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ABSTRACT

Background: Therapeutic plasma exchange (TPE) and
high-volume hemofiltration (HVHF) are adjuncts to
facilitate down-titration. This meta-analysis compared
TPE, HVHF, and standard of care (SOC) on NE dose and
clinical outcomes.

Methods : Analysis was performed using Review Manager
software, and random- and fixed-effects models were used
to calculate pooled estimates for the data.

Results : Both TPE and HVHF were associated with
reductions in NE requirements in the overall analysis (TPE:
MD -0.21, 95% CI —0.27 to —0.14, p < 0.00001; HVHF:
MD -0.50, 95% CI —0.71 to —0.30, p < 0.00001), with a
significant indirect subgroup difference (p = 0.006). Within
6 hours, the pooled NE reduction was significant (SMD
—1.06, 95% CI —1.97 to —0.15; p = 0.02); TPE showed a
significant reduction (SMD —1.91, 95% CI —2.67 to —1.15;
p < 0.00001), whereas HVHF did not reach statistical
significance (SMD —0.60, 95% CI —1.24 to 0.03; p = 0.06).
No significant overall reduction was observed at 12 hours,
whereas a significant pooled reduction was observed at 24
hours (SMD —1.54, 95% CI —3.02 to —0.07; p = 0.04); the
HVHEF estimate at 24 hours was derived from a single study.
TPE significantly reduced stroke volume variation (SMD
—0.90, 95% CI —1.29 to —0.51; p < 0.00001) and improved
PaO-/FiO: (SMD 2.41, 95% CI1 0.22-4.61; p = 0.03). ICU-
free, vasopressor-free, and RRT-free days were not
significantly improved, whereas TPE was associated with
lower 28-day mortality (RR 0.60, 95% CI 0.47-0.77; p <
0.0001).

Conclusion : Both TPE and HVHF were associated with
reductions in vasopressor requirements, with different
temporal patterns observed across indirect subgroup
analyses. TPE was also associated with lower 28-day
mortality; however, direct comparative evidence between
the two modalities remains limited.

Keywords: Critical care; Norepinephrine; Refractory
septic shock; Therapeutic plasma exchange; Vasopressor
sparing
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INTRODUCTION

Septic shock is defined according
to the Sepsis-3 criteria as persistent
hypotension requiring vasopressors to
maintain a mean arterial pressure (MAP)
of >65 mmHg and a serum lactate level >2
mmol/L  despite  adequate  volume
resuscitation. Refractory septic shock
severe form of

represents a more

circulatory failure characterized by
persistent hypotension and vasopressor
dependency despite adequate
resuscitation. However, no universally
accepted definition nor norepinephrine
threshold has been established for
refractory septic shock, with thresholds
reported across studies ranging from
approximately 0.2 to 4.0 pg/kg/min. This
variability complicates both clinical
decision-making and the standardization
of research populations. Patients with
refractory septic shock commonly exhibit
profound vasoplegia, endothelial
dysfunction, and dysregulated immune
responses, contributing to persistent tissue
hypoperfusion, organ dysfunction, and
high mortality.!™

The ultimate consequence of
prolonged shock is cellular hypoxia and
which drive

persistent inflammation,

ongoing vasodilation, impair myocardial

performance, and disrupt microcirculatory
flow and tissue perfusion, regardless of the
initial trigger. At this stage, shock becomes
unresponsive to catecholamines because
conventional treatment with fluids and

vasopressors is insufficient to counteract a

complex, self-perpetuating
pathophysiological process.
Catecholamine-refractory shock is
therefore marked by vascular

hyporesponsiveness, in which blood
vessels fail to constrict adequately despite
levels of

elevated endogenous  or

administered catecholamines. This
refractory vasoplegia arises from multiple
interrelated mechanism.?

Norepinephrine remains the first-
line vasopressor in septic shock due to its
potent  a-adrenergic  vasoconstrictive
effects and relatively favorable safety
profile compared with other agents. The
required NE dose is widely regarded as a
surrogate marker of vasoplegia severity and
overall vasopressor dependency. Higher
NE requirements are associated with worse
clinical outcomes, including increased
mortality. Therefore, strategies that can
reduce or “spare” vasopressor use while
achieving early hemodynamic stabilization
have become an important focus of critical
care research. Achieving rapid stabilization

not only improves organ perfusion but may
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also limit the adverse effects associated
with prolonged high-dose vasopressor
exposure.>®

In recent years, extracorporeal
blood purification techniques such as
therapeutic plasma exchange (TPE) and
high-volume hemofiltration (HVHF) have
emerged as potential adjunctive therapies
in refractory septic shock. TPE involves
the removal and replacement of plasma to
eliminate

circulating  inflammatory

mediators, endotoxins, and harmful
cytokines that contribute to vasoplegia
and organ dysfunction.” HVHF, on the
other hand, utilizes high ultrafiltration
rates to enhance the clearance of pro-
inflammatory substances while
simultaneously supporting renal function
and fluid balance.® Both techniques aim to
immune

modulate the dysregulated

response and restore hemodynamic
stability, thereby reducing dependence on
vasopressors.”®

Despite growing clinical interest,
the comparative effectiveness of TPE and
HVHF in refractory septic shock remains
unclear. Some studies suggest that TPE
may provide more rapid hemodynamic
improvement through targeted removal of
vasoactive mediators, whereas others
indicate that HVHF may be more

beneficial due to continuous cytokine

clearance and better metabolic control.

Additionally, evidence regarding their
impact on clinical outcomes such as
mortality, length of intensive care stay, and
organ recovery remains inconsistent. Most
previous studies have Dbeen small,
heterogeneous, and observational in nature,
limiting the generalizability of their
findings.”!°
Given these uncertainties, this
study aims to systematically evaluate and
compare the effects of TPE, HVHF, and
standard of care (SOC) on norepinephrine
dose reduction and key clinical outcomes
in patients with refractory septic shock. By
synthesizing available evidence through
meta-analysis, this study seeks to explore
differences in hemodynamic response
patterns between modalities in achieving
early hemodynamic stabilization, reducing
vasopressor dependency, and ultimately

improving patient survival.

METHODS
Study Selection Criteria

This systematic review employed a
PICO framework to identify and synthesize
evidence on the hemodynamic effects and
clinical outcome of extracorporeal blood
purification modalities in septic shock.
Population included adult patients (>18
shock

years) diagnosed with septic

according to Sepsis-2 or Sepsis-3 criteria,
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as defined in the original studies. Patients
were required to be admitted to intensive
care units and to require vasopressor
support at baseline.

The interventions of interest were:

1. Therapeutic Plasma Exchange
(TPE), and

2. High-Volume Hemofiltration
(HVHF), administered as

adjunctive therapies to standard
sepsis management.

Given the limited availability of direct

head-to-head randomized trials, two

analytical approaches were adopted:

1. comparison of TPE versus standard
of care (SOC) for clinical outcomes,
and

2. pre—post within-group analyses of
hemodynamic parameters for both
TPE and HVHF, followed by indirect
subgroup  comparisons  between
modalities.

The primary outcome was the change in

norepinephrine (NE) dose over time,

expressed as a vasopressor-sparing effect.

Secondary outcomes included -clinical

outcome and changes in mean arterial

pressure (MAP), MAP/NE ratio, lactate,

Pa02/FiO-, index,

cardiac systemic

vascular resistance index, and fluid
balance, when available.

Database Searching and Systematic

Literature Screening
We included randomized controlled trials,
prospective cohort studies, and
retrospective observational studies that:
1. Enrolled adult patients with septic
shock,
2. Reported the use of TPE or HVHF
as an intervention,
3. Provided quantitative
hemodynamic data before and after
intervention (e.g., NE dose, MAP)
and clinical outcome,
sufficient  statistical
SD, or

convertible median and IQR) to

4. Reported
information  (mean,
allow effect size calculation.
We excluded case reports, small case series
(<5 patients), narrative reviews, editorials,
conference abstracts without full data,
animal studies, and in vitro studies.
search of PubMed,
Scholar,

A comprehensive
ScienceDirect, and
EBSCO was performed for Iliterature

published from 2001 until 2025. The search

Google

strategy combined controlled vocabulary
and free-text terms including:
“septic  shock”

“therapeutic  plasma

“high-

volume hemofiltration,” “hemoperfusion,”

exchange,”  “plasmapheresis,”

“norepinephrine,” “vasopressor,”

“hemodynamics,” and “blood

purification.”
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Two independent reviewers screened
titles and abstracts for relevance. Full
texts of potentially eligible articles were
retrieved and assessed for inclusion.

Disagreements  were resolved by

consensus. Duplicate records were
removed prior to screening.

Statistical Analysis

Meta-analysis was performed using
Review Manager. Continuous outcomes
were summarized using mean differences
(MDs) when the same measurement scale
was used across studies and standardized
mean differences (SMDs) when outcomes
were reported using different scales or
measurement approaches. Dichotomous
outcomes were summarized using risk
ratios (RRs), with corresponding 95%
confidence intervals (Cls). For pre—post
analyses, change from baseline was
calculated as the post-intervention value
minus the baseline value. When the
standard deviation of the change was not
reported, it was estimated using a within-
participant correlation coefficient of 0.5.
Statistical heterogeneity was assessed
using the [* statistic. Random-effects
models were applied when substantial
clinical or statistical heterogeneity was
present, whereas fixed-effect models were
used when heterogeneity was limited.

Subgroup analyses were conducted to

explore differences between TPE and
HVHF; because these comparisons were
indirect rather than based on head-to-head
randomized trials, subgroup differences
were interpreted cautiously. A two-sided p
value <0.05 was considered statistically
significant.
Data Extraction
Patients Characteristics
Across included studies, all participants
were adults with septic shock requiring
vasopressor support. Study populations
varied in terms of age distribution, baseline
severity scores, comorbidities, and sources
of infection.
Baseline characteristics extracted included:

o Sample size,

e Mean age,

¢ Sex distribution,

o Baseline NE dose,

e Baseline MAP,

e Severity scores (e.g., SOFA,

APACHE II), when available.

Outcome
The primary outcome was the change in
norepinephrine dose from baseline at
predefined time points (6 h, 12 h, and 24 h).
Secondary =~ hemodynamic  outcomes
included:

e Change in MAP,

¢ MAP/NE ratio,

¢ Lactate,
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e Pa0O:/FiO-,

e Cardiac index,

e Systemic vascular resistance index

(SVRI),

e Fluid balance.

e Clinical outcome.
When outcomes were reported as medians
and interquartile ranges, mean and
standard deviation were estimated using
established conversion methods (Wan et
al.).
Definition of Outcome Measurement

e Norepinephrine dose was expressed
in pg/kg/min or equivalent units, as
reported.

e Early hemodynamic response was
defined as changes observed within 6
hours.

e Sustained vasopressor sparing was
defined as changes observed at 24
hours.

e Change from baseline was calculated
as:

A = Post-intervention value -—
Baseline value.
For studies that did not report the SD of
change, it was estimated using a
correlation coefficient (r = 0.5), according
to standard meta-analytic methods.
Risk Of Bias And Study Quality
Risk of bias was assessed according to

study design. Randomized controlled

trials (RCTs) were evaluated using the
Cochrane Risk of Bias 2 (RoB 2) tool,
which assesses bias arising from the
randomization process, deviations from
intended interventions, missing outcome
data, measurement of outcomes, and
selection of the reported results. Non-
randomized and observational studies were
evaluated using the Risk Of Bias In Non-
randomized Studies of Interventions
(ROBINS-I) tool, which assesses bias due
to confounding, participant selection,
classification of interventions, deviations
from intended interventions, missing data,
outcome measurement, and selection of the
reported results. Risk-of-bias judgments
were reported for each domain and
summarized for each included study.
Certainty of Evidence

The certainty of evidence for the
prespecified outcomes was assessed using
the Grading of Recommendations
Assessment, Development and Evaluation
(GRADE) approach. Certainty was
evaluated across five domains: risk of bias,
inconsistency, indirectness, imprecision,
and other considerations, and was classified
as high, moderate, low, or very low.
Outcomes were also categorized according
to their clinical importance as critical or

important. The GRADE assessment was
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summarized in a Summary of Findings  screening. From this screening process, 119
table. articles were excluded for not meeting the
RESULT required criteria. Eighteen reports were
According to the standard PRISMA  sought for retrieval; two could not be
protocol as the foundation of this study, retrieved. Sixteen full-text reports were
our initial search yielded 257 articles. assessed for eligibility, of which six were
After removing 120 duplicated entries, excluded, resulting in 10 included studies.

137 articles remained for title and abstract

Studies included in Records identified from:
-5 previous version of PubMed (n=55) Recor@s rf:moved before
m | review (n=0) ScienceDirect (n=65) —p| screeming:
2 _ Duplicate records
'&E Reports of studies Google Scholar (n=67) d (n=120
S| Rcports of studic EBSCO (n=70) removed (n=120)
= included in previous Coch lib -13
- version of review (n=0 ochrane library (n=13)
)
- Records excluded
) Review articles (n=30), mini
review (n=12), irrelevant title
Records screened | (n=11), book chapters(n=5),
(n=137) guidelines(n=1), abstract
only(n=20), Case Report (n=5),
L editorial (n=33), encyclopedia
(=2
= Reports sought for retrieval Reports not retrieved
= (n=18) — ¥ (n=2)
3 |
: v
7] Reports excluded: (n=6)
Reason 1:
Reports assessed for The Stl,ldy population did not
eligibility » mee.t the predeﬁneq criteria for
PRI N septic shock (e.g., included
sepsis without shock, mixed
ICU populations, or non-
vasopressor-dependent
— patients).
New studies iScluded in review Reason 2:
. The study did not report
(n=0) .
relevant hemodynamic or
= vasopressor-related outcomes,
3 such as norepinephrine dose,
= ¢ MAP, lactate, or other markers
g of circulatory stabilization.
= Total studies included in Reason 3:
review The intervention or comparator
— was not aligned with the
(n=10) ligned with th
L » objectives of this review (e.g.,
— did not involve TPE, HVHF, or
comparable extracorporeal
blood purification modalities).

Figure 1. PRISMA 2020 flow diagram used to identify the analyzed study in this review.
Following our last screening method, we found  all of the included studies were available in
ten studies that met the inclusion criteria, full-text format. No additional inclusion
aligning with our PICO criteria, and were  studies were obtained from the previous
published within the last 25 years. Moreover,  review studies. We also manually screened the
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o

reference lists of previous systematic reviews
and meta-analyses related to our objective to
secure all potentially eligible literature; no
additional studies were found to be included as
“studies from other sources or review
sources.”

Risk Of Bias From Included Studies

Risk of bias was assessed according to
study design, and the results are presented

in Figure 2 and 3. The assessment was

independently  performed by two
reviewers, and disagreements were
resolved  through  discussion  and

consensus. Randomized controlled trials
were evaluated using the Cochrane Risk of
Bias 2 (RoB 2) tool, whereas non-
randomized and observational studies
were assessed using the Risk Of Bias In
Non-randomized Studies of Interventions
(ROBINS-I)  tool. Domain-specific
judgments were made for each study,
followed by an overall risk-of-bias

assessment. The detailed risk-of-bias
judgments for all included studies are

summarized in Figure 2 and 3.

Risk of bias domains

| b2 | b3

D4 | D5 | Overal |

Busund 2002

Boussekey 2008

Study

Cole 2001

Stahl 2022

0000
0000
0000
0060
0000
_0/0]0

Domains:

D1: Bias arising from the randomization process.

D2: Bias due to deviations from intended intervention.
D3: Bias due to missing outcome data.

D4: Bias in measurement of the outcome.

Judgement

- Some concerns

. Low

D5: Bias in selection of the reported result.

Figure 2. Risk-of-bias assessment of randomized controlled trials using RoB 2

Risk of bias domains

D1 |

D5 |

g

Ahmed et al., 2020

Ataman et al.

Knaup et al., 2018

Ruiz et al., 2010

Tapia et al., 2012

| JIOM 2K JOMOY
®® e 0 0o oF

©
®
©
®
©
®

® 000 oo

Yan et al., 2024

Domains:
D1: Bias due to confounding

D2: Bias due to selection of participants.

D3: Bias in classification of interventions.

D4: Bias due 1o deviations from intended interventions.
DS: Bias due o missing data

Dé: Bias in measurement of outcomes.

D7: Bias in selection of the reported result.

©0 e 0 e e
©0 0000k
©0 0000
oNolololoNo] |

Judgement
= Moderate

@ v

Figure 3. Risk-of-bias assessment of non-randomized and observational studies using ROBINS-I
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CHARACTERISTICS OF THE STUDY INCLUDED

Table 1. Characteristics of the studies.

Authors, . Patients’ Criteria of
Year Study Design  Country Eligibility Outcome
Improved hemodynamic
Adult patients with severe stability, reduced
septic shock with onset <12 norepinephrine
hours, requiring high-dose requirement, enhanced
Ahmed et Prospective norepinephrine (>0.6 vasopressor efficiency,
al. 200! observational Egypt pg/kg/min), admitted to ICU. improved fluid balance,
? study All patients received standard increased vascular tone
sepsis management plus TPE and cardiac performance,
within 4 hours of ICU more stable preload status,
admission and reduced inflammatory
activity.
Adult patients with No significant
norepinephrine-refractory hemodynamic or metabolic
septic shock, defined by improvement within 24 h
Ataman et Retrospective persistent hypotension despite after plasmapheresis;
al. 200212 observational ~ Germany adequate volume mortality remained high,
° study resuscitation requiring suggesting no short-term
continuous intravenous benefit as rescue therapy in
norepinephrine to maintain norepinephrine-refractory
MAP. septic shock.
High-volume
Adult patients with septic hemoﬁlt'ratlon (HVHF.)
. resulted in a more rapid
shock and acute renal failure o
.. reduction in
(ARF) requiring renal . .
o norepinephrine
replacement therapy (criteria: .
: requirements at 24 hours
urine output <200 mL/12 h or .
. compared with low-
anuria >12 h, serum urea >30 ..
o volume hemofiltration in
mmol/L, serum creatinine septic shock patients with
. >500 umol/L, or doubling of P P
Prospective . D acute renal failure. HVHF
Boussekey . baseline creatinine). Excluded
;3 randomized France . . . showed a trend toward
et al., 2008 . were patients with obstructive . .
controlled trial . increased urine output, but
or prerenal renal failure, L .
. . no significant differences
severe chronic kidney disease .
(CrCl <30 mL/min), severe were observed in lactate
. . levels, PaO2/FiOx- ratio,
[MMUNOSUppPression, organ dysfunction scores
moribund state, delayed gan dy L
. duration of mechanical
septic shock/ARF (>5 days o
.. ventilation, renal
after ICU admission), or early
death after randomization replacement therapy, ICU
' length of stay, or 28-day
mortality
Adult patients with septic High-volume
Colectal,,  Randomized o G IR roduced a grater and
2001 controlled trial > FeqUITING P £

norepinephrine to maintain
MAP >70 mmHg, with acute

more rapid reduction in
norepinephrine
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renal failure requiring renal
replacement therapy. All
patients were mechanically
ventilated and managed in a
tertiary ICU.

Adult patients with early
septic shock (onset < 12 h)
requiring high-dose
norepinephrine (> 0.4
pg/kg/min) despite adequate
fluid resuscitation (> 30
Germany mL/kg crystalloids), treated

according to SSC guidelines.
TPE initiated within 6 h after
inclusion. Excluded were
pregnancy/breastfeeding, age
<18 years, and end-stage
chronic disease.

Prospective
observational
study

Knaup et al.,
2018°

Adult patients with severe
hyperdynamic septic shock,
requiring norepinephrine >0.3
pg/kg/min to maintain MAP
>65 mmHg for >1 h, cardiac
index >3.0 L/min/m?2, and
progressive hyperlactatemia
despite full resuscitation. All
patients were mechanically
ventilated and had pulmonary
artery catheters. Excluded
were patients without full
resuscitation commitment,
active bleeding, or undrained
surgical sepsis.

Prospective
non-randomized
observational
study

Ruiz et al.,

201015 Belgium

Adult patients with septic
shock (SEPSIS-3) with
vasopressor onset < 24 h and
high-dose norepinephrine

Stahl et al.,
202216

Randomized

controlled trial Germany

requirements compared
with standard continuous
venovenous hemofiltration
(CVVH). HVHF
significantly reduced
circulating inflammatory
mediators (C3a, C5a),
whereas no sustained
improvement in other
hemodynamic variables or
clinical outcomes was
demonstrated.

Early TPE was feasible
and safe, with no
procedure-related adverse
events, and was associated
with a rapid reduction in
norepinephrine
requirements while
maintaining MAP >65
mmHg. TPE significantly
reduced proinflammatory
cytokines and endothelial
permeability mediators and
restored endothelial barrier
function ex vivo. 28-day
mortality remained high,
and a survival benefit
could not be established,
indicating the need for
adequately powered
randomized trials.

HVHF improved
sublingual
microcirculatory flow,
with increased
microcirculatory flow
index and proportion of
perfused microvessels
persisting after treatment,
without deterioration of
microvascular density or
heterogeneity, despite
increased systemic
vascular resistance. Mean
arterial pressure increased
and lactate levels
decreased, indicating
hemodynamic and
microcirculatory
improvement without
microcirculatory
compromise.

Adjunctive TPE resulted in
a significantly greater and
continuous reduction in
norepinephrine dose and
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requirement (> 0.4 serum lactate over the first
pg/kg/min) despite adequate 24 h compared with SOC
fluid resuscitation (> 30 alone. TPE was associated
mL/kg crystalloids). TPE with removal of
performed within 6 h after proinflammatory and
randomization. Excluded endothelial injury
were mediators. Higher baseline
pregnancy/breastfeeding, age lactate predicted greater
<18 years, end-stage chronic hemodynamic response to
disease, or limitation of life- TPE, suggesting a potential
sustaining therapy. predictor of treatment

efficacy, while effects on
hard clinical outcomes
require further evaluation.

A single 6-hour session of
HVHF significantly
reduced norepinephrine
requirements by the 4th
hour, with concurrent
improvement in
hemodynamic, metabolic,
respiratory, and organ
function parameters,
sustained through 6 h.
Responders showed
markedly lower hospital
mortality compared with
non-responders and with
SOFA-predicted mortality,
indicating an early
hemodynamic and organ
function benefit of short-
term HVHF in refractory
septic shock.

Adult patients with refractory
severe septic shock, defined
as norepinephrine >0.3
pg/kg/min to maintain MAP
70-80 mmHg and progressive
lactic acidosis, refractory for
>6 h to Surviving Sepsis
Campaign-recommended
Brazil  therapy. All patients had full

commitment to resuscitation;

HVHF was initiated

irrespective of renal function.
Excluded were patients with
limitation of therapy or those
who responded to standard

resuscitation within the first 6

h.

Tapiaetal.,  Prospective
20121 cohort study

Plasmapheresis was
associated with
significantly reduced
Adult ICU patients meeting mortality, including 28-day
Sepsis-3 criteria with multiple mortality (HR 0.50; 95%

organ failure (MOF) CI 0.27-0.94), in-hospital
identified from the MIMIC- mortality (HR 0.38; 95%
IV database. Excluded were CI1 0.20-0.71), and 1-year
repeated ICU admissions, mortality (HR 0.44; 95%
ICU stay <48 h, CI1 0.26-0.74). PE was also
Yanetal., Retrospective United pregnancy/lactation, end- associated with
20248 cohort study States stage heart failure or end- improvement in organ
stage renal disease, and sepsis function and
developing after ICU hemodynamics, with
admission. Patients receiving decreasing SOFA scores,
plasmapheresis (PE) during norepinephrine dose,
ICU stay were matched to coagulation and
those receiving conventional inflammatory markers, and
therapy. increases in hematologic

indices over time
compared with
conventional therapy.

Busund et  Randomized Russia Consecutive patients with Plasmapheresis was
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al., 2002  controlled trial

severe sepsis or septic shock
admitted to the ICU; 106
patients were randomized to
standard therapy or standard
therapy plus plasmapheresis.

associated with lower 28-
day all-cause mortality
compared with standard
therapy (33.3% vs 53.8%;
RR 0.61). Treatment-
related adverse events
were generally transient,
including hypotension and
one allergic reaction to
fresh frozen plasma.

Time-Dependent Effects On
Norepinephrine Dose
Time-Dependent Effects on

Norepinephrine Dose Within 6 Hours (0—6
h).

As shown in Figure 4, the pooled analysis
demonstrated a significant reduction in
norepinephrine dose within 6 hours after
extracorporeal therapy (SMD —1.06; 95%
CI -197 to —0.15; p = 0.02), with
substantial heterogeneity (I? = 70%). TPE

was associated with a significant reduction

6h 0Oh

Std. Mean Difference

in norepinephrine dose (SMD —1.91; 95%
CI -2.67 to —1.15; p < 0.00001), whereas
the pooled effect for HVHF did not reach
statistical significance (SMD —0.60; 95%
CI —1.24 to 0.03; p = 0.06; I* = 0%). The
test for

subgroup differences was

significant (p = 0.01), suggesting different

effect estimates between the two
modalities;  however, this  finding
represents an  indirect  subgroup

comparison and should not be interpreted

as evidence of superiority.

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
LL1TPE

Stahl, 2022 032 018 20 061 011 20 35.7% -1.91[-2.47,-1.15] J

Subtotal (95% CI) 20 20 35.7% =1.91[-2.67,-1.15] ]
Heterogenelty: Not applicable

Test for overall effect Z = 4.91 {p < 0.00001}

1.1.2 HVHF

Boussakey, 2008 0.48 0.55 B 0.85 0.59 B 30.2% -0.47 [-1.47,0.53] L

Rukz, 2010 0.26 038 12 048 0.21 12 341X -0.69[-1.52,0.14] L

Subtotal (95% CI) 20 20 64.3% -0.60 [-1.24, 0.03]

Hewrogenelty: Tauw® = 0.00; ChP = 0,11, df = 1 (P = .74); F = OX

Tast for gverall effect: Z = 1.85 (P = 0.06)

Total (95% CI) 40 40 100.0% -1.06[-1.97,-0.15] f
Heterogenelty: Tau® = 0.45; Ch° = 6.74, df = 2 (P = 0.03); F = 70 ETTI—TY , 5 00

Tast for overall effect Z = 2.28 (P = 0.02}
Tast for subgroup diferences: ChE = 6.63, dF = 1 (P = (.01), P = R4.5%

Favours (experimental] Favours [control]

Figure 4. Forest plot of norepinephrine dose reduction within 6 hours (0—6 h) following therapeutic
plasma exchange (TPE) and high-volume hemofiltration (HVHF).
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Within 12 Hours (0-12 h)

As shown in figure 5, neither TPE nor
HVHF showed a significant reduction in
norepinephrine dose at 12 hours compared

with baseline (overall SMD —0.33; 95% CI

—0.87 to 0.21; p = 0.23). No heterogeneity
was detected (I> = 0%), and no significant
observed between

differences were

subgroups.

12h Oh Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
4.1.1TPE
Atarman, 2021 ns 07 v 06 07 T O2BT% -0.13 [F1.18,0.82] L
Subtotal {95% Cl) 7 7T 26.T% -0.13[-1.18,0.92]
Heterogeneity: Mot applicable
Test for averall effect 2= 10.25 (P = 0.80)
4.1.2 HVHF
Boussekey, 2008 035 0.32 8 0.85 089 8 IT4% -0.85 [1.89,0.19] L
Ruiz, 2010 0.44 0.45 12 048 0.21 12 45.9% -0.14 [-0.84, 0.66] L]
Subtotal (95% CI) 20 20 T3.3% -0.41 [-1.09, 0.27]

Heterogeneity: Tau®= 0.03; Chi*=1.13,df=1{P=029); F=12%
Testfor overall effect Z=1.19 (P =0.23)

Total (95% CI) 27 27 100.0%
Heterogeneity: Tau®= 0.00; Chi*=1.32, di= 2 (P=0.82); F=0%

Test for averall effect Z=1.20(F =023}

Testfor subaroun differences: Chif= 019, df=1 (P = 0.66), I*= 0%

-0.33 [-0.87, 0.21]

-100 -50 0 an
12h [experimental] Oh [control]

1a0

Figure 5. Forest plot of norepinephrine dose reduction within 12 hours (0—12 h) following therapeutic
plasma exchange (TPE) and high-volume hemofiltration (HVHF).

Within 24 Hours (0—24 h)
As shown in figure 6, a significant
reduction in norepinephrine dose was
observed at 24 hours (SMD —1.54; 95% CI
-3.02 to —0.07; p = 0.04), although
heterogeneity was substantial (I> = 83%)).

Subgroup analysis revealed that TPE did

not achieve a statistically significant effect
(SMD —1.35; 95% CI -3.67 to 0.97; p =
0.25; I = 92%), whereas HVHF
demonstrated a significant reduction based

on a single study (SMD —1.93; p = 0.002).

12h Oh Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 85% Cl IV, Random, 95% CI
411 TPE
Atarnan, 2021 05 06 7 06 07 TO334% -0.14 [1.19,0.91] L
Stahl, 2022 018 0.2 20 061 011 20 354% -2.51 [-3.36, -1.67] u
Subtotal (95% CI) 27 27 68.8% -1.35 [-3.67, 0.97] [

Heterogeneity: Tau®= 2.57; Chi*= 11.85, df=1 (P = 0.0006); "= 92%
Test for overall effect Z=1.14 (P=0.25)

4.1.2 HVHF

Boussekey, 2008 0.0 018 8 049 0.1 8 N2%
Subtotal (95% CI) 8 8 31.2%
Heterogeneity: Mot applicable

Test for overall effect: Z=3.04 (P =0.002)

Total (95% Cl) 35 35 100.0%

Heterogeneity: Tau®=1.41; Chi*=12.049, df= 2 (P=0.002); F=83%
Test for averall effect Z=2.05 (P = 0.04)
Test for subaroun differences: Chi*= 019, df=1 (P = 0.66), F=0%

-1.93 [3.18, -0.5] u
1.93[-3.18, -0.69] )
1.54[-3.02, -0.07] )
-100 a0 0 a0 100

12h [experimental] 0h [control]

Figure 6. Forest plot of norepinephrine dose reduction within 24 hours (0—24 h) following
therapeutic plasma exchange (TPE) and high-volume hemofiltration (HVHF).
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Therapeutic Plasma Exchange (TPE) Alone
Hemodynamic Parameters

Mean Arterial Pressure to Norepinephrine
Ratio (MAP/NE)

As shown in figure 7, TPE alone did not
result in a significant improvement in the
MAP/norepinephrine ratio compared with

control (SMD —0.01; 95% CI —0.99 to

Post Pre

Study or Subgroup Mean 5D Total Mean

SD Total Weight

0.97; p = 0.98), indicating no meaningful
enhancement in hemodynamic efficiency.
Substantial heterogeneity was observed
among studies (I> = 77%), likely reflecting
differences in indications, timing of TPE
treatment

initiation, protocols, and

baseline disease severity.

§td. Mean Difference
IV, Random, 95% CI

Std. Mean Difference
IV, Random, 895% ClI

Ahmed, 2020 1188 B7.7 16 807 801 16 487% 0.50 [-0.20,1.21]
Knaup, 2018 86 43 20 109 47 200 51.3% -0.50 [1.13,0.13]
Total (95% Cl) 36 36 100.0% -0.01 [-0.99, 0.97]

Heterogeneity: Tau®=0.38; Chi*=4.30, df=1 (P=0.04); F=77%
Test for overall effect: Z=0.03 (P = 0.98)

-100 -50 0 a0
Post [experimental] Pre [control]

Figure 7. Forest plot of the effect of therapeutic plasma exchange (TPE) alone on the mean
arterial pressure to norepinephrine ratio (MAP/NE).

Systemic Vascular Resistance Index
(SVRI) as shown in figure 8, no significant
change in SVRI was observed with TPE
compared with control (SMD —0.13; 95%

CI-0.85t0 0.58; p = 0.72). Considerable

Post Pre

Study or Subgroup Mean  SD Total Mean

SD Total Weight

heterogeneity was present (I> = 72%),
suggesting variability across studies.
Overall, these findings indicate that TPE
does not consistently improve systemic

vascular tone or reverse vasoplegia.

Std. Mean Difference
IV, Random, 95% Cl

Std. Mean Difference
IV, Random, 95% CI

Ahmed, 2020 1,806 611 16 1,355 386 16 32.2%

Knaup, 2018 1868.7 7896 20 1,4343 GE1.8 20 34.3%
Stahl, 2022 11423 3644 20 14507 3422 20 33.45%
Total (95% CI) 56 56 100.0%

Heterogeneity Tau®=0.29; Chif=710,df= 2 (P=003); F=72%
Test for overall effect Z=036(F=072)

029 [-0.41,0.88]
0.18 [0.44, 0.80]
-0.86 [-1.51,-0.20]

-0.13 [-0.85, 0.58]

-00 .50 0 50 100
Post [experimental] Pre [control]

Figure 8. Forest plot of the effect of therapeutic plasma exchange (TPE) alone on SVRI.

Stroke Volume Variation (SVV)

As shown in figure 9, TPE significantly
reduced stroke volume variation (SMD
—0.90; 95% CI -1.29 to —0.51; p <
0.00001), with no detected heterogeneity

(I> = 0%). This highly consistent effect
suggests improved preload stability and
intravascular hemodynamic status,
potentially related to reduced capillary
leak and restoration of endothelial

integrity.
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Post Pre Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
Ahrned, 2020 785 652 16 167 124 15 28.8%  -0.8B[1.59,-0.13
Knaup, 2018 105 B3 20 205 122 20 348%  -1.01[167,-0.35]
Stahl, 2022 113 68 20 173 82 20 364%  -082[147,-018
Total (95% CI) 56 56 100.0%  -0.90[-1.29,-0.51] |
Heterogeneity: Tau?= 0.00; Chif= 017, df= 2 (P = 0.92); F=0% I t 1 f |
-00 50 0 50 100
Testfor overall effect Z= 4.51 (P < 0.00001) Post [experimental] Pre [control]
Figure 9. Forest plot of the effect of therapeutic plasma exchange (TPE) alone on SVV.
Cardiac Index (CI)
As shown in figure 10, TPE did not Although a trend toward higher CI was
significantly increase cardiac index noted, current evidence does not support a
compared with control (SMD 0.24; 95%  definitive improvement in cardiac pump
Cl —-0.13 to 0.62; p = 0.20). No function attributable to TPE alone.
heterogeneity was observed (I = 0%).
Post Pre Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Ahrned, 2020 34 101 16 27 12 16 28.9% 0.01 F0.68, 0.70]
Knaup, 2018 377 184 20 318 143 20 355% 0.34 [0.28, 0.87]
Stahl, 2022 36 059 20 333 085 20 356% 0.33 [0.29, 0.95]
Total (35% CI) 56 56 100.0%  0.24[-0.13,0.62]
Heterogeneity: Tau®= 0.00; Chi*= 062, df=2 (P=0.73); F=0% I t T y {
o _ “00 <50 D 50 100
Testfor overall effect Z=1.28 (F = 0.20) Post [experimental] Pre [control]
Figure 10. Forest plot of the effect of therapeutic plasma exchange (TPE) alone on CI.
Fluid Balance and Metabolic  direction of effect consistently favored
Parameters TPE, with no observed heterogeneity (I> =
As shown in figure 11, TPE demonstrated  0%). These findings suggest a potential
a trend toward improved fluid balance role of TPE in mitigating fluid overload,
compared with control (SMD —0.41; 95%  possibly through improved endothelial
CI —0.87 to 0.06; p = 0.09). Although this  function and attenuation of systemic
did not reach statistical significance, the  inflammation.
Post Pre Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ahmed, 2020 1,963 1,809 20 2,720 2418 20 56.0% -0.34 [-0.96, 0.29]
Knaup, 2018 25603 18474 16 35463 18542 16 44.0% -0.49 [-1.20, 0.21]
Total (95% CI) 36 36 100.0% -0.41 [-0.87, 0.086]
Heterogeneity: Tau®= 0.00; Chi*=010,df=1{P=074); F=0% Moo =0 b = o0

Testfor owerall effect: £=1.70 {F = 0.09)

Favours [experimental] Favours [control]

Figure 11. Forest plot of the effect of therapeutic plasma exchange (TPE) alone on fluid
balance.
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As shown in figure 12, TPE did not result
in a statistically significant reduction in

serum lactate levels compared with control

(SMD 0.06; 95% CI —0.40 to 0.53; p =
0.78), indicating no clear improvement in

global tissue perfusion.

Post Pre Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
Ahmed, 2020 74 28 16 67 36 16 44.3% 0.21 [-0.48, 0.91]
Stahl, 2022 403 29 200 417 Z.44 20 857% -0.05 [-0.67, 0.57]
Total {95% Cl) 36 36 100.0% 0.06 [-0.40, 0.53]

Heterogeneity: Tau®= 0.00; Chi*=0.31,df=1 (P=0.58); F=0%
Testfor overall effect Z2=0.27 (P=0.78)

-100 -80 0 a0
Post [experimental] Pre [control]

Figure 12. Forest plot of the effect of therapeutic plasma exchange (TPE) alone on serum
lactate.

Pulmonary Function

Pa0./FiO: Ratio

As shown in figure 13, TPE was associated
with a significant improvement in the
Pa0./FiO: ratio (SMD 2.41; 95% CI 0.22
to 4.61; p = 0.03), reflecting enhanced
However,

pulmonary  oxygenation.

heterogeneity was extremely high (I* =

96%), likely attributable to differences in
patient characteristics, disease severity,
of TPE

administration, and

This

timing
ventilatory  strategies. finding
suggests that TPE may confer pulmonary
benefits through modulation of systemic
inflammation and endothelial dysfunction

in selected patient populations.

100

Post Pre Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Ahmed, 2020 10 &0A 20 108 482 20 278% 0.02 [-0.60, 0.64]
Atarnan, 2021 163 # To1ar 103 7O2ET% D06 [-0.99,1.11]
Knaup, 2018 143 8148 20 1523 8B5 20 8% 010 F0F2, 052
Stahl, 2022 1,747 859 20 1683 1333 20 176% 13.79[10.5517.03) -
Total {95% Cl) 67 67 100.0% 2.41[0.22, 4.61]

Heteropeneity Tau®= 4 40; Chit= 68.78, df= 3 (P = 0.00001); F = 96%

Test for overall effect 7= 216 (F=0.03)

400 50 0 a0
Post[experimental] Pre [control]

Figure 13. Forest plot of the effect of therapeutic plasma exchange (TPE) alone on PaO./FiO2
Ratio

Therapeutic Plasma Exchange (TPE)
Versus

(HVHF)
Mean Arterial Pressure (MAP)

High-Volume Hemofiltration

In subgroup analysis as shown in figure 14,

TPE did not result in a significant

improvement in mean arterial pressure
(MAP) (SMD 0.25; 95% CI —0.18 to 0.68;
p = 0.25), with no observed heterogeneity
T = 0%). HVHF was
associated with a significant increase in

MAP (SMD 1.19; 95% CI 0.31 to 2.07; p

In contrast,
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=0.008), although this finding was derived

from a single study. There was no

Std. Mean Difference
IV, Random, 95% CI

treatment effect between TPE and HVHF
(p for subgroup difference = 0.06).

$td. Mean Difference
IV, Random, 95% Cl

statistically ~ significant difference in
Post Pre

Study or Subgroup Mean SD Total Mean SD Total Weight
221 TPE
Ahmed, 2020 T0.92 B33 16 6865 819 16 28.9%
Ataman, 2021 T2 7 43 T 16.9%
knaup, 2018 T08 11.3 20 651 154 200 323%
Subtotal (95% CI) 43 43 T78.2%
Heterogeneity: Tau®= 0.00; Chi*=1.43, df= 2 (P =049, F=0%
Testfor averall effect Z=1.15 (P = 0.25)
2.2.2 HVHF
Ruiz, 2010 T45 BB 12 675 43 12 21.8%
Subtotal (95% CI) 12 12 21.8%
Heterogeneity: Mot applicable
Testfor overall effect: Z= 2. 64 (P = 0.008)
Total (95% CI) 55 55 100.0%

Heterogeneity: Tau*=0.11; Chi*=4.95 df= 3{(P=0.18), F=39%
Testfor overall effect Z=1.64 (P=0.10)
Testfor subaroup differences: Chi*= 3.52, df=1 (P = 0.06), F= 71.6%

0.30 [-0.40, 1.00] ]
-0.33[1.39,0.73] L
041 [-0.21,1.04] "

0.25[-0.18, 0.68]

1.18[0.31, 2.07] .
19[0.31, 2.07]

0.42 [0.08, 0.93]

00 -s0 0 50 100
TPE [experimental] HVYHF [control]

Figure 14. Forest plot comparing the effects of therapeutic plasma exchange (TPE) and high-
volume hemofiltration (HVHF) on mean arterial pressure (MAP).

Norepinephrine (NE) Dose

As shown in figure 15, TPE significantly
reduced norepinephrine
compared with control (MD —0.21; 95%

CI —0.27 to —0.14; p < 0.00001), although

requirements

substantial heterogeneity was present (I =

85%). HVHF demonstrated a greater

—0.50; 95% CI —0.71 to —0.30; p <
0.00001), with very high heterogeneity (I
= 95%). Subgroup analysis revealed a
statistically significant difference between
TPE and HVHF (p for subgroup difference
= 0.006). However, this represents an

indirect subgroup comparison and should

reduction in norepinephrine dose (MD not be interpreted as evidence of
superlorlty.
Post Pre Mean Difference Mean Difference
Study or Subgroup _ Mean _ SD Total Mean SD Total Weight IV, Fixed, 85% CI IV, Fixed, 95% CI
211 TPE
Ahmed, 2020 05 04 16 072 008 16 98.3% -0.21[0.27,-0.15]
Ataran, 2021 05 06 7 06 08 7 07% -010[084, 0.64]
Knaup, 2018 703 38 20 652 52 20 0.0%  510[2.28,7.97] -
Yan, 2024 1] 1] 60 o &0 1] Mot estimahle
Subtotal (35% CI) 43 43 100.0% -0.21 [0.27,-0.14]
Heterageneity: Chi = 13.67, df= 2 (P = 0.001); = 85%
Test for overall effect Z=6.48 (P = 0.00001)
2.1.2 HVHF
Boussekey, 1008 009 007 9 108 044 O 48.3% -0.89[1.28-0.70]
Cale, 2001 0o o o 0 o Mot estimable 1
Ruiz, 2010 044 D45 12 049 021 12 51.8% -0.05[033, 023
Tapia, 2011 0o 2 0 0 25 Mot estimable
Subtotal (95% CI) 21 21 100.0% -0.50 [0.71,-0.30] \
Heterageneity ChiF = 2074, df= 1 (P < 0.00001); F= 85%
Testfor averall efiect Z = 488 (P < 0.00001)
100 -50 0 50 100

Testfor subaroup differences: Chif= 756, df=1 (P = 0.00E), F= B6.8%

Favours [experimental] Favours [control]

Figure 15. Forest plot comparing the effects of therapeutic plasma exchange (TPE) and high-
volume hemofiltration (HVHF) on norepinephrine dose
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Therapeutic Plasma Exchange (TPE)
Versus Standard of Care (SOC)

ICU-Free Days

As shown in figure 16, TPE did not
significantly increase ICU-free days compared

with SOC (MD —1.07 days; 95% CI —3.65 to

Experimental Control

1.50; p = 0.41). No heterogeneity was
observed (I = 0%), indicating consistent
findings. These results suggest that

physiological improvements associated with
TPE have not translated into shorter ICU

length of stay.

Mean Difference Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Stahl, 2022 3 8 0 4 B 20 567% -1.00[4.42,242
Yan, 2024 1147 1008 B0 1234 1176 60 433%  -1.17[5.09,278]
Total (95% CI) 80 80 100.0%  -1.07 [-3.65, 1.50]
Heterogeneity: Tau®= 0.00; Chi*=0.00, df=1 (P = 0.958) F= 0% f f T y {
o i o0 <60 0 80 100
Testfor overall effect Z= 082 (F = 0.41) TPE [experimental] SOC [control
Figure 16. Forest plot of ICU-free days comparing therapeutic plasma exchange (TPE) with
standard of care (SOC).
Vasopressor-Free Days 0.16). No heterogeneity was detected (I> =
As shown in figure 17, TPE did not result  0%). Although a trend favoring TPE was
in a statistically significant increase in  observed, the evidence  remains
vasopressor-free days compared with SOC  insufficient to demonstrate a clear clinical
(MD 2.44 days; 95% CI —0.99to 5.87; p=  benefit.
TPE S0C Mean Difference Mean Difference
Study or Subgroup  Mean S0 Total Wean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CIl
Stahl, 2022 1 10 20 11 11 20 277% 000652 657
Yan, 2024 1965 1048 B0 1617 1202 60 723% 338 [0.66,7.42
Total (95% Cl) 80 80 100.0%  2.44[.0.99,5.87]
Heterogeneity: Tauw®= 0.00; Chi*=0.75, df=1 (P =039 F= 0% I—'IDD f T f 00

Testfor overall effect. Z=1.40(F = 0.16)

-a0 0 0
TPE [experimental] S0OC [control]

Figure 17. Forest plot of vasopressor-free days comparing therapeutic plasma exchange (TPE)
with standard of care (SOC)

28-Day Mortality
As shown in figure 18, TPE was associated
with a significant reduction in 28-day

mortality compared with SOC (RR 0.60;

95% CI 0.47 to 0.77; p < 0.0001). No
0%),

indicating highly consistent results across

heterogeneity was observed (I> =

studies.
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TPE SOC Risk Ratio Risk Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Busund, 2002 18 a4 28 82 30.48% 0.62[0.39, 0.97] —
Stahl, 2022 a 20 10 20 131% 0.80[0.40, 1.60] T
Yan, 2024 25 G0 45 B0 56.5% 086 [0.40,0.78] :
Total {95% CI) 134 132 100.0% 0.60 [0.47, 0.77] &
Total events a1 a3

it z— . i = - - e : : : :
Heterogeneity: Tau®=0.00; Chi*=0.89 df= 2 (P= 064}, F=0% 007 o 10 100

Test for overall effect: £= 397 (F = 0.0001)

TPE [experimental] SOC [control]

Figure 18. Forest plot of 28-day mortality comparing therapeutic plasma exchange (TPE) with
standard of care (SOC).

Renal Replacement Therapy—Free Days
(RRT-Free Days)
As shown in figure 19, TPE did not

significantly = increase =~ RRT-free

compared with SOC (MD 2.53 days; 95% CI

days

TPE
Study or Subgroup Mean 5D Total Mean

S0OC

—1.00 to 6.07; p =0.16). No heterogeneity was

observed (I*? =

0%), suggesting consistent

findings. Although a trend favoring TPE was

noted, current evidence does not support a

definitive benefit in renal recovery.

Mean Difference

5D Total Weight IV, Random, 95% Cl

Mean Difference
IV, Random, 95% CI

Stahl, 2022 10 12 20 T 11 20
Yan, 2024 19.76 1115 60 1738 11.59 &0

Total (95% CI) 80 80
Heterogeneity: Tau®= 0.00; Chi*=0.02, df=1 (P = 0.88); F=0%
Testfar averall effect Z=1.40(F=0.16)

24.5%
TE.9%

3.00[4.13,10.13]
2.38 [1.69, 6.45]

100.0%  2.53 [1.00, 6.07]

' . .
S1o0 -0 0 a0
Favours [experimentall Favours [control]

Figure 19. Forest plot of renal replacement therapy—free days comparing therapeutic plasma exchange
(TPE) with standard of care (SOC).

Table 2. GRADE assessment of the certainty of evidence for major outcomes

Effect .. .
. Participants  Certainty of
Outcome estimate (studies) evidence Importance Comment
(95% CI)
Significant pooled
early reduction;
Norepinephrine SMD 1.06 SD ;‘;rl;[aé?zilsmlted >
dose reduction lower (1.97 40 (3 studies) EBOOQ‘Very CRITICAL substantial
lower to 0.15 lowabe .
<6 h heterogeneity, and
lower) o .
indirect comparison
between TPE and
HVHF.
No statistically
Norepinephrine SMD 0.33 SD zl)gr?fl'lggizzrii(:::\g?m
dose reduction lower (0.87 27 (3 studies) ®O0O0 Very CRITICAL crossed the null
lower to 0.21 lowacd
at12h higher) effect and the TPE—
ghe HVHF comparison
was indirect.
Norepinephrine SMD 1.54 SD Significant pooled
dose reduction  lower (3.02 35 (3 studies) GBO]? QdVery CRITICAL  reduction, but
Wd CH

at24 h lower to 0.07
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Effect - .
. Participants Certainty of
Outcome estimate (studies) evidence Importance Comment
(95% CI)
lower) substantial; the
HVHF estimate was
derived from a single
study.
lower (3.65 160 (2 d ]
ICU-free days lower to 150 studies) ®dOO Lowx IMPORTANT ICU-free days;
. estimate was
higher) ) .
imprecise.
MD 2.44 days Direction favored
Vasopressor-  higher (0.99 160 (2 y TPE, but the
free days lower to 5.87  studies) ®®O0 Low CRITICAL confidence interval
higher) included no effect.
TPE was associated
with lower 28-day
. RR0.60 (0.47 266 (3 . mortality; no
28-day mortality to 0.77) studies) ®OOO Moderate' - CRITICAL statistical
heterogeneity was
observed.
MD 2.53 days g;’;fgi‘;gtca”y
) higher (1.00 160 (2 wd . )
RRT-free days lower t0 6.07  studies) ®POQO Lowx IMPORTANT improvement;

estimate remained

higher) imprecise.

CI: confidence interval; MD: mean difference; SMD: standardized mean difference; RR: risk
ratio; RRT: renal replacement therapy; TPE: therapeutic plasma exchange; HVHF: high-volume
hemofiltration.

2 Downgraded one level for risk of bias because the body of evidence included non-randomized
studies and randomized trials with methodological concerns.

b Downgraded one level for inconsistency because substantial statistical heterogeneity was
observed across contributing studies.

¢ Downgraded one level for indirectness because comparisons between TPE and HVHF were
based on indirect subgroup analyses rather than direct head-to-head trials.

4 Downgraded one level for imprecision because of small sample sizes and/or wide confidence
intervals that included clinically different effects.

The certainty of evidence varied across the

evaluated outcomes. Evidence for
norepinephrine dose reduction at 6, 12, and 24
hours was rated as very low certainty. The
certainty was downgraded because of risk of
bias and indirectness, with additional concerns
regarding inconsistency at 6 and 24 hours and
imprecision at 12 and 24 hours. Despite their
very low certainty, these outcomes were

considered critical because norepinephrine

requirement was the primary hemodynamic
outcome of this review.

Evidence for ICU-free days, vasopressor-free
days, and RRT-free days was rated as low
certainty, primarily because of risk of bias and
imprecision. ICU-free days and RRT-free days
were considered important outcomes, whereas
vasopressor-free days were considered critical.
clinical 28-day

Among the outcomes,

mortality had the highest certainty of evidence
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and was rated as moderate. The certainty was
downgraded for risk of bias, whereas no
serious concerns were identified regarding
inconsistency, indirectness, or imprecision.
Mortality was considered a critical outcome.
The complete GRADE assessment is
presented in Table 2.
DISCUSSION

This systematic review and meta-
analysis suggests that both therapeutic plasma
(TPE) and
hemofiltration (HVHF) are associated with
(NE)
requirements in patients with refractory septic

shock,

exchange high-volume

reductions in  norepinephrine

although their temporal patterns

differed across the available studies. TPE was

associated  with  early = hemodynamic

improvement, whereas HVHF showed a more
reduction in

sustained vasopressor

requirements in the indirect subgroup

analyses. These findings should be interpreted
head-to-head

cautiously because direct

randomized comparisons between TPE and

HVHF were unavailable.
Early Hemodynamic Response and
Temporal Patterns of Vasopressor

Reduction

The pooled analysis demonstrated a significant
reduction in norepinephrine dose within the
first 6 hours following extracorporeal therapy.
In subgroup analyses, TPE was associated with
a significant reduction in norepinephrine dose,
whereas the pooled HVHF estimate did not
reach statistical significance. A significant

subgroup difference was observed between

TPE and HVHF; however, because this
comparison was indirect and derived from
separate studies rather than direct head-to-head
randomized comparisons, it should not be
interpreted as evidence of superiority of one
modality over the other. These findings
suggest an early overall hemodynamic
response following extracorporeal therapy,
although modality-specific estimates remain
uncertain.>!%?° At 24 hours, a significant
pooled reduction in norepinephrine dose was
observed. The TPE subgroup did not reach
statistical significance, whereas the HVHF
estimate was significant but was derived from
a single study. These findings suggest possible
differences in temporal response patterns;
however, the indirect nature of the comparison
and limited evidence precludes any conclusion
regarding superiority.
Macrohemodynamics Versus
Microcirculatory and Endothelial Effects
Despite its early effect on NE dose reduction,
TPE did not consistently improve
macrocirculatory parameters such as mean
arterial pressure (MAP), MAP/NE ratio,
systemic vascular resistance index (SVRI), or
cardiac index. These findings suggest that the
hemodynamic benefit of TPE is not primarily
mediated through restoration of global
vascular tone or enhancement of cardiac
output.

Instead, TPE demonstrated a robust
and highly consistent reduction in stroke
volume variation (SVV), indicating improved

preload stability and intravascular volume
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responsiveness. This effect likely reflects
restoration of endothelial barrier integrity and
attenuation of capillary leaks which are
hallmark features of septic shock—associated
endothelial dysfunction. Experimental and
clinical data suggest that TPE removes
circulating endothelial injury mediators while
simultaneously replenishing protective plasma
components, thereby stabilizing the vascular
barrier and improving effective circulating
volume.*1020

In addition, TPE was associated with
significant

improvement in  pulmonary

oxygenation, as reflected by increased
Pa02/FiO: ratios, although with substantial
heterogeneity. These finding suggests that
selected patient populations particularly those
with pronounced inflammatory lung injury or
endothelial disruption may derive pulmonary
benefit from TPE, potentially through reduced

alveolar-capillary permeability and mitigation

of inflammatory edema.*?%*!
Immunomodulation Beyond Cytokine
Removal

Importantly, the effects of TPE extend
beyond nonspecific cytokine clearance. TPE
enables replacement of depleted plasma
antithrombin  1II,

constituents, including

protein C, and other anticoagulant and
endothelial-protective ~ factors  that are
frequently consumed during severe sepsis and
disseminated  intravascular  coagulation.
Restoration of these factors may contribute to
improved microcirculatory flow, reduced

thromboinflammation, and enhanced organ

perfusion mechanisms that may not be

adequately  captured by  conventional

macrocirculatory endpoints.®!0-20-21

Emerging evidence also highlights the
interaction between TPE and the endothelial
glycocalyx, a critical regulator of vascular
permeability and mechanotransduction that is
profoundly disrupted in septic shock.
Prospective studies suggest that TPE may
reduce circulating glycocalyx degradation
products while replenishing protective plasma
components, thereby limiting capillary
leakage and tissue edema and contributing to
early hemodynamic stabilization.*!°
Clinical Outcomes and 28-Day Mortality
One of the clinically relevant findings
of this meta-analysis was the association
between TPE and lower 28-day mortality, with
consistent effect estimates and no observed
statistical heterogeneity. This association was
observed despite the absence of statistically
significant improvements in ICU-free days,
vasopressor-free days, or renal replacement
therapy—free days. However, the certainty of
evidence for 28-day mortality was rated as
moderate, and the pooled evidence included
both randomized and non-randomized studies.
Therefore, this finding should be interpreted as
an association rather than definitive evidence
of a causal survival benefit. The observed
association with lower mortality may reflect
effects  extending beyond  short-term
hemodynamic changes, including modulation
endothelial

of immune dysregulation,

protection, and microcirculatory function.®
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However, the available evidence does not

establish these mechanisms as causal
explanations for the mortality finding. Further
adequately powered randomized controlled
trials are required to determine whether TPE
improves survival in patients with refractory
septic shock.

HVHF was associated with a more
sustained vasopressor reduction in indirect
subgroup analyses. Prior meta-analyses and
narrative reviews have shown that HVHF may
improve selected hemodynamic or metabolic
parameters, yet has not consistently translated
into a mortality reduction when compared with
standard care, underscoring the importance of
patient selection and timing of therapy.!%?%%3
Therapeutic Positioning and Precision-
Based Application

Taken together, the available evidence
suggests that TPE and HVHF may have
different hemodynamic profiles in refractory
septic shock. HVHF was associated with more
sustained vasopressor reduction in the
available studies, whereas TPE was associated
with earlier hemodynamic changes and
selected microcirculatory and pulmonary
effects. However, the absence of direct head-
to-head randomized trials precludes definitive
conclusions regarding the relative clinical
effectiveness or optimal positioning of either
modality. Further randomized studies are
required to determine whether specific patient
phenotypes derive greater benefit from one
24-26

extracorporeal strategy than another.

Rather than viewing these modalities as

mutually exclusive, our results suggest that
TPE and HVHF occupy distinct but

complementary therapeutic niches, and
sequential or combined strategies warrant
further investigation.
Limitations

Several limitations should be
acknowledged. Most included studies were
observational, introducing potential selection
bias and residual confounding. Heterogeneity
in patient populations, timing of intervention,
dosing protocols, and outcome definitions
limits the generalizability of pooled estimates.
Direct head-to-head randomized comparisons
between TPE and HVHF were lacking,
necessitating indirect subgroup analyses.
Finally, data on long-term functional outcomes
and quality of life remain sparse. The GRADE
assessment further indicated that certainty of
evidence ranged from very low to moderate
across outcomes. Certainty was particularly
limited for hemodynamic comparisons
because of heterogeneity, imprecision, and the
indirect nature of comparisons between TPE
and HVHF.
Future Directions

Future research should prioritize
large, multicenter randomized controlled trials
directly comparing TPE and HVHF using
standardized definitions of refractory septic
shock and harmonized outcome measures.
Identification of biomarkers predictive of
response, such as lactate kinetics, endothelial
injury markers, or inflammatory profiles, may

enable individualized therapy. Exploration of
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sequential or combination extracorporeal
strategies may further refine the role of blood
purification in modern shock management.'
CONCLUSION

This systematic review and meta-
analysis suggests that both therapeutic plasma
(TPE) and

hemofiltration (HVHF) are associated with

exchange high-volume
reductions in norepinephrine requirements in
patients with refractory septic shock. Indirect
subgroup analyses suggested different
temporal patterns, with TPE showing earlier
reductions in vasopressor requirements and
HVHF showing a more sustained effect in the
available studies. TPE was also associated
with improvements in selected hemodynamic
and pulmonary parameters and with lower 28-
day mortality. However, these findings should
be interpreted cautiously because of the
heterogeneity of the included studies, the
limited evidence base, and the absence of
direct head-to-head randomized comparisons
between TPE and HVHF. Further randomized
controlled trials are required to determine their
comparative clinical effectiveness and optimal
role in refractory septic shock.
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