound
metabolites and neurotoxins and is a dominant
function of albumin-dialysis systems such as MARS
and SPAD [49]. Inflammatory-mediator clearance
refers to extracorporeal removal of circulating
inflammatory —mediators together with other
adsorbable substances, including bilirubin, and is a
dominant function of plasma perfusion and DPMAS
[14]. Plasma removal/replacement is exemplified by
PE, which removes circulating plasma constituents
while introducing replacement fluid; when fresh
frozen plasma is used, this also provides exogenous
coagulation factors and other plasma components
without reproducing endogenous hepatic biosynthesis
[16]. These domains are deliberately non-exclusive:
individual modalities may span more than one
domain while retaining a dominant therapeutic
function. For example, MARS clears both albumin-
bound and water-soluble solutes, DPMAS removes
bilirubin together with inflammatory mediators, and
PE combines broad plasma removal with replacement
of circulating plasma constituents [8].

Because clinical studies generally evaluate
complete extracorporeal interventions rather than
isolated functional components, these domains should
not be regarded as mechanistically independent, and

their individual contributions to neurological recovery
or survival cannot currently be reliably disentangled.
The purpose of this framework is therefore not to
assign each modality to a fixed category, but to
identify the therapeutic functions most relevant to the
patient's dominant physiological phenotype.

As summarized in Table 1 and Figures 2A and 2B,
NBLSS modalities differ in their dominant therapeutic
functions  while retaining clinically relevant
overlapping and cross-cutting effects. Depending on
the technical characteristics of the modality, extra-
corporeal support can modify different components of
the circulating metabolic and inflammatory milieu,
including ammonia, albumin-bound toxins, bile acids,
aromatic amino acids, and inflammatory mediators.
No single modality uniformly addresses all of these
abnormalities. Rather, reduction of selected
components of the systemic neurotoxic burden may
contribute to neurological stabilization by attenuating
processes associated with BBB dysfunction, astrocyte
swelling, and neurological deterioration [12,49,50].
This incomplete but complementary activity provides
a rationale for combining modalities with different
dominant functions.

4.2. Homeostatic Support as a Cross-Cutting
Dimension

Maintenance of the internal milieu is best
considered a  cross-cutting  dimension  of
extracorporeal management rather than a fourth
phenotype. Renal dysfunction, fluid overload,
electrolyte abnormalities, and acid - base instability
may accompany any of the three dominant
physiological phenotypes. These abnormalities are
therefore considered cross-cutting homeostatic
modifiers that influence both treatment selection and
tolerance. Continuous renal replacement therapy or
hemodiafiltration may be incorporated as adjunctive
support when such disturbances are clinically
significant and may additionally facilitate ammonia
clearance when severe hyperammonemia coexists.
Thus, homeostatic support operates across the three
principal functional domains and may modify the
composition of multimodal therapy [4,51,52,53].

4.3. From Dominant Physiological Phenotypes
to Dynamic Multimodal Support

Although NBLSS modalities have overlapping

effects, their dominant functions, technical
characteristics, safety profiles, and resource
requirements remain clinically distinct. Bedside

selection should therefore integrate patient physiology
with modality-specific capabilities rather than rely
primarily on engineering classification or device
availability.
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Table 1. Functional Architecture of Non-Biological Liver Support Systems: Dominant, Overlapping, and Cross-Cutting Roles

Modality / Technical principle / Principal overlapping NBLSS functional domains ~Cross-cutting Key limitations / resource  Key refs
strategy principal targets Metabolic Inflammatory-  Plasma removal dimension: considerations
detoxification mediator / replacement homeostatic
clearance contribution
A. Principal NBLSS modalities
MARS Recirculating albumin Dominant — Limited — None — no Limited — small-solute Dedicated/complex circuit; [8,10,54 - 56]
dialysis with adsorber albumin-bound  selected effects  donor-plasma clearance via the dialysis  albumin/equipment
regeneration plus toxins and water- may occur, but  replacement;no component; not dedicated requirements;
coupled high-flux soluble solutes,  broad mediator restoration of renal/fluid support. platelet/ coagulation effects
dialysis. including clearance isnot  hepatic and circuit clotting.
ammonia. a principal synthesis.
function.
SPAD Single-pass albumin Dominant — Limited — no None — no Adjunctive — CRRT Albumin consumption; [64,65,68,71]
dialysis using fresh albumin-bound  dedicated plasma- platform can provide sodium/ citrate-related
albumin dialysate, and water- adsorption component fluid, electrolyte and metabolic disturbances; circuit
usually on a CRRT soluble solute columns for replacement or  acid - base control. clotting.
platform. clearance. broad mediator  hepatic synthetic
clearance. function.
Prometheus Fractionated plasma Dominant — Overlapping — None — no Limited — dialysis Plasma-adsorber contact; [73,75,76,80,81]
(FPSA) separation/adsorption efficient selected donor-plasma component clears water-  thrombocytopenia/contact
plus high-flux dialysis; ~ bilirubin/bile- mediator replacement or  soluble solutes butisnot  activation; possible
targets albumin-bound  acid and other clearance, but restoration of dedicated homeostatic hemodynamic intolerance.
and water-soluble toxin clearance.  incomplete and  biosynthesis. support.
solutes. not dominant.
Plasma Plasma adsorption using Overlapping —  Dominant — None — None — requires Adsorption saturation; [106,107,110-113]
perfusion macroporous resin bilirubin, bile selected subtractive adjunctive CRRT/HDF nonselective removal of
(PP) and/or ion-exchange acids and other  circulating therapy; no when homeostatic antimicrobials and other
columns; targets adsorbable inflammatory coagulation- support is needed. drugs; possible
hydrophobic toxins and ~ compounds. mediators and  factor or platelet/coagulation effects;
selected mediators. adsorbable albumin drug-timing review and TDM
inflammatory  replacement. where available.
components.
DPMAS Sequential dual-resin Overlapping —  Dominant — None — no None — parallel Adsorption saturation; platelet [13,14,108 - 112,115 - 118]
plasma adsorption substantial selected replacement of ~ CRRT/HDEF is required consumption; nonselective
targeting inflammatory  bilirubin/bile- inflammatory-  coagulation when homeostatic adsorption of antimicrobials
mediators, bilirubin and  acid removal; mediator factors or other  abnormalities are and other drugs; limited
bile acids. limited direct clearance. deficient plasma  clinically important. ammonia clearance; drug-
ammonia components. timing review and TDM
clearance. where available.
PE Removal of patient Overlapping —  Overlapping — Dominant — None — no dedicated High donor-plasma [12,70,84,87 - 89,93]
(selective, plasma followed by removes protein- broad removal  FFP supplies homeostatic role; large- requirement, especially HVPE;
standard- replacement fluid; FFP bound toxins and can reduce exogenous volume therapy may citrate-related disturbances;
volume, or  couples broad plasma other circulating  circulating plasma increase TRALI/allergic reactions;
HVPE) removal with exogenous plasma solutes.  inflammatory constituents; fluid/citrate/electrolyte ~ hemodynamic stress.
component replacement. mediators. compensates for management needs.

B. Cross-cutting and representative multimodal support

CHDF /
HDF

Sequential
DPMAS —
reduced-

volume PE

Continuous diffusive and Adjunctive —
convective clearance of ~ ammonia and
water-soluble solutes other small-
with simultaneous fluid  solute clearance.

management.
Adsorption first reduces  Overlapping —
inflammatory mediators  bilirubin/toxin

and bilirubin; subsequent removal during

reduced-volume PE adds adsorption, with

removal plus donor- additional

plasma replacement. plasma-solute
removal during
PE.

Limited / not
principal.

Dominant
component —
adsorption-
based
inflammatory-
mediator
clearance.

selected
consequences of
synthetic failure
without
restoring hepatic
biosynthesis.

None — no
donor-plasma
replacement or
hepatic synthetic
function.

Dominant
component —
reduced-volume
FFP provides
exogenous
plasma
constituents after
adsorption.

Dominant cross-cutting
role — renal support plus
fluid, electrolyte and

acid - base control across
any phenotype.

None intrinsically — add
CRRT/HDF according to
renal, fluid, electrolyte or
acid - base requirements.

Limited protein-bound toxin
clearance without an
albumin/plasma component;
circuit/anticoagulation issues;
possible nutrient losses.

Requires appropriate
sequencing and reassessment;
concurrent operation may
adsorb newly infused plasma
proteins; equivalence to full-
dose HVPE is unproven.

[51 - 53,95,100,104,105]

[13,15,109,113,114,118,119]

Notes: The three columns under “Principal overlapping NBLSS functional domains” correspond to the three functional domains defined in the review. “Dominant” denotes
the principal therapeutic role and does not imply mechanistic exclusivity; “Overlapping,” “ Adjunctive,” “Limited,” and “None” denote progressively less central
contributions within the proposed framework. Current studies generally evaluate complete modalities or multimodal protocols, so the independent causal contribution of
individual functional domains cannot be reliably disentangled. No currently available NBLSS restores endogenous hepatic biosynthesis. CHDF/HDF is shown as a cross-
cutting homeostatic adjunct rather than a fourth NBLSS functional domain, and sequential DPMAS followed by reduced-volume PE is included as a representative hybrid
strategy rather than a separate mechanistic domain.
Abbreviations: CHDF, continuous hemodiafiltration; CRRT, continuous renal replacement therapy; DPMAS, double plasma molecular adsorption system; FFP, fresh frozen
plasma; FPSA, fractionated plasma separation and adsorption; HDF, hemodiafiltration; HVPE, high-volume plasma exchange; MARS, molecular adsorbent recirculating
system; NBLSS, non-biological liver support systems; PE, plasma exchange; PP, plasma perfusion; SPAD, single-pass albumin dialysis; TDM, therapeutic drug monitoring;
TRALLI, transfusion-related acute lung injury.
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Figure 2. A. A Comparative Schematic of Non-Bioartificial Liver Support Systems (NBLSS) Mechanism. B. Plasma Adsorption and Sequential Hybrid Strategies.

Under the proposed framework, the clinical
decision pathway begins by identifying the dominant
physiological phenotype using integrated clinical and
laboratory information rather than assigning the
patient to a fixed device category. A metabolic-
dominant phenotype is characterized by predominant
accumulation of metabolic and neurotoxic substances;
an inflammation-dominant phenotype by a clinically
important systemic inflammatory burden; and a
synthetic-failure-dominant phenotype by severe
hepatic synthetic dysfunction, particularly clinically
significant coagulopathy. These phenotypes are
operational constructs for clinical prioritization and

may overlap, coexist as mixed patterns, and evolve
over time. The dominant phenotype therefore
identifies the principal therapeutic requirement rather
than dictating a single device, while coexisting
physiological deficits may justify additional
complementary modalities. Homeostatic disturbances
should be assessed and managed in parallel.

The following section evaluates individual
NBLSS modalities by integrating their technical
mechanisms, dominant and overlapping functions,
clinical evidence, and major limitations [16]. Within
this framework, phenotype matching is a dynamic
process of prioritizing and adapting extracorporeal
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support according to evolving physiology rather than
a fixed one-phenotype-one-device algorithm.

5. Technical Mechanisms and Clinical
Application of NBLSS Modalities

Table 2 summarizes representative clinical

evidence for NBLSS modalities and multimodal
extracorporeal support, focusing on biochemical and
physiological effects, neurological outcomes, survival
or transplant-free survival, and major evidence
limitations.

Table 2. Representative Clinical Evidence for NBLSS Modalities and Multimodal Extracorporeal Support

Study / modality =~ Design & Biochemical / Neurological / Survival / Safety / evidence limitations ~ Interpretation for the current

population physiological effects HE outcomes transplant-free framework

survival
A. Albumin-dialysis and detoxification studies
Banares et al., Multicenter RCT;  Significant Higher HE No significant 28- Severe adverse events were Illustrates
RELIEF [58] n=189; ACLF. dialysis/biochemical improvement rate  day survival benefit: similar to SMT. Complete MARS  biochemical/neurological
MARS + SMT vs effects; bilirubin reduction  (grade II-IV to 0-I): 60.7% vs 58.9%. intervention was evaluated rather improvement without a
SMT; up to 10 favored MARS (P=0.001).  62.5% vs 38.2% than isolated clearance demonstrable survival benefit;
sessions (6-8 (P=0.07). mechanisms. the neutral survival result cannot
h/session) be attributed to failure of any
single functional domain.

Sponholz et al. [65]  Prospective Both reduced bilirubin HE was not Not designed as a Both were feasible for temporary ~Direct human evidence that
MARS vs SPAD randomized similarly. MARS, but not significantly altered survival study. support. Metabolic/ electrolyte albumin-dialysis modalities have
(SPAD: 4% albumin, crossover study;  SPAD, significantly by either MARS or disturbances require particular ~ overlapping but non-identical
700 mL/h) n=32; 69 crossover reduced bile acids, SPAD. attention with SPAD, especially  detoxification profiles; does not

cycles; liver creatinine and urea and during RCA. Surrogate- support survival or phenotype-

failure. improved albumin-binding endpoint/crossover design. specific conclusions.

capacity; IL-6/IL-8 were
unchanged.

Kribben et al., RCT; n=145; Serum bilirubin decreased =~ Improvement in No significant Procedural A second example of substantial
HELIOS [76] ACLF. significantly with FPSA, HE grade was survival benefit at 28 coagulation/hemodynamic biochemical/ clinical response
Prometheus (FPSA) confirming substantial reported, but or 90 days; 28-day ~  effects remain relevant. Subgroup without an intention-to-treat
+ SMT vs SMT; 8-11 biochemical detoxification. neurological survival survival signals were exploratory survival benefit; causal
sessions (24 response did not approximately 66%  and not prospectively validated.  explanations for the disconnect

h/session) translate into a
hard-outcome
benefit.

B. Plasma-exchange and hybrid-support studies

Larsen et al. [87] Open-label SIRS/SOFA scores and Neurological

HVPE + SMT vs multicenter RCT;  circulating inflammatory stabilization was

SMT; 8-12L (=<15% n=182; ALF. signals decreased; plasma clinically relevant,

ideal body weight) exchange simultaneously ~ but the survival
for 3 consecutive provided broad removal effect was not
days and FFP replacement. explained solely by

prevention or
reversal of cerebral
complications.

Maiwall et al. [89] Open-label RCT;  Greater lactate clearance, Cerebral edema

Response-guided n=40; non- lower ammonia, improved — was specifically

standard-volume PE acetaminophen SIRS/SOFA, and reductions evaluated;

(1.5-2.0 plasma ALF with cerebral in pro-inflammatory biochemical and

volumes/session) + edema. cytokines, DAMPs and systemic

SMT vs SMT endotoxin. stabilization
occurred in a
population with
severe neurological
risk.

Wang et al. [13] Prospective At 2 weeks, TBIL, ALT, Grade III-IV HE

Sequential DPMAS  cohort; n=106 (58 BUN and COSSH-ACLF was excluded;

— low-dose PE + vs 48); score were lower with direct efficacy for

SMT vs SMT propensity-score  DPMAS+LPE; severe HE was

matched analysis; inflammatory cytokine therefore not

early HBV-ACLF. profiles were attenuated. established.
Coagulation benefit could
not be assigned to
adsorption alone.
C. Cross-cutting homeostatic support
Takikawa et al. [100] Multicenter Ammonia decreased from  7/8 patients
High-efficiency on-  single-arm 182.5 £ 64.8 to 87.0 £38.9 (87.5%) regained
line CHDF interventional pg/dL (P<0.001); glutamine consciousness; 5 of
study; 9 enrolled, also decreased 7 regained
8 analyzed; ALF  substantially. consciousness
with coma. within 4 days.

vs 63% (P=0.70). remain multifactorial.

Severe adverse events were
similar to SMT in the trial. High
plasma requirement, citrate
exposure and resource intensity
limit routine generalization.

Overall hospital
survival: 58.7% vs
47.8% (HR 0.56;
P=0.008); liver-
transplant-free
survival improved.

Strong randomized survival
signal, but HVPE combines
removal, replacement and
immune/systemic effects; the
independent contribution of
each function cannot be
disentangled.

No treatment-related deaths.
Small single-center trial and
response-guided treatment
intensity limit direct comparison
with HVPE.

21-day transplant-
free survival: 75% vs
45% (P=0.04; HR
0.30).

Shows that clinically meaningful
benefit can occur with standard-
volume PE; does not establish a
universal exchange-volume
threshold or identify which PE
function mediates survival.

Treatment allocation was
nonrandomized. Reported events
included transient hemodynamic
changes and catheter-related
thrombosis/bleeding. Evidence is
population- and stage-specific.

After matching, 4-
week cumulative
survival was higher
(97.9% vs 85.4%,
P=0.027), but 12-
week survival was
not significantly
different (85.4% vs
83.3%, P=0.687).

Supports feasibility of functional
complementarity and plasma-
sparing hybrid support, but does
not isolate adsorption from
replacement effects or prove
phenotype-matched efficacy.

Seven severe adverse events
occurred, with no causal
relationship to liver support

Not designed to
establish a survival
benefit; after

Supports CHDF as cross-cutting
homeostatic/ammonia-control
support with a strong

awakening, identified. Very small single-arm neurological signal in selected
outcomes included  study with historical comparison. ALF; does not constitute
spontaneous evidence for a fourth phenotype
recovery, or an independent survival
transplantation and effect.

death.

Notes: This table is intentionally representative rather than exhaustive. It prioritizes clinically informative studies reporting biochemical, neurological and/or survival
outcomes and therefore does not reproduce every modality listed in Table 1. Study findings are presented as observed associations or trial outcomes; the final column
provides a restrained interpretation relevant to the proposed framework rather than causal attribution of outcome to a single functional domain. Current studies generally
evaluate complete modalities or multimodal protocols, so the independent contributions of metabolic detoxification, inflammatory-mediator clearance, plasma

removal/replacement and homeostatic correction cannot be reliably separated.
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Abbreviations: ACLF, acute-on-chronic liver failure; ALF, acute liver failure; ALT, alanine aminotransferase; BUN, blood urea nitrogen; CHDF, continuous
hemodiafiltration; COSSH-ACLF, Chinese Group on the Study of Severe Hepatitis B acute-on-chronic liver failure; DAMPs, damage-associated molecular patterns;
DPMAS, double plasma molecular adsorption system; FFP, fresh frozen plasma; FPSA, fractionated plasma separation and adsorption; HE, hepatic encephalopathy; HR,
hazard ratio; HVPE, high-volume plasma exchange; LPE, low-dose plasma exchange; MARS, molecular adsorbent recirculating system; PE, plasma exchange; RCA,
regional citrate anticoagulation; RCT, randomized controlled trial; SIRS, systemic inflammatory response syndrome; SMT, standard medical treatment; SOFA, Sequential

Organ Failure Assessment; SPAD, single-pass albumin dialysis; TBIL, total bilirubin.

5.1. Molecular Adsorbent Recirculating
System (MARS)

MARS is an albumin-dialysis system whose
dominant function is metabolic detoxification. It uses
a dual-circuit configuration in which the patient's
blood is separated by a high-flux membrane from a
recirculating 20% albumin circuit, based on the
"albumin shuttle" principle [54]. In liver failure, key
neurotoxins such as bilirubin, bile acids, and aromatic
amino acids bind tightly to albumin, making them
resistant to conventional hemodialysis [54]. MARS
transfers these toxins from the patient's blood to the
acceptor albumin in the secondary circuit, where they
are subsequently removed [55]. A key technical
limitation is the membrane pore size, which restricts
clearance to molecules below 50 kDa. Accordingly,
although MARS removes both albumin-bound and
water-soluble solutes, broad inflammatory-mediator
clearance is not its dominant function. Its principal
role within the present framework therefore remains
metabolic detoxification, and additional support may
be required when systemic inflammation constitutes a
major physiological burden [56].

Clinically, this selective clearance can contribute
to systemic and hemodynamic stabilization, thereby
creating conditions favorable for neurological
recovery. In patients with acetaminophen-induced
ALF, MARS has been associated with improved
hemodynamic and metabolic parameters, including
higher mean arterial pressure (92.0 vs. 78.0 mmHg)
and lower lactate (2.3 vs. 4.3 mmol/L) and ammonia
levels (98.0 vs. 136.0 umol/L) [57]. Evidence shows
that MARS provides a relative benefit of 1.54 for
improving cognitive status compared to standard care
[17]. In patients with ACLF, MARS achieved a higher
rate of HE resolution by Day 4 (62.5% vs. 38.2%). This
indicates that rapid neurotoxin removal can improve
neurological outcomes despite advanced organ
dysfunction [58]. For chronic, refractory HE, repeated
sessions have demonstrated improvements in mental
clarity and nutritional intake, allowing for the
reduction of lactulose dosage [59].

Regarding survival, MARS functions as a
"bridging intervention" rather than a definitive cure.
Its efficacy depends on the reversibility of the liver
injury. In selected series of toxin-induced ALF,
survival rates approaching 90% have been reported,
with a substantial proportion of patients recovering
native liver function without transplantation [60].

MARS has also been used as temporary perioperative
support in selected postsurgical liver-failure settings
[61]. However, in ACLF with multiorgan failure, meta-
analyses have not demonstrated a definitive long-term
survival advantage over standard care. This finding
illustrates the "biochemistry-survival disconnect":
effective metabolic detoxification and neurological
improvement may not translate into long-term
survival when severe systemic inflammation,
irreversible hepatic injury, or established multiorgan
failure remain uncorrected [58]. Although 28-day
survival was comparable to standard care (60.7% vs.
58.9%), improvements in  biochemical and
neurological parameters support the role of MARS as
temporary bridging support rather than definitive
therapy [58].

To optimize outcomes, patient stratification and
safety management are essential. Within the proposed
framework, MARS may be particularly relevant when
metabolic toxin accumulation—especially a substantial
burden of albumin-bound toxins—is the dominant
therapeutic concern and temporary support is
required as a bridge to transplantation or native
recovery. Caution is required for patients with
established multiorgan failure needing combined
renal support, as this condition is associated with an
increased mortality risk [62]. Safety protocols must
monitor coagulation parameters, because the large
surface area of the extracorporeal circuit induces
platelet activation and consumption. This risk is
particularly high in pediatric patients, where
significant decreases in platelet counts and circuit
clotting are well documented [63]. The decision to use
MARS should therefore balance the expected benefit
of metabolic detoxification against coagulation status,
overall organ failure, and the likelihood of native
recovery or transplantation.

5.2. Single-Pass Albumin Dialysis (SPAD)

SPAD is a simplified albumin-dialysis modality
whose dominant function, like that of MARS, is
metabolic detoxification. In contrast to the closed-loop
albumin regeneration used in MARS, SPAD exposes
the patient's blood to a continuous countercurrent
flow of fresh albumin dialysate that is discarded after
a single pass [64].

This configuration can be implemented on
standard CRRT platforms and maintains a continuous
concentration gradient for the removal of albumin-
bound toxins such as bilirubin and bile acids [65]. Its
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relative technical simplicity also facilitates integration
with other extracorporeal support systems; in
pediatric critical care, SPAD has been used in series
with VA-ECMO without substantially increasing
extracorporeal dead space or hemodynamic burden
[65].

Clinically, SPAD may be useful when metabolic
detoxification is the principal extracorporeal
requirement, particularly in the presence of marked
hyperbilirubinemia or hyperammonemia. Studies in
adult and pediatric populations have reported
clearance of both water-soluble and protein-bound
toxins, in some settings comparable to MARS, together
with improvement in HE-related neurological
parameters [64]. Using fresh albumin is particularly
advantageous for acute intoxication or metal overload.
For example, in ALF secondary to Wilson disease, the
continuous albumin supply provides abundant
binding sites for free copper ions. When combined
with PE in Wilson disease-associated ALF, SPAD has
been reported to reduce serum copper by up to 66.7%,
supporting its use as a temporary detoxification
strategy [66]. In complex pediatric cases (e.g., dilated
cardiomyopathy requiring ECMO), SPAD clears
toxins and bile acids without compromising the
hemodynamics of the cardiac support circuit [67].
However, because SPAD lacks dedicated adsorption
columns, inflammatory-mediator clearance is not its
dominant  function. Thus, when systemic
inflammation predominates, SPAD alone may provide
incomplete support and complementary adsorption-
based therapy may be required [13].

The use of SPAD introduces specific metabolic
complications that require careful management. A
primary concern is the electrolyte composition of
commercial albumin, which is optimized for volume
expansion rather than continuous dialysis, often
containing high sodium and citrate loads.
Consequently,  iatrogenic =~ complications  like
hypernatremia and metabolic alkalosis occur more
frequently with SPAD than with MARS [65].
Therefore, strict monitoring of serum sodium and
acid-base status is required. Protocols often
necessitate customizing the dialysate (e.g., adding free
water or adjusting buffers) to manage these shifts.
Furthermore, the extracorporeal circuit carries a
significant coagulation risk, with circuit clotting
reported in nearly 50% of pediatric cases [65]. To
maintain  circuit  patency, regional citrate
anticoagulation (RCA) is preferred over systemic
heparin, especially in patients with coagulopathy, to
minimize bleeding risks while ensuring filter efficacy
[68,69,70].

Therefore, the clinical application of SPAD relies
on patient stratification and resource availability.

SPAD may be particularly practical in patients with a
metabolic-dominant phenotype who also require renal
replacement therapy for acute kidney injury (AKI), in
resource-constrained settings without dedicated liver-
support devices, and in selected low-weight pediatric
or ECMO-supported patients in whom circuit
adaptability is advantageous [68,71]. While SPAD
does not independently alter long-term mortality in
conditions like massive hepatic necrosis, it serves as a
cost-effective bridge to transplantation or native liver
regeneration. Early use during progressive HE has
been proposed when rapid metabolic detoxification is
required, provided that electrolyte, acid-base, and
coagulation disturbances are closely monitored [72].

5.3. Prometheus (FPSA)

The Prometheus system, or fractionated plasma
separation and adsorption (FPSA), is a high-capacity
extracorporeal detoxification system whose dominant
functional role is metabolic detoxification, with
additional but incomplete inflammatory-mediator
clearance. Unlike MARS, FPSA uses an AlbuFlow filter
with a high-cutoff membrane (250 kDa)[73,74]. This
permeability allows the patient’s endogenous albumin
and bound neurotoxins to pass directly into a
secondary circuit containing neutral resin and anion-
exchange adsorbers. This configuration allows
albumin and albumin-bound substances to interact
directly with the adsorbers, facilitating the clearance of
hydrophobic compounds such as bilirubin and bile
acids. Concurrently, high-flux hemodialysis in the
primary circuit clears water-soluble toxins like
ammonia. This dual mechanism targets a broad
spectrum of circulating toxic substrates and can
thereby reduce the neurotoxic burden relevant to HE
[75].

Clinically, FPSA provides effective biochemical
clearance when metabolic detoxification is the
principal therapeutic requirement, particularly in
patients with severe cholestasis. Studies show FPSA
offers superior clearance compared to conventional
dialysis, reducing total bilirubin (from 33.6 to 22.2
mg/dL) and lowering bile acid levels by nearly 50%
[75]. Biochemical clearance has been accompanied by
improvements in HE grade and cerebral metabolic
parameters in selected studies [76]. In acute Wilson
disease, FPSA has also been used to facilitate rapid
copper removal as temporary support while awaiting
native recovery or transplantation [77]. Although the
250 kDa pore size permits the removal of
proinflammatory cytokines like IL-6, clinical data
indicate this effect is transient. Accordingly,
inflammatory-mediator clearance should be regarded
as an overlapping rather than dominant function of
FPSA, and the system may be insufficient as a sole
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extracorporeal strategy ~when
inflammation predominates [78].

However, this clearance capacity introduces
physiological  trade-offs  that highlight the
"biochemistry-survival disconnect." The HELIOS
randomized controlled trial demonstrated that despite
significant improvements in serum bilirubin and HE
grades, Prometheus did not confer a survival benefit
at 28 or 90 days compared to standard medical therapy
in the intention-to-treat population [49,76,79]. This
discrepancy may reflect multiple factors, including
advanced disease severity, patient heterogeneity,
incomplete correction of nonmetabolic
pathophysiology, and treatment-related physiological
stress. Unlike albumin dialysis, direct contact between
plasma and synthetic resins can activate the contact
system, leading to hypotension and transient
thrombocytopenia [75,80,81]. Consequently, the
physiological stress of the circuit may offset the
benefits of detoxification in patients with limited
hemodynamic reserve. Subgroup analyses suggested a
possible survival signal in patients with MELD scores

severe systemic

>30; however, such findings are hypothesis-
generating and should not be interpreted as
establishing a validated therapeutic window

[76,82,83].

Within the proposed framework, Prometheus
may be particularly relevant when rapid metabolic
detoxification—especially clearance of bilirubin, bile
acids, and other circulating toxins—is the principal
therapeutic requirement [81]. Substantial caution is
required in patients with a synthetic-failure-dominant
phenotype, active bleeding, marked coagulopathy, or
severe hemodynamic instability because platelet
consumption and anticoagulation requirements may
increase procedural risk[80]. Clinical management
requires rigorous monitoring of mean arterial pressure
and platelet counts. If significant hypotension or
coagulopathy develops, clinicians should reassess the
dominant therapeutic requirement and consider
modifying or discontinuing FPSA in favor of an
alternative modality, including albumin dialysis or PE
when plasma removal/replacement becomes
clinically important, to maintain patient safety [83].

5.4. Plasma Exchange Therapies (Selective PE
and HVPE)

PE occupies the plasma removal/replacement
domain of NBLSS. Unlike purely dialytic or adsorptive
modalities, PE combines removal of the patient's
circulating plasma—including protein-bound toxins
and inflammatory mediators—with infusion of
replacement fluid [12]. When fresh frozen plasma
(FFP) is used, the procedure also supplies exogenous
coagulation factors and other plasma constituents.

This replacement temporarily compensates for
selected consequences of hepatic synthetic failure but
does not restore endogenous hepatic biosynthetic
function.

Techniques range from selective PE—which
clears toxins <100 kDa while preserving fibrinogen —
to HVPE, replacing 8-12 L/day of plasma with FFP
[84]. Through this removal/replacement process, PE
can reduce circulating toxic and inflammatory
substances ~ while  simultaneously  supplying
coagulation factors, opsonins, and other plasma
constituents through donor FFP. It can therefore
correct coagulopathy and temporarily compensate for
selected circulating-component deficits associated
with hepatic synthetic failure, effects that purely
dialytic or adsorptive systems do not provide [85,86].

Among the NBLSS modalities discussed in this
review, HVPE has comparatively strong randomized
clinical evidence in ALF, where the intervention
combines high-capacity plasma removal with
replacement support. Multicenter randomized trials
and meta-analyses show that HVPE improves
transplant-free survival compared to standard care
(58.7% vs. 47.8%). This survival benefit has been
accompanied by reductions in circulating
inflammatory signals and correction of coagulation
abnormalities, although the relative contribution of
removal, replacement, and immunological effects
cannot be independently determined [12,87,88].

Clinical studies have also reported reductions in
ammonia and lactate together with improvement in
HE grades [12,87,89]. PE has also been used as
supportive or bridging therapy in specific etiologies,
including Wilson disease and HBV-related ACLF. By
rapidly reducing disease-specific circulating toxins or
antigens while providing plasma replacement
support, PE may stabilize selected patients and
provide a bridge to transplantation or native hepatic
recovery [85,86,87,90].

Despite these benefits, the large volume
requirements of HVPE induce physiological stress that
limits its routine application. An important
complication is citrate accumulation, particularly
during large-volume FFP administration in patients
with impaired citrate metabolism. This may contribute
to hypocalcemia and acid - base disturbances,
including metabolic acidosis or subsequent alkalosis
[11,91,92]. Additionally, the procedure carries risks of
transfusion-related acute lung injury, allergic
reactions (14%), and hemodynamic instability (26.7%)
[93]. Real-world analyses indicate that without
standardized protocols regarding volume intensity
and calcium substitution, the survival benefits
observed in RCTs may be reduced, highlighting the
need for safety oversight [11,93].
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Therefore, PE requires patient stratification and
volume titration based on the dominant clinical
phenotype. For patients with a synthetic-failure-
dominant phenotype—such as ALF with severe
coagulopathy and a clinically important requirement
for plasma replacement—HVPE or standard-volume
PE may be considered when high-capacity plasma
removal together with substantial replacement
support is required as a bridge to transplantation or
native  recovery [12,87,89]. Conversely, in
inflammation-dominant ACLF, the need for broad
inflammatory-mediator clearance may coexist with
concerns regarding large-volume plasma exposure.
Utilizing HVPE for these patients also consumes
significant blood bank resources. For this subgroup,
PE may be incorporated as a reduced-volume (half-
dose) sequential therapy following DPMAS. In this
hybrid approach, adsorption first reduces bilirubin
and inflammatory-mediator burden, while the
subsequent reduced-volume PE phase provides
additional plasma  removal/replacement and
compensates for fibrinogen and coagulation factors
lost during adsorption. The complementary sequence
may reduce donor-plasma exposure and citrate
burden while preserving clinically relevant
replacement support [85,86].

5.5. Continuous Hemodiafiltration (CHDF)
and Hybrid Modalities

CHDEF/HDF provides cross-cutting homeostatic
support rather than constituting a separate NBLSS
functional class or patient phenotype. PE can provide
broad plasma removal/replacement but is
comparatively limited in continuous control of small
water-soluble solutes, fluid balance, electrolytes, and
acid-base status [12,94]. HDF therefore provides
complementary physiological support through
combined diffusive and convective clearance. It can
remove ammonia and other water-soluble nitrogenous
compounds while simultaneously correcting renal,
electrolyte, acid-base, and fluid disturbances that may
coexist with any dominant liver-failure phenotype or
develop during intensive plasma-based therapy
[12,94,95].

Clinically, combined HDF and PE may be
particularly useful when additional control of fluid,
metabolic, or acid - base disturbances is required
during plasma-based therapy [51,52,53]. Supportive
clinical evidence for this combined approach is
available particularly in pediatric ALF. In infant
cohorts (<1 year), combined CVVHDEF and PE has
been associated with reported survival rates of up to
88%, with 73% of survivors remaining free of long-
term neurological sequelae [96,97,98]. These outcomes
have been associated with improved metabolic and

homeostatic control, including management of citrate-
related acid-base and calcium disturbances during
large-volume plasma therapy [99]. In selected adult
transplant candidates, combined HDF and PE has
likewise been associated with transplant-free survival
exceeding 50% [94]. By facilitating fluid and metabolic
control, concurrent HDF may improve treatment
tolerance and support physiological stabilization in
critically ill patients.

The broader clinical benefit of HDEF is
nevertheless influenced by the reversibility of the
underlying liver disease. Selected studies of high-
volume online HDF in ALF have reported
consciousness recovery in nearly 90% of treated
patients, although such neurological improvement
does not necessarily translate into comparable benefit
in chronic or irreversible liver disease [100]. In
advanced cirrhosis or end-stage liver disease,
substantially lower survival has been reported despite
extracorporeal metabolic clearance, emphasizing that
HDF cannot replace lost hepatic function or overcome
irreversible liver injury [101]. Prolonged HDF may
also cause nonselective loss of amino acids, water-
soluble vitamins, and trace elements, potentially
aggravating the catabolic state of advanced liver
failure and necessitating appropriate nutritional
monitoring and replacement [102,103].

HDF should therefore be integrated according to
cross-cutting homeostatic requirements, particularly
when AKI or hepatorenal dysfunction requires renal
support, severe  hyperammonemia  warrants
additional small-solute clearance, or fluid, electrolyte,
or acid-base instability complicates other NBLSS
modalities [104]. HDF may be administered
concurrently with or immediately following PE when
clinically required to control fluid balance and
metabolic disturbances [104,105]. HDF should
therefore be viewed as a complementary homeostatic
component of multimodal extracorporeal support,
illustrating ~ how  cross-cutting  physiological
requirements can modify treatment composition
without redefining the patient's dominant phenotype.

5.6. Plasma Perfusion (PP) and Adsorption
Therapies

Plasma perfusion (PP) is an adsorption-based
modality whose dominant functional role is
inflammatory-mediator clearance, although it also
removes hydrophobic metabolites and other
adsorbable toxins. Mechanistically, this modality
continuously separates plasma from whole blood,
directing it through specialized adsorption columns
containing neutral macroporous resins or ion-
exchange beads [106,107]. Unlike conventional
dialysis, whose clearance is constrained by membrane

https://www.medsci.org



Int. J. Med. Sci. 2026, Vol. 23

3597

permeability and solute characteristics, perfusion
resins provide a large adsorptive surface for the
removal of hydrophobic metabolites such as bilirubin
and bile acids, as well as selected inflammatory
mediators, including DAMPs and cytokines. By
processing separated plasma, the system targets the
toxic milieu while protecting cellular elements, such as
platelets, from direct mechanical shear [108,109].

Clinically, this adsorptive capacity may be
particularly relevant in ACLF-associated HE when
systemic  inflammation  constitutes a  major
physiological burden [108]. The pathogenesis of HE
involves an interaction between hyperammonemia
and neuroinflammation: circulating cytokines
compromise the BBB, rendering the brain
hypersensitive to metabolic toxins [36]. By adsorbing
proinflammatory mediators together with selected
aromatic and hydrophobic compounds, PP may
attenuate the systemic inflammatory signals that
contribute to BBB dysfunction and neuronal
vulnerability [13]. Clinical studies have reported faster
consciousness recovery and shorter coma duration
when adsorption-based therapy is incorporated into
treatment protocols in selected patients, supporting its
potential relevance when inflammatory burden
constitutes the dominant physiological phenotype
[108,109].

However, the high adsorptive capacity of resin
columns introduces pharmacological limitations that
require careful management. A key limitation is
adsorption saturation, as progressive occupation of
resin binding sites can reduce clearance efficiency
during prolonged treatment and may necessitate
cartridge replacement [110,111].  Furthermore,
adsorption is frequently nonselective, posing a
significant risk for the unintended clearance of

beneficial  lipophilic =~ medications,  including
antibiotics, vasopressors, and steroid hormones
[110,111,112]. This nonselective clearance can

complicate the management of septic patients and
potentially lead to the therapeutic failure of essential
drugs. Additionally, standalone PP functions strictly
as a subtractive therapy; it does not replenish
coagulation factors or albumin. Therefore, in patients
with a synthetic-failure-dominant phenotype and
clinically significant coagulopathy, PP may provide
subtractive clearance but cannot replace deficient
coagulation factors or other plasma constituents;
additional plasma replacement support may be
required [12,113].

Consequently, PP is frequently incorporated into
sequential hybrid strategies (e.g., DPMAS followed by
low-volume PE). This approach follows a
complementary physiological sequence: adsorption is
performed first to reduce inflammatory mediators and

bilirubin, followed by reduced-volume PE to provide
plasma replacement, including coagulation factors
[12,108,113,114]. Selected studies suggest that this
sequential strategy can substantially reduce donor-
plasma consumption while maintaining favorable
short-term clinical outcomes, although equivalence to
full-dose HVPE has not been established [108,114].
Within the present framework, this strategy may be
particularly relevant for an inflammation-dominant
phenotype with concurrent hyperbilirubinemia and a
clinically meaningful requirement for subsequent
plasma replacement. To mitigate pharmacological
risks, antimicrobial regimens and other potentially
adsorbed medications should be reviewed before each
perfusion session. Time-critical therapy should not be
delayed; when clinically feasible, subsequent doses
may be administered after adsorption and guided by
therapeutic drug monitoring (TDM), because drug
removal is agent- and device-specific. With
appropriate management of these limitations, PP may
contribute to temporary bridging support while
awaiting transplantation or native liver recovery [108].

5.7. Double Plasma Molecular Adsorption
System (DPMAS)

DPMAS expands the adsorptive spectrum of
single-column plasma perfusion through a sequential
dual-adsorption system. In this modality, separated
plasma first passes through a neutral macroporous
resin column to remove medium-molecular-weight
inflammatory mediators, followed by an anion-
exchange resin column to clear bilirubin and bile acids
[104,115]. This combined approach removes both
inflammatory cytokines and hydrophobic
hepatotoxins. DPMAS therefore exemplifies the
functional overlap emphasized in this review:
inflammatory-mediator clearance is a dominant
action, but substantial bilirubin and bile-acid removal
simultaneously contributes to metabolic detoxification
in ACLF. Because DPMAS does not require exogenous
albumin, it may reduce albumin-related resource
requirements compared with albumin-dialysis
systems [14,109].

Clinically, DPMAS provides an adsorption-based
option that can be incorporated into plasma-sparing
hybrid strategies for HE. Although it is less effective at
clearing small water-soluble toxins like ammonia, its
capacity to reduce circulating inflammatory burden
may support neurological stabilization when
inflammation contributes substantially to HE[115].
Pathophysiological models indicate that HE involves a
dual mechanism: hyperammonemia sensitizes the
brain, while systemic inflammation increases BBB
permeability. By reducing circulating inflammatory
mediators, DPMAS may attenuate the inflammatory
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component of neurological dysfunction even when
direct ammonia clearance is limited [109].
Observational studies in HBV-related ACLF have
associated DPMAS-containing treatment protocols
with favorable clinical outcomes, although the
independent contribution of inflammatory-mediator
clearance cannot be separated from other components
of combined therapy [13,14].

As a subtractive therapy, DPMAS has specific
physiological limitations. The large surface area of the
dual resin columns increases the risk of platelet
consumption and nonselective adsorption of
therapeutic drugs, potentially including
antimicrobials [116,117]. This risk is particularly
relevant when infection is suspected or confirmed;
antimicrobial timing and exposure should therefore be
reviewed as part of DPMAS prescription and

reassessment. Furthermore, recent meta-analyses
evaluating DPMAS combined with PE report
conflicting results regarding coagulation

improvement. For example, Zhang et al. [118] found
that PE alone was superior for improving the INR,
whereas Bai et al. [115] reported that combined
DPMAS and PE provided greater improvements in
PTA and overall response rates. These conflicting
results reinforce the need to consider the dominant
physiological phenotype together with clinically
important overlapping deficits. In patients with a
synthetic-failure-dominant phenotype and marked
coagulopathy, adsorption alone does not provide
replacement support and may further reduce
circulating coagulation components, making adequate
PE more important. In contrast, when inflammatory
burden predominates together with severe
hyperbilirubinemia, DPMAS can reduce both
inflammatory mediators and bilirubin before a
subsequent PE phase. The potential advantage of this
sequence therefore derives from complementary
rather than mechanistically independent functions.

In critically ill patients with multiple
physiological deficits, DPMAS may therefore be
incorporated into sequential multimodal strategies,
particularly in combination with PE. The sequence and
timing of this combination are crucial. Reported
hybrid protocols generally favor sequential
administration, with DPMAS performed before PE.
Concurrent operation may result in adsorption of
newly infused donor plasma proteins, potentially
reducing the efficiency of plasma replacement.
Regarding saturation kinetics, the adsorptive capacity
of both resin columns plateaus over time. Reported
protocols commonly use adsorption phases of
approximately 2 - 2.5 hours, although treatment

duration should be individualized according to
clinical tolerance and treatment objectives. Reported
sequential protocols commonly use an initial DPMAS
phase to reduce inflammatory mediators and
bilirubin, followed by reduced-volume PE (e.g., 1.5-2
L) to provide additional plasma removal/replacement
and compensate for losses of fibrinogen and
coagulation factors [109,118].

Therefore, the use of DPMAS requires patient
stratification [9]. Within the proposed framework,
DPMAS may be particularly relevant for an
inflammation-dominant phenotype accompanied by a
substantial bilirubin burden, especially when limiting
donor-plasma use is clinically or logistically important
[109,119,120]. Available clinical experience suggests
that treatment timing should precede irreversible
multiorgan deterioration whenever possible, although
a validated phenotype-specific intervention window
has not been established. Rather than functioning
merely as a standalone adsorption device, DPMAS can
complement subsequent PE by reducing the pre-
exchange inflammatory and bilirubin burden. Selected
studies suggest that this sequential approach may
reduce donor-plasma requirements, making it
potentially useful when plasma availability is limited
[109,117]. This emphasizes the need for specific
biomarkers to guide therapy selection, an approach
detailed in the following section.

6. Precision Management and Clinical
Translation

6.1. Dominant Physiological Phenotypes and
Dynamic Precision Management

To better align NBLSS with the heterogeneous
pathophysiology of HE, we propose a phenotype-
matched approach rather than wuniform device
deployment. Routinely available measures such as
MELD score, INR, and serum ammonia provide
information on overall disease severity and specific
physiological abnormalities, whereas DAMPs and
individual inflammatory mediators remain largely
investigational. Accordingly, the proposed framework
uses routinely available clinical and laboratory
indicators to identify three dominant physiological
phenotypes — metabolic-dominant, inflammation-
dominant, and synthetic-failure-dominant —while
recognizing that these are operational, overlapping,
and dynamically evolving patterns rather than
mutually exclusive biological subtypes (Table 3).
Individual thresholds should therefore be interpreted
as practical indicators of physiological predominance
rather than validated diagnostic cutoffs [3,4,5,6,121].
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Table 3. Dominant Physiological Phenotypes and Dynamic Precision Management of NBLSS

Dominant Practical clinical features / Principal therapeutic Candidate functional Important overlap / Cross-cutting support &  Key refs
physiological candidate indicators priority support combination logic dynamic reassessment
phenotype
Metabolic- Predominant Metabolic detoxification Metabolic detoxification — If clinically important Reassess HE grade, [58,65,73,117]
dominant metabolic/neurotoxin burden; and neurological MARS/SPAD; Prometheus inflammation coexists, ammonia/bilirubin trends,
hyperammonemia; marked stabilization. when albumin- add/shift toward hemodynamics and
hyperbilirubinemia or cholestatic bound/ cholestatic toxin adsorption-based treatment tolerance. Add
toxin burden (e.g., total bilirubin burden is prominent and  inflammatory-mediator CRRT/HDF for AKI, fluid
>10-20 mg/dL in published its safety/resource profile  clearance. If substantial overload, electrolyte or
studies). These findings indicate is acceptable. plasma replacement is acid - base instability; severe
physiological predominance required, add PE rather hyperammonemia may also
rather than a diagnostic subtype. than expecting justify adjunctive small-
dialytic/adsorptive therapy solute clearance.
to compensate for synthetic
failure.
Inflammation- Persistent systemic inflammatory Prompt antimicrobial Inflammatory-mediator Hyperbilirubinemia may Repeat infection assessment  [16,109 -
dominant activity. Repeated assessment of  therapy and source control clearance — PP/DPMAS  favor DPMAS because as cultures, imaging, and the 112,114,116 -
infectious sources, when infection is with parallel infection bilirubin clearance overlaps clinical trajectory evolve. 118,122 - 125]
microbiological findings, relevant suspected or confirmed; assessment; adsorption with inflammatory- Trend inflammatory activity,
imaging, organ dysfunction, and adjunctive inflammatory-  does not replace mediator removal. bilirubin, HE,
biomarker trends (WBC, CRP, mediator clearance while  antimicrobial therapy or Clinically significant platelet/coagulation status,
PCT, and lactate) should be used preserving antimicrobial ~ source control. Add coagulopathy or other and hemodynamic tolerance.
to characterize the inflammatory exposure and reassessing ~ reduced-volume PE when  replacement needs favor Do not delay time-critical
context as infection-associated, metabolic and replacement clinically relevant plasma  addition of PE; substantial ~ antimicrobial dosing;
sterile hepatic requirements. removal/replacement is ammonia/metabolic coordinate subsequent doses
necroinflammation-predominant, also required. burden may require with adsorption and use
or indeterminate/ mixed. complementary TDM where available. Add
Negative cultures do not exclude detoxification. CRRT/HDF according to
infection; DAMPs, endotoxin renal, fluid, electrolyte, or
activity, and individual cytokines acid - base requirements.
remain investigational for NBLSS
selection.
Synthetic- Severe hepatic synthetic Plasma Plasma PE also removes protein- Reassess bleeding risk, [12,70,84,87 -
failure- dysfunction with clinically removal/replacement and removal/replacement —  bound toxins and INR/PTA trends, ionized 89,118,121]
dominant significant coagulopathy and a temporary compensation  standard-volume PE or inflammatory mediators. If  calcium, acid - base status,
meaningful need for plasma for deficient circulating HVPE according to metabolic or inflammatory ~ hemodynamics and
replacement; rising INR or low plasma components. required intensity, abnormalities remain cumulative plasma exposure.
PTA may serve as practical tolerance and resource clinically important, add Add CRRT/HDF when
indicators. Hyperammonemia or availability; selective PEin complementary albumin-  homeostatic disturbances
cerebral edema alone should not appropriate settings. dialysis or adsorption- coexist; maintain focus on
define this phenotype. based support rather than  bridging to native recovery
relying on PE alone. or transplantation.
Cross-cutting ~ AKI/hepatorenal dysfunction, Maintain the internal Cross-cutting homeostatic ~Homeostatic support Reassess renal function, fluid [4,51 -
homeostatic fluid overload, electrolyte milieu and improve support — modifies treatment balance, electrolytes, acid - 53,95,105]
modifiers abnormalities and acid - base tolerance of the primary CRRT/CHDF/HDEF across composition without base status, hemodynamics
(applies to all  instability may coexist with any  extracorporeal strategy. any phenotype according  redefining the dominant and ammonia when
phenotypes; dominant phenotype. Severe to clinical need. phenotype. It may specifically targeted.
not a fourth hyperammonemia may create an accompany metabolic Escalate, de-escalate or
phenotype) additional need for small-solute detoxification, recompose multimodal

clearance but remains part of the
metabolic axis.

inflammatory-mediator
clearance, plasma
removal/replacement or
multimodal combinations.

support as the physiological
pattern evolves.

Notes: The three physiological phenotypes are operational, overlapping and dynamically evolving patterns rather than mutually exclusive biological subtypes. Within the
inflammation-dominant phenotype, infection-associated and sterile necroinflammatory processes may coexist, and no single biomarker or negative culture should be
interpreted in isolation. The dominant phenotype identifies the principal therapeutic requirement, not a mandatory single-device prescription. Mixed phenotypes are
expected; when more than one physiological domain is clinically important, complementary extracorporeal functions may be combined and reprioritized over time.
Numerical thresholds and biomarkers are illustrative practical indicators of physiological predominance and should not be interpreted as validated phenotype-defining
cutoffs. MELD score may contextualize overall disease severity but should not be used as a stand-alone marker of inflammatory predominance. CHDF/HDF is a cross-
cutting homeostatic adjunct rather than a fourth phenotype. Final modality selection should also incorporate treatment tolerance, bleeding risk, hemodynamics, resource
availability, reversibility of liver injury and access to transplantation.
Abbreviations: AKI, acute kidney injury; CHDF, continuous hemodiafiltration; CRP, C-reactive protein; CRRT, continuous renal replacement therapy; DAMPs, damage-
associated molecular patterns; DPMAS, double plasma molecular adsorption system; HDF, hemodiafiltration; HE, hepatic encephalopathy; HVPE, high-volume plasma
exchange; INR, international normalized ratio; MARS, molecular adsorbent recirculating system; MELD, model for end-stage liver disease; NBLSS, non-biological liver
support systems; PCT, procalcitonin; PE, plasma exchange; PP, plasma perfusion; PTA, prothrombin time activity; SPAD, single-pass albumin dialysis; TDM, therapeutic
drug monitoring; WBC, white blood cell count.

Metabolic-Dominant Phenotype: A metabolic-

be prioritized [58,65].

Coexisting

inflammation,

dominant phenotype may be considered when
metabolic toxin accumulation predominates clinically,
with supporting features such as marked
hyperbilirubinemia (e.g., total bilirubin >10-20 mg/dL
in published studies) and hyperammonemia
[58,65,117]. The therapeutic priority is metabolic
detoxification = and  neurological stabilization;
modalities whose dominant function is metabolic
detoxification, such as MARS or SPAD, may therefore

synthetic failure, or homeostatic instability may
require additional support.

Inflammation-Dominant ~ Phenotype: =~ When
systemic inflammation constitutes the dominant
physiological burden, extracorporeal strategies
emphasizing inflammatory-mediator clearance may
be considered [16,114,116]. When these modalities are
being considered, clinicians should use an integrated
and repeated assessment to characterize the
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inflammatory ~ context as  infection-associated
(including sepsis-driven inflammation), sterile hepatic
necroinflammation-predominant, or
indeterminate/mixed. This assessment should include
evaluation for a plausible infectious source; blood
cultures and site-directed microbiological sampling
obtained, when feasible, without delaying
antimicrobial therapy; relevant imaging; new or
worsening hemodynamic or organ dysfunction; and
serial trends in white blood cell count, C-reactive
protein (CRP), procalcitonin (PCT), lactate, and other
available biomarkers interpreted in the context of
hepatic injury. Negative cultures do not exclude
infection, particularly after antimicrobial exposure,
and no single inflammatory biomarker can reliably
establish a sterile origin. DAMPs, endotoxin activity,
and individual cytokines remain investigational for
NBLSS selection [122,123].

When infection is suspected or confirmed,
prompt antimicrobial therapy and source control
remain primary, and adsorption should be regarded as
adjunctive  physiological support rather than
treatment of infection. Time-critical antimicrobial
dosing should not be delayed. When clinically feasible,
subsequent doses may be coordinated with the
adsorption session and guided by TDM where
available. Universal supplemental dosing cannot be
recommended because adsorption is drug- and
device-specific. When sterile hepatic
necroinflammation predominates, PP or DPMAS may
be prioritized for inflammatory-mediator clearance;
reduced-volume PE may be added when clinically
relevant plasma removal/replacement is also required
[114,118]. Infection status and treatment requirements
should be reassessed as the clinical course evolves.

Synthetic Failure Phenotype: This phenotype is
characterized by severe hepatic synthetic dysfunction,
with clinically significant coagulopathy serving as an
important practical indicator. Unlike metabolic
detoxification or adsorption alone, PE provides both
broad plasma removal and exogenous replacement of
circulating plasma constituents. HVPE or standard-
volume PE may therefore be prioritized when
substantial plasma removal/replacement is required
[89,118]. This strategy can temporarily compensate for
selected consequences of hepatic synthetic failure
while serving as a bridge to transplantation or native
liver recovery; it does not restore endogenous hepatic
biosynthetic capacity [89].

Mixed phenotypes should be expected in
advanced ALF and ACLF. The dominant phenotype
identifies the principal therapeutic requirement rather
than a mandatory single-device choice, and
reassessment should be performed as metabolic,
inflammatory,  syntheticc and  organ-support

requirements evolve. Renal dysfunction, fluid
overload, electrolyte disturbances, and acid-base
instability should be evaluated in parallel as cross-
cutting homeostatic modifiers and managed with
adjunctive CRRT/HDF when clinically appropriate.

6.2. Safety Monitoring and Dynamic
Reassessment

To apply phenotype-guided strategies safely,
standardized monitoring protocols are required to
manage modality-specific adverse events. Citrate
exposure requires particular attention during HVPE
because of citrate-containing donor plasma and
during SPAD or other CRRT-based therapies when
regional citrate anticoagulation (RCA) is wused.
Systemic and, where relevant, post-filter ionized
calcium and acid-base status should therefore be
monitored, with frequency individualized according
to citrate exposure, metabolic stability, and
institutional protocols. In dialysis-based systems such
as MARS and SPAD, monitoring of transmembrane
pressure (TMP) and visual filter inspection should
accompany anticoagulation protocols to facilitate early
detection of circuit dysfunction or clotting.

Furthermore, the physiological stress of
extracorporeal circuits, particularly in direct-contact
adsorption systems (e.g., Prometheus, standalone
DPMAS), requires continuous assessment of treatment
tolerance [70]. Persistent hemodynamic instability,
such as a mean arterial pressure (MAP) <65 mmHg
despite adequate resuscitation and escalating
vasopressor support, should prompt immediate
reassessment of ongoing extracorporeal treatment
[124,125]. Similarly, because large-surface-area
adsorptive columns may aggravate thrombocytopenia
or coagulation abnormalities via contact activation
without replenishing clotting factors [116], a clinically
significant decline in platelet count or worsening
bleeding risk should also trigger reassessment [121].
Depending on the dominant physiological
requirement, treatment intensity may be reduced,
interrupted, or changed to an alternative modality
with a more appropriate safety profile.

Pharmacological safety should also be
incorporated into dynamic reassessment during PP or
DPMAS. In patients receiving antimicrobials, culture
and susceptibility results, source control, dose timing
relative to adsorption, TDM results where available,
and clinical response should be reviewed after each
session. If adequate drug exposure cannot be ensured,
the timing or intensity of adsorption and the overall
extracorporeal strategy should be reconsidered.

Safety monitoring should therefore function not
only as complication surveillance but also as dynamic
physiological reassessment. Changes in
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hemodynamics, coagulation, renal function, and acid-
base or electrolyte status may alter the balance of risks
and therapeutic requirements and necessitate
adaptation of the extracorporeal strategy.

6.3. Resource Optimization and Clinical
Applicability

Although NBLSS can improve biochemical and
selected neurological outcomes, their clinical
application is limited by substantial resource
demands. Standalone modalities like HVPE require
large volumes of fresh frozen plasma (8-12 L per
session) [87]. In real-world medical systems, this
requirement can place considerable pressure on blood-
bank inventories and limit feasibility in resource-
constrained settings.

To address these logistical constraints, resource-
optimized hybrid strategies are increasingly being
explored. Sequential DPMAS followed by reduced-
volume PE exemplifies this approach, using
adsorption to reduce bilirubin and inflammatory-
mediator burden before the plasma-exchange phase
[12,118]. Selected studies have reported reductions in
donor-plasma consumption exceeding 50%, with
favorable short-term clinical outcomes compared with
conventional plasma-intensive strategies [108,114].
However, equivalence to full-dose HVPE has not been
established across patient populations and requires
further prospective evaluation.

Reducing plasma exposure may improve
treatment feasibility and decrease the burden of
complications associated with large-volume plasma
administration, including citrate-related metabolic
disturbances and transfusion-related acute lung injury
[11,93]. Plasma-sparing hybrid strategies may
therefore improve resource utilization where donor-
plasma availability is limited, although their
comparative clinical efficacy requires further
prospective validation.

7. Discussion

This review proposes a pathophysiology-
matched framework in which overlapping NBLSS
functions are selected according to the patient's
dominant and evolving physiological phenotype. The
central implication is not one-phenotype-one-device
matching, but dynamic prioritization and combination
of complementary extracorporeal functions.

An emerging clinical trend is the use of combined
extracorporeal strategies to address multiple
concurrent physiological abnormalities. No single
NBLSS modality addresses all relevant metabolic,
inflammatory, and plasma-replacement requirements.
Hybrid protocols, such as sequential DPMAS and
reduced-volume PE, may combine complementary

clearance and replacement functions while limiting
plasma exposure. Their rationale lies in functional
complementarity rather than mechanistic
independence between modalities.

Although several NBLSS modalities achieve
substantial biochemical clearance and may improve
selected neurological outcomes, these effects have not
consistently translated into a survival benefit—a
phenomenon described as the "biochemistry-survival
disconnect." Landmark trials, specifically RELIEF
(MARS) and HELIOS (Prometheus), failed to
demonstrate significant survival benefits in intention-
to-treat populations [58,76].

Patient heterogeneity and mismatch between
dominant physiological abnormalities and the
functions delivered by a given modality are plausible
contributors to these negative survival results, but
they should not be regarded as established causal
explanations. Disease irreversibility, multiorgan
failure, treatment timing and intensity, procedure-
related adverse effects, and trial design may also
contribute. RELIEF and HELIOS nevertheless
illustrate an important limitation of relying on
biochemical clearance alone: substantial detoxification
or improvement in HE does not necessarily reverse the
systemic determinants of mortality in advanced
ACLF.

Conversely, several studies provide clinical
support for the principle that treatment effects may
depend on disease context and physiological
requirements. HVPE has demonstrated a transplant-
free survival benefit in ALF, while observational
studies of DPMAS combined with reduced-volume PE
have reported favorable outcomes in selected HBV-
related ACLF populations. These findings are
compatible with the concept of physiology-matched
support but do not prove that phenotype matching
itself caused the observed survival benefit. Prospective
studies comparing phenotype-guided strategies with
conventional device selection are required to validate
the framework.

An additional limitation is that individual NBLSS
modalities span multiple functional domains. MARS
removes both albumin-bound and water-soluble
solutes, adsorption systems remove bilirubin together
with inflammatory mediators, and PE combines
removal with plasma replacement. Existing clinical
trials generally evaluate complete extracorporeal
interventions rather than experimentally isolating
these components. The independent contribution of
metabolic  detoxification, inflammatory-mediator
clearance, plasma replacement, and homeostatic
correction to neurological recovery or survival
therefore remains wuncertain. The functional
framework proposed here should consequently be
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viewed as a clinically oriented decision model rather
than a mechanistically validated taxonomy. A related
limitation concerns the etiological interpretation of the
inflammation-dominant phenotype. This phenotype
identifies a prevailing physiological burden rather
than an infectious etiology, because infection-
associated inflammation and sterile hepatic
necroinflammation may coexist and produce
overlapping findings. Selection of PP or DPMAS
should therefore incorporate parallel infection
assessment and protection of antimicrobial exposure
rather than rely on inflammatory biomarkers alone.

The persistent "biochemistry-survival
disconnect" also suggests that survival alone may not
capture the full short-term clinical effects of NBLSS,
particularly in patients receiving therapy as a bridge
to transplantation or native recovery. Neurological
stabilization is therefore an important complementary
outcome, although it should not replace survival or
transplant-free survival as a clinically meaningful
endpoint. In ALF and ACLF, toxin accumulation,
systemic inflammation, and other physiological
derangements create the systemic context in which
severe HE develops. By modifying systemic metabolic
and inflammatory abnormalities, NBLSS may
contribute to improvement in HE and neurological
stabilization.

Future trials should therefore incorporate
neurological outcomes—including HE reversal and,
where appropriate, measures related to cerebral
edema—alongside survival, transplant-free survival,
and organ-failure endpoints. Direct biomarkers of BBB
integrity or neuroprotection remain investigational
and should be prospectively validated before being
adopted as definitive clinical endpoints. Accordingly,
NBLSS may be viewed as a physiological bridge that
can facilitate neurological stabilization. Although
neurotoxin clearance may facilitate neurological
recovery, extracorporeal support does not reverse the
underlying hepatic disease. Future management
should integrate phenotype-matched extracorporeal
support with strategies that promote native hepatic
recovery or facilitate timely transplantation. Such
integration may improve neurological stabilization
while addressing the underlying determinants of long-
term outcome.

8. Conclusion and Future Perspectives

We propose a shift from nonspecific NBLSS
application toward phenotype-matched intervention
in HE. In the proposed framework, metabolic-
dominant, inflammation-dominant, and synthetic-
failure-dominant phenotypes represent overlapping
and dynamically evolving physiological patterns that
identify the principal therapeutic requirement rather

than prescribe a single device. Implementation will
require prospective validation of practical clinical
indicators and biomarkers capable of identifying these
dominant and mixed phenotypes.

Emerging real-time biosensing and dynamic
monitoring approaches may facilitate adjustment of
extracorporeal support according to the patient's
evolving physiological status. Renal, fluid, electrolyte,
and acid-base disturbances should be assessed in
parallel as cross-cutting homeostatic requirements that
may modify the composition of multimodal support.
To generate definitive clinical evidence, future
multicenter randomized trials should incorporate
prospective physiological stratification and test
whether phenotype-guided treatment selection
improves outcomes compared with conventional
approaches. Ultimately, NBLSS provides temporary
metabolic  detoxification, inflammatory-mediator
clearance, plasma removal/replacement, and
homeostatic support that may facilitate neurological
stabilization, while functioning primarily as a bridging
strategy. Long-term outcomes will depend on
integration of extracorporeal support with strategies
that promote native liver recovery or timely
transplantation. =~ Whether dynamic phenotype-
matched support can improve sustained clinical
outcomes should be tested prospectively.
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