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Seeing, Steering, and Sensing the Injured Kidney

© 2026 Author(s). This article is licensed
under the CC By 4.0 International License.

The next frontier of critical care nephrology may
not be another kidney replacement therapy. It may be
our ability to see, understand, and anticipate kidney
injury before it becomes irreversible.

Critical illness rarely respects the boundaries
of individual organs.

The kidney may be where acute injury becomes
most visible, but the forces that produce that
injury are rarely confined to the kidney itself.
Hemodynamic instability, venous congestion,
inflammation, endothelial dysfunction, sepsis,
fluid accumulation, and the therapies required
to support other failing organs all converge on
renal function.

This is one of the reasons critical care nephrology
has evolved so rapidly.

We are no longer simply asking whether the
kidney has failed. Increasingly, we are asking why
it is failing, how its trajectory can be modified, and
whether we can recognize injury before conventional
markers declare it.

The fifth issue of the Research Journal of Critical
Care Nephrology brings together three contributions
that, although apparently different, converge on
this very idea.

They can be summarized in three words: SEE,
STEER, SENSE (Figure).

SEE; EXPANDING THE HEMODYNAMIC
WINDOW

The first article, “Critical Care Transesophageal
Echocardiography: Expanding the Hemodynamic
Window,” addresses the first requirement of
precision medicine in the ICU: seeing the physiology
that lies beneath the numbers.!

For the critically ill patient with AKI, a low
blood pressure does not provide a sufficient
explanation. Is renal perfusion compromised
because of inadequate forward flow? Is the right
ventricle failing? Is venous congestion limiting

RICCN 2026; 2: 223-6
WWW.rjcen.org

DOIL: 10.61882 /rjccn.2.4.81

renal function? Is there impaired preload, altered
ventricular interaction, or another cardiovascular
process that is invisible when we look only at
conventional vital signs?

For the nephrologist, these are not merely
cardiology questions.

They are kidney questions.

The kidney exists within a circulation. Renal
perfusion cannot be separated from cardiac function,
venous pressure, vascular tone, intravascular
volume, and the complex interaction between the
heart, lungs, and venous system.

TEE therefore represents more than another
imaging technique. It expands the hemodynamic
window through which the nephrologist can
interpret AKI.

The future of critical care nephrology will require
us to become increasingly comfortable with this
physiological language.

Not because every nephrologist must become
an echocardiographer—but because understanding
the kidney increasingly requires understanding
the circulation around it.

STEER; FROM FLUID REMOVAL TO
PRECISION FLUID REMOVAL

The second article, “Net Ultrafiltration During
Continuous Kidney Replacement Therapy for Acute
Kidney Injury: From Fixed Rates to Precision Fluid
Removal,” brings us to one of the most difficult
therapeutic decisions in contemporary critical care
nephrology: how much fluid should we remove,
and how fast??

For decades, ultrafiltration could be approached
primarily as a prescription.

Today, that approach is becoming increasingly

[®];f-73[m] Please cite this article as: Nassiri AA. Seeing, Steering, and
F Sensing the Injured Kidney. RUICCN. 2026;2(4):223-6.
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From the Editors

KIDNEY AT THE CORE OF THE ICU

LOOKING BEYOND
CREATININE

MicroRNAs as Biomarkers
for Sepsis-Associated AKI

difficult to defend.

Fluid overload is associated with important
adverse consequences, yet fluid removal itself
is not physiologically neutral. Net ultrafiltration
represents a cardiovascular stress. When the rate
of intravascular fluid removal exceeds the patient’s
capacity for vascular refilling, circulating volume
may fall, potentially compromising cardiac output
and organ perfusion.

The important question, therefore, is no longer
simply: What is the ultrafiltration rate?

It is: “What ultrafiltration rate is appropriate for

SEE

EXPANDING THE
HEMODYNAMIC WINDOW
Transesophageal
Echocardiography

N

FROM FIXED RATES TO
PRECISION FLUID REMOVAL

Net Ultrafiltration during
CKRT for Acute Kidney Injury

this patient, at this moment, given this patient’s
physiology and trajectory?”

This is the essence of precision fluid removal.

The concept moves us away from a universal
prescription and toward an individualized strategy
that considers body weight, fluid accumulation,
ongoing inputs, urine output, hemodynamics,
vascular refilling, organ congestion, and tolerance
to fluid removal. Contemporary observational
evidence suggests that the relationship between net
ultrafiltration intensity and outcome is complex,
and importantly, causality remains uncertain.

224 Research Journal of Critical Care Nephrology, Vol 2, No 4, October 2026



This uncertainty should not weaken the concept
of precision.

It should strengthen the need to study it
rigorously.

Fluid removal should not simply be prescribed.
It should be titrated.

SENSE; LOOKING BEYOND CREATININE

The third article, “Diagnostic Value of
MicroRNAs as Biomarkers for Sepsis-Associated
Acute Kidney Injury: A Systematic Review and
Meta-Analysis,” takes us to another frontier: the
possibility of detecting kidney injury at the level of
biology before its functional consequences become
fully apparent.’

Serum creatinine remains an essential clinical
marker, but it is not a direct real-time measurement
of kidney injury. Its concentration reflects multiple
physiological variables and may lag behind the
biological events that initiate AKI.

MicroRNAs offer a fundamentally different
perspective.

Rather than simply measuring the consequence of
impaired filtration, they may provide information
about the molecular processes accompanying
kidney injury.

This is an exciting field—but excitement
should not be confused with readiness for clinical
implementation.

The challenge is now to determine whether
molecular signals can be sufficiently reproducible,
standardized, specific, temporally informative, and
clinically actionable to change bedside decisions.

The important question is therefore not merely:
“Can microRNAs predict AKI?”

It is: “Can molecular information change what
we do for the patient?”

That distinction marks the difference between
an interesting biomarker and a clinically useful
biomarker.

FROM REPLACEMENT THERAPY TO
PRECISION PHYSIOLOGY

Taken together, these three articles illustrate a
broader transformation occurring within critical
care nephrology.

TEE helps us SEE the physiology.

Precision ultrafiltration helps us STEER the

From the Editors

trajectory.

Molecular biomarkers may allow us to SENSE
injury earlier.

This progression—from observation, to
intervention, to anticipation—is perhaps one of
the most important directions for our field.

Critical care nephrology is moving beyond the
traditional paradigm in which the nephrologist
becomes involved primarily when kidney
replacement therapy is required.

The emerging nephrologist is instead becoming a
physiologist at the bedside: someone who integrates
hemodynamics, fluid balance, congestion, renal
function, extracorporeal therapies, inflammation,
biomarkers, and the trajectory of multiorgan
dysfunction.

This is particularly important because AKI is
not simply an isolated renal event.

It is often the kidney’s expression of a much
larger systemic disturbance.

The kidney is simultaneously a victim, a sensor,
a regulator, and a participant in critical illness.

And perhaps this is where the future of our
specialty lies.

Not in choosing between technology and
physiology, but in bringing them together.

Not in asking whether a patient “needs dialysis,”
but in asking what physiological problem we are
trying to solve.

Not in reacting to kidney injury once it is
established, but in recognizing its trajectory earlier.

And not in treating the kidney as an isolated
organ, but in understanding the kidney within
the patient.

THE NEXT FRONTIER

The fifth issue of the Research Journal of Critical
Care Nephrology is therefore more than a collection
of articles on echocardiography, ultrafiltration,
and biomarkers.

It reflects a common direction: better visualization
of physiology, more precise intervention, and
earlier recognition of biological injury.

The technologies will continue to evolve.

TEE will continue to expand our ability to
interrogate the circulation. CKRT will increasingly
become a platform for individualized fluid and
solute management. Molecular biomarkers may
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eventually complement—or redefine—the way
we recognize AKL

But technology alone will not define the future
of critical care nephrology.

Physiological thinking will.

Our challenge is to connect the signal to the
physiology, the physiology to the intervention,
and the intervention to the patient’s trajectory.

That is the promise of precision critical care
nephrology: See the physiology, Steer the trajectory,
and Sense the injury.

And ultimately; treat the patient, not the kidney
in isolation.
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Focused cardiac and lung ultrasound have become
integral to bedside hemodynamic assessment in
critically ill patients, allowing rapid characterization
of ventricular function, pulmonary congestion, and
fluid tolerance. Transthoracic imaging remains
the natural first-line approach and is sufficient
to answer urgent questions in many patients.
Yet the ICU is not always an ultrasound-friendly
environment. Obesity, mechanical ventilation,
pulmonary disease, edema, surgical dressings,
trauma, and difficulty with patient positioning
frequently limit transthoracic echocardiography
(TTE); indeed, the image quality has been reported
to be limited in more than 30% of ICU studies.!

Critical care transesophageal echocardiography
(ccTEE) extends bedside echocardiography when
transthoracic imaging is inadequate or impractical.
Its scope is scalable, from a few goal-directed
views during initial evaluation of shock or cardiac
arrest to more detailed assessment of biventricular
function, stroke volume, filling physiology, and
response to therapy.

One of its most compelling applications is
undifferentiated circulatory shock. A limited
ccTEE examination can rapidly reveal ventricular
dysfunction, pericardial effusion, stigmata of
pulmonary embolism, dynamic left ventricular
outflow tract (LVOT) obstruction, profound
underfilling, or major valvular pathology. The
value lies not merely in obtaining better images,
but in converting the nonspecific diagnosis of
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“shock” into a physiologic phenotype that can
guide treatment. Across the studies summarized by
Prager and colleagues, ccTEE changed diagnosis in
52 to 78% of patients and management in 32 to 79%,
although these data remain largely observational.?

Cardiac arrest represents an even more distinctive
use case. During cardiopulmonary resuscitation
(CPR), transthoracic imaging must compete with
chest compressions, defibrillator pads, and the
need to minimize interruptions, often leaving
only a limited subcostal window. In this context,
once an advanced airway is secured, the TEE
transducer can remain in position and provide
continuous visualization without interfering with
chest compressions. Beyond identifying reversible
causes such as tamponade, massive pulmonary
embolism, severe hypovolemia, or aortic dissection,
it can reveal cardiac activity despite an apparent
non-shockable electrical rhythm on surface
electrocardiography and shorten interruptions in
compressions. TEE may also provide information
about the quality of CPR itself. Several studies have
shown that external compressions may occur over
the LVOT or aortic root rather than directly over
the left ventricle, potentially impairing forward
flow. TEE allows real-time visualization of the area
of maximal compression and guides repositioning
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of the hands when necessary; compression closer
to the left ventricle has been associated with
greater generated stroke volume.** This ability to
interrogate not only the cause of arrest but also
the mechanics of the resuscitation is difficult to
reproduce with intermittent transthoracic imaging.

The usefulness of ccTEE does not necessarily
end once the initial diagnosis has been established.
Hemodynamics in critically ill patients evolve
rapidly, making serial assessment of biventricular
function, right ventricular size, tricuspid
regurgitation, LVOT velocity-time integral, and
cardiac output useful for evaluating response
to therapy. Beyond the heart, the feasibility
of extending the TEE examination to assess
venous congestion using hepatic, portal, and
renal parenchymal Doppler, the components of
VExUS, has also been demonstrated.® Together,
these assessments can help address evolving
clinical questions: Is forward flow improving
with inotropic therapy? Is right ventricular
dilation and/or venous congestion improving
with diuresis or ultrafiltration? If hypotension
persists, is the circulation still preload responsive,
or has the physiology shifted toward ventricular
dysfunction or congestion? SVC respiratory
variation may provide additional information
regarding fluid responsiveness, although it should
not be interpreted in isolation.® Thus, the strength
of c¢cTEE lies not in any single parameter, but in
integrating gross cardiac function, flow, loading
conditions, and their evolution in response to
therapy.

The esophageal vantage point can also
address questions that may be difficult to
resolve transthoracically. TEE provides excellent
visualization of posterior cardiac structures,
including the left atrium and left atrial appendage,
as well as favorable alignment of the atrioventricular
valves.” These views can facilitate assessment of
significant valvular pathology and intracardiac
thrombi, including potential embolic sources in
cryptogenic stroke or before cardioversion for
refractory tachyarrhythmias. In patients with
unexplained hypoxemia, the mid-esophageal
bicaval view provides optimal anatomic alignment
of the interatrial septum for evaluating right-to-left
shunting.® TEE can also guide bedside procedures

such as Extracorporeal membrane oxygenation
(ECMO) cannulation and cannula repositioning,
as well as transvenous pacemaker placement,
where real-time visualization of guidewires and
intracardiac devices is particularly valuable.

These advantages must be balanced against the
fact that TEE is invasive. Esophageal pathology
such as strictures, active gastrointestinal bleeding,
prior gastrointestinal surgery, coagulopathy,
thrombocytopenia, and varices require careful
consideration.® Esophageal varices are generally
regarded as a relative rather than absolute
contraindication.” In higher-risk patients for variceal
bleeding, the examination should be tailored to the
clinical question; if adequate information can be
obtained from mid-esophageal views, advancement
into transgastric views may reasonably be avoided.
The published safety profile is reassuring but
should not be overstated. In a scoping review
of 108 studies involving 6,739 patients, only two
significant gastrointestinal bleeding events requiring
intervention were reported, with no reported deaths
or esophageal perforations attributable to ccTEE.?
Minor complications were uncommon, although
retrospective reporting likely underestimates their
true incidence. Accordingly, patient selection,
operator training, and institutional quality
assurance remain essential. Simulation should
play an important role in this training, particularly
given the invasive nature of TEE. It provides a
safe environment to develop probe manipulation
skills, become familiar with cardiac anatomy
from an esophageal perspective, and encounter a
range of simulated pathologies before performing
examinations in patients (Figure).

Where the field goes next is likely to depend less
on demonstrating that ccTEE can produce excellent
images and more on defining when those images
meaningfully improve care. The current literature
establishes feasibility, diagnostic yield, and
influence on management, but high-quality evidence
for patient-centered outcomes remains limited.
Not every diagnostic or monitoring intervention
should be expected to improve mortality; however,
measurable benefits such as more timely diagnosis,
faster resolution of hemodynamic instability,
fewer additional diagnostic studies, or improved
procedural efficiency will be important to justify
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Critical Care TEE: Expanding the Hemodynamic Window

(1. WHEN? )

( 2. WHAT DOES «:TEE ADD?)

(3. WHERE NEXT? |

TTE is first-line, but acoustic
windows may be limited in the ICU
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Critical Care Transesophageal Echocardiography (ccTEE) complements TTE when transthoracic windows are limited, enabling focused
hemodynamic assessment, resuscitation, and procedural guidance. Safe expansion requires appropriate training, quality assurance,
and continued research. The photograph in the right panel illustrates TEE training using a high-fidelity simulator, demonstrating
simulated pathology (pericardial effusion) alongside a 3D anatomical representation of the corresponding imaging plane.

the resources required to establish and sustain
ccTEE programs. In a randomized trial, continual
indwelling TEE monitoring was associated with
earlier resolution of hemodynamic instability during
the 72-hour period of active monitoring, although
this difference was no longer significant when the
primary outcome was assessed over 6 days and
did not translate into differences in mortality or
length of stay.!0

The future of ¢cTEE therefore should not be
one of indiscriminate expansion. Its value will
lie in selective use: when transthoracic imaging
is inadequate, when uninterrupted visualization
matters, when serial physiology can guide therapy,
or when an anatomic or procedural question is
better approached from the esophagus. As critical
care POCUS matures, the relevant question may
increasingly be not whether TTE or TEE is the
“better” modality, but which acoustic window can
most reliably answer the physiologic question, and
whether that answer will change what we do next.
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Fluid overload is common among critically ill patients with acute
kidney injury (AKI), particularly those requiring continuous kidney
replacement therapy (CKRT), and is consistently associated with
adverse clinical outcomes. Net ultrafiltration (UFNET), defined
as the extracorporeal removal of fluid from the patient to reduce
extracellular volume, is therefore a fundamental component of
CKRT. However, unlike solute clearance, UFNET has historically
been prescribed without well-established dosing principles.
Insufficient fluid removal may prolong exposure to pulmonary,
systemic, and organ edema, whereas overly rapid fluid removal
may exceed vascular refill, reduce effective circulating volume,
provoke hemodynamic instability, and potentially impair organ
perfusion and kidney recovery. Observational studies have
suggested a J- or U-shaped relationship between UFNET rate
and mortality, with intermediate rates potentially indicating a
favorable outcome with lower mortality.

More recent evidence challenges the interpretation of these
observational thresholds as causal treatment targets. A recent
multicenter analysis using hourly CKRT and fluid-balance
found that the association between UFNET and mortality was
substantially mediated by achieved fluid balance. Furthermore,
the RELIEVE-AKI feasibility randomized trial demonstrated that
maintaining targeted restrictive and liberal UFNET was challenging,
as clinicians repeatedly adjusted the prescribed regimen. These
findings suggest that UFNET should not be conceptualized as a
fixed dose analogous to small-solute clearance. Rather, UFNET is
a dynamic intervention whose appropriate intensity depends on
the competing objectives of relieving congestion and preserving
circulatory and organ perfusion.

This review examines the terminology, physiology, observational
and interventional evidence, challenges in causal inference,
bedside assessment, clinical phenotypes, kidney recovery, and
future research priorities related to UFNET during CKRT. We
propose a conceptual framework in which fluid-removal need and
fluid-removal tolerance could determine individualized UFNET
prescription, with repeated reassessment based on achieved fluid
balance and physiologic response.
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INTRODUCTION

Acute kidney injury is among the most frequent
forms of organ dysfunction encountered in the
ICU.}2 In the most severely ill patients, kidney
replacement therapy is required to control
metabolic abnormalities and volume status. CKRT
is particularly useful in patients with hemodynamic
instability because it enables continuous removal of
solutes and fluids over prolonged periods.3 Despite
advances in CKRT technology and substantial
investigation into modality, solute-clearance
dose, anticoagulation, and timing of treatment
initiation, mortality among patients with severe
AKlrequiring kidney replacement therapy remains
high.3 Tehranian and colleagues noted mortality of
approximately 50% in this population, illustrating
that optimization of conventional CKRT solute
dosing alone has not resolved the substantial
residual risk associated with critical illness and
severe AKL*

Fluid accumulation is particularly relevant to
this risk.>” Approximately two-thirds of critically
ill patients with AKI requiring kidney replacement
therapy develop clinically relevant fluid overload,
as fluid accumulation is associated with mortality,
impaired kidney recovery, prolonged mechanical
ventilation, and other organ dysfunction. More
recent literature has adopted the broader concept
of fluid accumulation syndrome, commonly
characterized by cumulative positive fluid balance
exceeding approximately 5 to 10% of the admission
body weight.® This syndrome has been highlighted
as an important determinant of prolonged
ventilation, ICU resource use, and mortality.510

Once diuretic therapy and fluid restriction
are insufficient, extracorporeal fluid removal
becomes an important therapeutic function of
CKRT.!!3 The objective, however, is not simply
to remove as much fluid as technically possible.
Inadequate removal may perpetuate interstitial
and organ edema, whereas removal faster than
the circulatory tolerance may reduce intravascular
volume, compromise cardiac output, and impair
tissue perfusion.!!* The UFNET prescription,
therefore, represents a balance between two
competing hazards.!!

Despite its clinical importance, UFNET remains
less standardized than almost every other

component of CKRT prescription. A European
survey of 485 practitioners across 31 countries
demonstrated marked variation in practice.
The median initial UFNET prescription in
hemodynamically stable patients was 149 mL/h,
the maximum prescription was 300 mL/h, and the
typical rate in hemodynamically unstable patients
was 98 mL/h, with substantial between-country
variation.?®

Over the past decade, UFNET has increasingly
been viewed as a potentially modifiable CKRT
exposure. Initial observational studies suggested
that greater fluid removal could improve survival
among markedly fluid-overloaded patients.*1¢
Subsequent analyses, however, associated high
weight-normalized UFNET rates with increased
mortality, prompting the hypothesis that both
extremes might be harmful.!1718 More recent
analyses have further complicated this paradigm
by suggesting that achieved fluid balance, not
UEFNET rate itself, may be the more clinically
meaningful exposure.’

The objectives of this review are therefore
to define UFNET terminology, examine the
physiologic rationale for fluid removal and
potential mechanisms of harm, critically evaluate
the observational and interventional evidence,
examine causal inference challenges, describe an
individualized bedside approach, and identify
priorities for future research. The central premise
is that UFNET should be considered a dynamic,
titratable treatment embedded within overall fluid
management, rather than an isolated machine setting
with a universally applicable target rate.!419

TERMINOLOGY AND CONCEPTUAL
FRAMEWORK
Ultrafiltration Versus Net Ultrafiltration
Terminological inconsistency has complicated
the interpretation of the UFNET literature.
“Ultrafiltration” may refer technically to water
movement across the hemofilter membrane, total
machine effluent, or clinically intended fluid
removal from the patient. These quantities are not
interchangeable.!! For CKRT fluid-management
research, net ultrafiltration (UFNET or NUF) is the
most clinically relevant concept. The most common
definition of UFNET is the “net extracellular
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volume of fluid removed from the patient using
an extracorporeal device with the intention of
reducing fluid overload”.!!” This definition focuses
appropriately on the patient-level therapeutic
exposure rather than total extracorporeal effluent.

In continuous venovenous hemodiafiltration,
for example, net ultrafiltration can be expressed
as total effluent volume minus dialysate and
replacement fluid volumes. The RENAL-derived
heterogeneity analysis used this formulation and
subsequently calculated weight-normalized UFNET
rate as cumulative UFNET volume divided by body
weight and actual treatment duration.!”

Machine Fluid Removal Versus Patient Fluid
Balance

A crucial distinction exists between extracorporeal
fluid removal and whole-patient net fluid balance.
A patient receiving UFNET of 150 mL/h while
simultaneously receiving 200 mL/h of intravenous
medications, nutrition, blood products, and other
fluids remains in positive fluid balance despite
active ultrafiltration. Conversely, an identical
UFNET rate in a patient receiving minimal fluid
intake may result in a substantial negative balance.”

Thus, patient fluid balance is equivalent to all
fluid inputs minus all fluid outputs, where outputs
include urine, gastrointestinal losses, drains,
blood loss, and extracorporeal net fluid removal.
Identical UFNET rates can produce substantially
different net fluid balances depending on concurrent
fluid administration, and the apparent mortality
association of UFNET is largely mediated through
its effect on fluid balance.’

Prescribed Versus Delivered UFNET

Another important distinction is between the
ultrafiltration rate clinicians intend to deliver and
the rate actually delivered. Delivered UFNET may
diverge from the prescription due to hemodynamic
instability, circuit downtime or clotting, procedures
and transport, interruptions for diagnostic testing,
changes in fluid intake, clinician or nursing
adjustments, rescue fluid administration, changes in
urine output and deliberate physician override.'?
In the RELIEVE-AKI trial, substantial separation
existed between intended treatment strategies,
yet the delivered rates converged because liberal

UFNET was frequently reduced, and restrictive
UFNET was frequently required to escalate or

rescue.!921

Absolute Versus Weight-normalized UFNET

UFNET can be expressed as an absolute rate,
usually mL/h, or normalized to body weight
as mL/kg/h or mL/kg/d.!! Absolute rates are
intuitive at the bedside but yield markedly
different physiologic exposures across patients of
different sizes. Weight normalization potentially
improves comparability, but the appropriate
denominator is unresolved. Published studies
have variously used admission weight, weight at
CKRT initiation, enrollment weight, or predicted
body weight.*!61719 Fluid accumulation itself
alters measured body weight, making it possible
that the denominator is partly determined by the
exposure being treated.!®1” For example, in the
RENAL trial analyses, investigators used weight
at enrollment. The investigators acknowledged
that this weight could already have been affected
by fluid overload, introducing uncertainty into
the normalized exposure.!” RELIEVE-AKI instead
used predicted body weight within its automated
dosing strategy.!%?

Cumulative Fluid Balance and Percentage Fluid
Overload

Fluid accumulation is commonly quantified
using cumulative balance or percentage fluid
overload. Percentage fluid overload is roughly
estimated as cumulative fluid balance divided
by the reference body weight multiplied by 100.
Thresholds of 5 and 10% have frequently been used
to identify clinically important fluid accumulation.>”
Importantly, these cutoffs describe accumulated
volume burden rather than the rate at which fluid
is subsequently removed.

UFNET Intensity, Cumulative Removal, and
Duration

The literature has sometimes used the term
“UFNET intensity” to refer to a time-averaged
rate.!® These measures should be separated
conceptually as: 1) UFNET rate: fluid removed per
unit time, often mL/kg/h; 2) Cumulative UFNET:
total extracorporeal volume removed; 3) UFNET
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exposure duration: duration over which active
removal occurs; 4) UFNET trajectory: how the rate
changes over time; and 5) Achieved fluid balance:
overall result after accounting for all inputs and
outputs. Two patients can therefore have the same
average UFNET rate but substantially different
peak rates, cumulative removal, treatment duration,

fluid inputs, and resulting fluid balance.”!”

Proposed Terminology

For clarity, the terminology for this review is
outlined in Table 1. This terminology reinforces an
essential distinction that UFNET is an intervention
and fluid balance is an outcome of that intervention,
combined with all other fluid inputs and outputs.’

WHY REMOVE FLUID DURING CKRT?

Fluid accumulation during critical illness
results from both disease biology and treatment.
Sepsis, systemic inflammation, surgery, shock,
and ischemia increase endothelial permeability
and promote the movement of fluid from the
vascular to the interstitial compartment.® At the
same time, patients commonly receive substantial
quantities of resuscitation fluids, maintenance
solutions, medication carriers, nutrition, and blood
products. When AKI reduces urine output, the
ability to excrete this volume is impaired.!%13 Fluid
accumulation is therefore not merely an increase in
total body water. It represents the redistribution of
sodium and water across vascular and interstitial
compartments in a patient whose endothelial
permeability, vascular tone, cardiac function, and
renal function may all be abnormal.®14

Pulmonary Consequences

Pulmonary interstitial and alveolar edema
impair lung compliance and gas exchange, increase
ventilatory requirements, and may prolong the need
for mechanical ventilation.?® Consistent with this

Table 1. Terminology

biological rationale, fluid accumulation syndrome
is associated with prolonged mechanical ventilation
and longer ICU stays.”?*

Renal Congestion

The kidney is particularly vulnerable to venous
congestion. Increased central and renal venous
pressure raises renal interstitial pressure, potentially
reducing the effective transrenal perfusion
gradient.?? Intra-abdominal hypertension may
amplify this process. Tehranian and colleagues
summarized evidence linking cumulative
fluid balance, intra-abdominal hypertension,
venous congestion, and AKI, suggesting that
fluid accumulation can be both a consequence
and a potential contributor to persistent renal
dysfunction.?3?°

Cardiac and Systemic Consequences
Interstitial edema may adversely influence
myocardial function, hepatic congestion,
gastrointestinal wall integrity and absorption,
tissue oxygen diffusion, and wound healing.!3
Congestion is particularly important in cardiorenal
syndrome, where elevated venous pressure, sodium
retention, neurohormonal activation, and reduced
cardiac performance form a reinforcing cycle.?3%
The cardiorenal review in the uploaded literature
describes systemic congestion and “nephrosarca” as
clinically relevant manifestations of this interaction.

FLUID ACCUMULATION AS MARKER OF
MEDIATOR

Fluid accumulation is also strongly confounded
by illness severity. Patients with profound shock
receive more fluid, develop more severe AKI,
require more vasopressors, and are simultaneously
more likely to die. A positive balance can therefore
be a marker of disease severity.!%2° Nevertheless,
the consistency of associations between persistent

Concept Definition
UFNET rate delivered net extracorporeal fluid removal normalized to weight and time
UFNET volume cumulative net extracorporeal fluid removal
Fluid balance whole-patient inputs minus outputs
Fluid accumulation/fluid overload = accumulated positive balance relative to a reference body weight
UFNET prescription intended rate or range

Delivered UFNET

fluid-removal exposure actually received
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positive balance and adverse outcomes, the biologic
mechanisms underlying organ edema and venous
congestion, and the improvement associated with
successful decongestion support the possibility that
fluid accumulation is also a mediator of injury.>610
This distinction has major implications for
UFNET research. If fluid accumulation is purely a
marker, increasing extracorporeal removal would
not necessarily improve the outcome. If it is partly
mediated, timely decongestion may represent an
important modifiable treatment target.”1

PHYSIOLOGY OF NET ULTRAFILTRATION

The physiologic effect of UFNET is determined
not by extracorporeal removal alone but by the
interaction between fluid removal and redistribution
of fluid among extracellular compartments.!*

Plasma Volume and Interstitial Fluid

UENET directly removes plasma volume from
the vascular compartment. Maintenance of effective
circulating volume, therefore, depends on the
movement of fluid from the interstitial space
into the intravascular compartment, commonly
referred to as plasma refill.!* When vascular refill
approximately matches extracorporeal removal,
substantial total-body decongestion may occur
without major circulatory compromise. When
UFNET exceeds refill, intravascular volume falls.1%14

Plasma refill depends on hydrostatic and oncotic
gradients, vascular permeability, venous pressures,
interstitial fluid availability, cardiac function,
and the underlying inflammatory state. In critical
illness, these determinants may change over hours
in the course of critical illness.!* A patient with
severe peripheral edema may appear to have
abundant removable fluid but simultaneously
have limited effective intravascular reserve.
Conversely, patients with venous congestion and
relatively preserved vascular refill may tolerate
substantial removal. Patients with severe illness,
vasopressor requirements, and ongoing capillary
leak, refill may be too limited to compensate for
high UFNET rates.”

Venous Capacitance, Preload, and Cardiac
Output
The circulation contains both stressed and

unstressed blood volume. A reduction in stressed
volume can reduce mean systemic filling pressure
and thus venous return. Whether this translates into
lower cardiac output depends on ventricular function
and preload responsiveness.'* Consequently, the
same absolute volume removal can produce very
different hemodynamic consequences. A preload-
independent patient with venous congestion may
tolerate removal well. A preload-responsive patient
with distributive shock may experience a fall in
stroke volume.!*

Neurohormonal and Microcirculatory Effects

Rapid intravascular volume contraction can
stimulate sympathetic and neurohormonal
responses and may impair microvascular perfusion
despite apparently acceptable systemic blood
pressure. Evidence from maintenance hemodialysis
demonstrates an association between rapid
ultrafiltration and myocardial hypoperfusion or
stunning. This is while chronic hemodialysis differs
substantially from CKRT-treated critical illness,
these observations provide biologic plausibility for
cardiovascular injury when fluid removal exceeds
circulatory tolerance.!!28-30

The implication is fundamental, which is that
UFNET cannot be interpreted as a dose with a
uniform biological effect. A rate of 1.5 mL/kg/h
may be well tolerated in one patient and excessive
in another.!!14

FLUID TOLERANCE

Fluid management is often framed in terms
of fluid responsiveness, meaning cardiac output
increases after fluid administration. Fluid
responsiveness, however, does not determine
whether additional fluid is desirable.!* A patient
may be fluid responsive while simultaneously
experiencing pulmonary or venous congestion. This
distinction motivates the complementary concept
of fluid tolerance. Fluid tolerance is the patient’s
ability to receive or retain additional fluid without
clinically significant organ consequences.!*

The corresponding concept during de-
resuscitation is fluid-removal tolerance. This is
the ability to remove fluid without compromising
effective circulation, tissue perfusion, or organ
function.!* Fluid-removal tolerance depends on
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the degree and distribution of congestion, vascular
refill, cardiac reserve, vasoplegia, vasopressor
dependence, capillary permeability, mechanical
ventilation, right ventricular function, ongoing
fluid inputs, and trajectory of kidney recovery.!*

This framework helps reconcile seemingly
contradictory observations. A patient may have a
strong need for fluid removal because of pulmonary
or systemic congestion, but poor tolerance because
of severe vasoplegia or right ventricular preload
dependence.' Thus, the clinically meaningful
question is not the optimal UFNET rate, but it
is about the rate and trajectory of fluid removal
that will achieve the desired fluid-balance goal
while remaining within each patient’s current
physiologic tolerance. This leads to the conceptual
framework that fluid-removal need and fluid-
removal tolerance could determine individualized
UENET prescription. Notably, both of these

variables change over time.”!4

FLUID STEWARDSHIP, ROSE, AND TIMING
OF UFNET

Fluid therapy in critical illness can be
conceptualized using the ROSE framework, i.e.,
resuscitation, optimization, stabilization, and
evacuation.? During resuscitation, the immediate
priority is restoration of perfusion. Active net fluid
removal may be inappropriate when uncontrolled
shock and true intravascular depletion dominate.®
During optimization, clinicians repeatedly assess
whether additional fluid, vasopressors, inotropes,
or other therapies can improve circulation while
avoiding unnecessary accumulation.® During
stabilization, ongoing fluid input should be
minimized, and cumulative fluid balance should
be reassessed. The presence of persistent oliguria
or fluid accumulation may become increasingly
important.® Finally, during evacuation or de-
resuscitation, accumulated fluid becomes an active
therapeutic target. Diuretics are generally preferred
when effective, but CKRT-based UFNET becomes
important when kidney failure, oliguria, diuretic
resistance, or other CKRT indications coexist.?13

The transition between these phases is rarely
discrete. Fluid removal may begin while low-dose
vasopressors are still required, particularly when
pulmonary edema or severe venous congestion is

itself contributing to organ dysfunction.®!* The
European practice survey illustrates this variability.
Persistent oliguria or anuria was the most frequently
reported criterion for UF initiation, followed by
pulmonary edema.!®

Active fluid removal should generally be
reconsidered when evidence emerges that UFNET
is exceeding physiologic tolerance. However,
hypotension alone should not automatically trigger
complete cessation. CKRT-associated hypotension
may arise from vasoplegia, impaired myocardial
performance, or other processes unrelated to
fluid removal.!*1> The survey authors specifically
cautioned that reducing or stopping UFNET may not
always be appropriate in a persistently congested
patient.’ The endpoint of de-resuscitation is also
dynamic. As congestion resolves, urine output
returns, or effective circulating volume becomes
increasingly limiting, the treatment objective should
shift from negative balance toward neutrality and,
eventually, CKRT liberation.

PRESCRIBED AND DELIVERED UFNET
DURING CKRT

UFNET prescription requires translation of a
clinical fluid-balance goal into an extracorporeal
fluid-removal rate. One simple approach is to
define the desired 24-hour net balance and estimate
expected inputs and non-CKRT outputs. The
resulting extracorporeal requirement can then be
distributed across treatment hours.!!? Yet this
apparently straightforward calculation becomes
complex because ICU fluid inputs and outputs
change continuously.” Relevant inputs include
maintenance and resuscitation fluids, vasopressor
and sedative carriers, antibiotics, nutrition, blood
products, and other medication infusions.?! Outputs
include urine, gastrointestinal losses, drains, blood
loss, insensible loss, and UFNET.?

Daily fluid-balance goals provide clinical
direction, but hourly titration allows adaptation to
physiologic changes. Both levels are necessary.”!?
An hourly rate without a daily goal risk treating
the machine rather than the patient. Conversely,
a daily goal without frequent reassessment risks
continuing at an inappropriate rate.’

Real-world practice frequently diverges from
prescription. In the European survey, only
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about one-quarter of practitioners reported
hourly monitoring of net fluid balance, and
substantial discrepancies between prescribed and
delivered balance were recognized.'*!> Frequent
UFNET assessment and management is unusual
among ICU therapies because bedside nurses
may need to make frequent adjustments while
simultaneously managing numerous competing
clinical demands.?022

RELIEVE-AKI provides valuable implementation
data. In a survey of 90 nurses, 59% believed weight-
based UENET reduced severe fluid overload, and
50% believed it reduced intradialytic hypotension;
however, increased workload, time requirements,
and reduced perceived flexibility were common
concerns.?? These observations emphasize that a
theoretically optimal UFNET protocol will fail
if it cannot be reliably implemented within the
bedside workflow.20-22

RELIEVE-AKI used a web-based calculator
incorporating predicted body weight, treatment
assignment, and concurrent intravenous fluid
infusion to generate an hourly UFNET range.!???
Automated decision support could eventually
integrate fluid inputs, urine output, CKRT
interruptions, vasopressor trajectory, blood
pressure, congestion measures, current UFNET
exposure, and cumulative fluid balance. However,
nursing feedback emphasized that automation
should augment rather than replace bedside clinical
judgment.??

UFNET RATE AND OUTCOMES

The central challenge in the UFNET literature is
that observational studies have produced apparently
discordant associations. Chronologically, however,
these studies describe an evolving understanding
rather than necessarily contradictory biology.
Murugan and colleagues studied 1,075 critically
ill patients with at least 5% fluid overload before
kidney replacement therapy. UFNET intensity was
classified as < 20, > 20 to 25, or > 25 mL/kg/d.
One-year mortality was 69.7, 60.2, and 59.4%;
respectively. After multivariable adjustment,
UFNET > 25 mL/kg/d was associated with lower
mortality than UFNET < 20 mL/kg/d (adjusted
odds ratio = 0.61; 95% CI: 0.41 to 0.93). Propensity-
matched analyses produced similar findings.'®

The study therefore suggested that insufficient
extracorporeal removal in substantially fluid-
overloaded patients might be harmful. However,
the authors appropriately questioned whether the
capacity to tolerate higher UFNET represented a
treatment effect or simply a marker of recovery.!®

A separate retrospective Mayo Clinic cohort
included 1,398 patients with AKI receiving CRRT.
UFNET was classified as < 35 versus = 35 mL/
kg/d. Thirty-day mortality was 60% in the lower-
intensity group and 48% in the higher-intensity
group. After adjustment, = 35 mL/kg/d was
associated with lower 30-day mortality (adjusted
OR = 0.47, 95% CI: 0.37 to 0.59).* Again, the data
appeared to favor more aggressive net removal,
but the retrospective design prevented the
determination of causality.*

The above-drawn picture was updated by the
secondary analysis of the RENAL trial.'"'” Among
1,434 patients receiving continuous venovenous
hemodiafiltration, Murugan and colleagues
categorized UFNET as: 1) low < 1.01, 2) middle:
1.01 to 1.75, and high > 1.75 mL/kg/h. Median rates
were 0.52, 1.38, and 2.21 mL/kg/h; respectively.l”
When adjusted for risk factors, including fluid
balance, the high-rate group demonstrated lower
survival than the low-rate group after the first
week of treatment, with adjusted hazard ratios of
1.51 from days 7 to 12, 1.52 from days 13 to 26,
and 1.66 from days 27 to 90.!7 Importantly, high
UFNET was also associated with longer mechanical
ventilation, ICU, and hospital stays.1”?” Dialysis
dependence at day 28 was 21.9% among survivors
in the high-rate group, compared with 11.7 and
6.6% in the middle- and low-rate groups, although
the difference was no longer significant at day
90.17 These findings raised concern that excessive
removal might impair organ recovery even while
achieving a more negative fluid balance.!”

Naorungroj and colleagues then focused
specifically on the first 48 hours of CKRT, using
actual hourly fluid data in a contemporary
single-center cohort of 347 patients.!® The same
categories as post-hoc RENAL trial analysis were
used, i.e., < 1.01, 1.01 to 1.75, and 1.75 mL/kg/h.
In comparison of different UFNET rates during
the earlier phases of CKRT, 1.75 mL/kg/h was
associated with increased 28-day mortality across
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multiple time periods, with adjusted hazard ratios
rising from 1.27 (days 0 to 5) to 4.18 (days 27 to
28).18 This analysis strengthened concerns about
high UFNET because the investigators used directly
recorded early-hour data rather than averaging
exposure over the duration of treatment.'® The
putative effect on mortality was direct and not
mediated by a causal pathway that included fluid
balance, low blood pressure, vasopressor use,
hypokalemia, or hypophosphatemia. However, the
investigators themselves recognized the difficulty of
time-varying confounding and competing mortality
in UFNET studies.®

Serpa Neto and colleagues subsequently
reanalyzed the RENAL data to determine whether
the effect of UFNET differed across clinical
phenotypes.?”3 Two broad clusters emerged. The
first contained patients with greater acute illness
severity, more sepsis, edema, and vasopressor use.
In these patients, high UFNET was particularly
associated with harm, and an increase in the
cardiovascular SOFA score amplified this
relationship.?’3? Consistent with this, in the primary
RENAL secondary analysis, a UFNET > 1.75 mL/
kg/h was associated with mortality among patients
with cardiovascular SOFA scores of 3 or greater
(adjusted HR = 1.89; 95% CI: 1.27 to 2.81).17 The
presence of edema complicated the picture. Among
congested patients (cluster 1 and those with baseline
edema), both high and low rates, relative to the
middle rate, increased mortality risk, whereas
the intermediate group consistently showed more
favorable associations. This analysis provides one
of the strongest arguments against a universal
threshold: a rate associated with benefit in one
phenotype may be poorly tolerated in another.

In summary, the earlier studies supported
a biologically plausible nonlinear relationship
that a low UFNET could lead to persistent fluid
overload and organ edema, while an intermediate
UFNET could result in effective decongestion with
acceptable hemodynamic tolerance, and a high
UFNET causes circulatory stress, hypoperfusion,
and organ injury.”!7?” This is better conceptualized
as a hypothesis than an established therapeutic
curve. The boundaries of < 1.01 and > 1.75 mL/
kg/h were largely data-derived categories rather

than prospectively validated safety thresholds.”!”

Recently, Monai and colleagues provided a
major challenge to a simple UFNET-rate paradigm.’
The study included 973 critically ill adults and
6,914 CKRT treatment-days from two European
ICUs. UFNET was classified as none, < 1.01, 1.01
to 1.75, or > 1.75 mL/kg/h, while the daily fluid-
balance change was classified separately.” When
the UFNET was modeled without accounting for
fluid balance, it was associated with mortality.
Once fluid balance was incorporated, however,
the independent association with UFNET was
substantially attenuated. Causal mediation analysis
suggested that the apparent effect of higher UFNET
was largely mediated by achieving a more negative
balance. Positive fluid balance remained consistently
associated with adverse outcomes.’ This observation
changes the interpretation of the prior literature.
Therefore, the relevant therapeutic exposure may
not be the amount of (mL/kg/h) fluid removed, but
rather the fluid-balance trajectory and its related
physiologic cost.” Table 2 summarizes the major
studies in this field.

CAUSAL INFERENCE

The observational UFNET literature is
exceptionally vulnerable to causal inference
problems, including: 1) Confounding by indication:
Clinicians do not assign UFNET randomly. A
hemodynamically unstable patient may receive
low or zero UFNET because clinicians believe
the patient cannot tolerate removal. Such patients
already have a high mortality risk. Therefore, even
a low UFNET could be associated with death. This
may actually represent the fact that in severe shock,
fluid removal is challenging, and it is associated
with high mortality rates. This phenomenon
likely contributes to the high mortality observed
among patients receiving no UFNET in the Monai
cohort.” The authors specifically noted that a zero
UENET may identify patients with hemodynamic
instability and persistent fluid overload who are
clinically unable to tolerate removal.”?* Conversely,
high UFNET may be prescribed because fluid
accumulation is severe. Thus, a high UFNET
could be associated with high mortality, which
may partly reflect that severe fluid overload
would require a higher UFNET and is associated
with a higher risk of death;%!¢ 2) Tolerance bias:
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Table 2. Summary of Major Studies

Study Population

UFNET exposure

Principal finding Key interpretation

Murugan 201816 1,075 critically ill patients
with = 5% fluid overload

receiving RRT

mL/kg/d

<20,>20to025,>25

> 25 mL/kg/d associated with
lower 1-year mortality

Low removal may prolong
harmful fluid overload

Tehranian 20194 1,398 AKI patients

receiving CRRT

<35 vs. =2 35 mL/kg/d

> 35 mL/kg/d associated with
lower 30-day mortality

Higher cumulative removal
associated with survival

Murugan 2019,
RENAL"

1,434 patients receiving
CVVHDF

<1.01,1.01to
1.75, > 1.75 mL/kg/h

> 1.75 associated with lower
90-day survival

High rates may be harmful

Naorungroj 20211832 347 CRRT patients

first-48-h rate using the > 1.75 associated with greater

Early high-rate exposure

same categories 28-day mortality may matter
Serpa Neto 202133 RENAL secondary same tertiles Harm from extremes varied The UFNET effect is
phenotype analysis by severity, edema, and heterogeneous

cardiovascular SOFA

Monai 2026° 973 patients, 6,914 none, < 1.01,1.01to  UFNET was not independently Achieved fluid balance
CRRT days 1.75,>1.75 associated after accounting for ~ may be more important
fluid balance than rate
RELIEVE-AKI 97 patients in 10 ICUs  restrictive 0.5t0 1.5 vs.  Poor separation of delivered  Dynamic physiology limits
20269 liberal 2 to 5 mL/kg/h exposure fixed-rate strategies

The ability to sustain high UFNET may itself be
a prognostic marker. Patients recovering from
shock can tolerate greater removal.'® Therefore, an
association between higher delivered UFNET and
improved outcome does not prove that increasing
UFNET caused the improvement. The 2018 study by
Murugan et al., using the University of Pittsburgh
Medical Center ICU cohort, explicitly acknowledged
this problem;!® 3) Time-varying confounding:
UFNET, vasopressors, fluid intake, urine output,
cardiac function, and illness severity all change
over time.?’233 A patient may receive low UFNET
during shock, higher UFNET after stabilization,
and low UFNET again as euvolemia approaches.
Averaging these rates over several days obscures the
clinical trajectory. At the same time, prior UFNET
affects subsequent fluid balance and hemodynamics,
which themselves influence future UFNET
prescription. Conventional regression cannot fully
resolve this feedback loop;®%3% 4) Survivor bias:
Patients must survive long enough to accumulate
substantial UFNET exposure. Conversely, early
death truncates treatment exposure. Monai and
colleagues therefore performed landmark analyses
at 48 and 72 hours and showed that early UFNET
remained a poor predictor of subsequent mortality
after accounting for fluid balance, whereas positive
early fluid balance remained associated with worse
outcomes;’ 5) Selection bias: Clinical trials and
observational cohorts exclude different types of
patients. RELIEVE-AKI, for example, excluded

patients requiring emergent fluid removal for
pulmonary edema because clinical equipoise
between restrictive and liberal strategies did not
exist.12! Thus, trial populations may not represent
patients in whom the clinical consequences of fluid
removal are greatest; and finally 6) measurement
error: Exposure classification depends on the
weight denominator, actual treatment time, accurate
documentation of replacement and dialysate fluids,
machine data, interruptions, distinction between
prescription and delivery, and concurrent fluid
intake. These factors differ across studies.!”? The
central implication is that observational categories
should not be converted into therapeutic thresholds

without randomized evidence.l*1”

HARMS OF EXCESSIVELY RAPID UENET

The principal concern with aggressive UFNET is
that extracorporeal removal may exceed vascular
refill (Figure 1).143* The immediate consequence
is contraction of the effective circulating volume.
Depending on cardiovascular reserve, this may
produce hypotension, increased vasopressor
requirement, reduction in venous return, decreased
stroke volume and cardiac output, arrhythmia,
myocardial ischemia, tissue hypoperfusion, and
organ dysfunction.!43

Rapid fluid removal during maintenance
hemodialysis has been associated with coronary
hypoperfusion and myocardial stunning, providing
a mechanistic precedent for cardiovascular injury
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Figure 1.

from excessive ultrafiltration.??3%% In critically ill
patients, the vulnerability may be greater because
vasoplegia, mechanical ventilation, myocardial
dysfunction, and impaired vascular refill frequently
coexist.1*% Renal recovery may also be vulnerable.
High UFNET was associated with greater dialysis
dependence on day 28 in the RENAL analysis,
although the difference disappeared by day 90.”
This association cannot establish direct ischemic
renal injury, but it raises an important mechanistic
concern.'” Critically, a numerical rate does not
become “excessive” solely because it crosses
a universal threshold. Excess is better defined
physiologically as fluid removal exceeding the
patient’s refill and circulatory tolerance.

HARMS OF INADEQUATE UFNET

At the opposite extreme, insufficient fluid
removal prolongs exposure to positive fluid
balance (Figure 1).”1® Consequences may include
persistent pulmonary edema, impaired oxygenation,
prolonged mechanical ventilation, systemic tissue
edema, venous congestion, renal interstitial
congestion, delayed mobilization, impaired wound
healing, and persistent organ dysfunction.’

The 2018 Murugan cohort provides the clearest
observational signal supporting this concern that
patients with fluid overload receiving < 20 mL/
kg/d had substantially higher mortality than
those receiving > 25 mL/kg/d.1® Importantly, low
UFNET may also fail simply because ongoing fluid
administration exceeds extracorporeal removal.
Thus, the response to a persistent positive balance
should not always be to increase UFNET; reducing
unnecessary fluid intake may achieve the same
balance objective with less circulatory stress.’
This reinforces a broader principle that fluid
stewardship requires management of both sides
of the balance equation.’

HEMODYNAMIC INSTABILITY RELATED TO
CKRT

Hemodynamic instability during CKRT is
common but difficult to attribute specifically
to UFNET.** The European survey defined new
hemodynamic instability as new or worsening
tachycardia, hypotension, or need to initiate or
increase vasopressors. Practitioners estimated that
it occurred in approximately 20% of patients. When
instability developed, 70.1% reduced fluid removal
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and 51.3% initiated or increased vasopressors. Not
all hypotension during CKRT is caused by fluid
removal. Potential contributors include progressive
septic vasoplegia, myocardial dysfunction,
arrhythmia, bleeding, sedation, positive-pressure
ventilation, changes in temperature, extracorporeal
circuit effects, and worsening underlying illness.3*

Consequently, reflexively setting UFNET to
zero may be inappropriate in a patient with
severe pulmonary or systemic congestion.>* The
appropriate response requires determining whether
removal is contributing to the reduction in effective
circulation. Relevant questions include whether
blood pressure fell shortly after increasing UFNET;
whether vasopressor requirement changed; whether
there is evidence of reduced stroke volume; whether
passive leg raising suggests preload responsiveness;
whether congestion is still substantial; whether
lactate is increasing; whether urine output has
changed; and whether another cause of shock is
emerging.!*?* A temporary reduction, rather than
complete cessation, may maintain decongestion
while improving tolerance.?*

DETERMINING THE APPROPRIATE UFNET
RATE AT THE BEDSIDE

Because no validated universal UFNET target
exists, the prescription should begin with two
parallel assessments, i.e., how urgently the patient
needs fluid removal, and how much fluid removal
the patient can currently tolerate (Figure 2).!*

Assessing Fluid-removal Need

Assessment should integrate cumulative balance,
percentage fluid overload, weight trajectory,
pulmonary edema, peripheral edema, oxygenation,
mechanical ventilation, intra-abdominal pressure
when clinically relevant, central and systemic
venous congestion, urine output, and ongoing fluid

6%

Assess fluid removal NEED
Congestion

input.!* Physical examination remains useful, but
should not be considered definitive.!*

Hemodynamics

Blood pressure alone is insufficient. Trends in
mean arterial pressure, vasopressor and inotrope
dose, heart rate, capillary refill, lactate, mental
status, skin temperature, urine output, and other
markers of tissue perfusion provide a more complete
assessment.!43

Echocardiography and Point-of-Care Ultrasound
Cardiac ultrasound may identify left ventricular
systolic dysfunction, right ventricular failure,
major preload dependence, pericardial pathology,
and changes in filling patterns. Lung ultrasound
can quantify pulmonary congestion using B-lines
and pleural findings. Venous Doppler approaches,
including the Venous Excess Ultrasound grading
system (VexUS)-type assessment,?® may help
characterize systemic venous congestion.'* The
cardiorenal review specifically identifies lung and
cardiac ultrasound, VExUS, natriuretic peptides,
hemoconcentration markers, and related measures
as potential tools for monitoring decongestion.
Their role in specifically titrating CKRT UFNET,
however, remains insufficiently validated.!*

Initiation and Titration

A conservative strategy is to begin at a relatively
low rate and progressively titrate according to
congestion and tolerance rather than immediately
pursuing a maximal negative balance.!* RELIEVE-
AKI used this principle operationally, when both
study groups began at 0.5 mL/kg/h and increased
in increments of 0.5 mL/kg/h as tolerated.!®?! This
should not be interpreted as validation of 0.5 mL/
kg/h as a universal starting dose; rather, it illustrates
a clinically adaptable titration strategy.!*?!

Individualized UFNET Prescription g Reassess and continually readjust

Assess fluid removal TOLERANCE
Perfusion

&

Figure 2.
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T

Research Journal of Critical Care Nephrology, Vol 2, No 4, October 2026 241



Ultrafiltration During Continuous Kidney Replacement Therapy for AKI—Kashani et al.

To define the goal of fluid balance before
ordering UFNET, a useful sequence is to define
the desired fluid-balance trajectory, estimate fluid
input and other outputs, prescribe UFNET, reassess
actual balance and physiologic response, and then
adjust.”!* This is preferable to selecting a rate first
and observing where the patient ends up.

UFNET should be reassessed with new or
worsening hypotension temporally related to
removal, rapidly escalating vasopressors, evidence
of reduced cardiac output, increasing lactate or
impaired peripheral perfusion, new arrhythmia,
evidence of myocardial ischemia, resolution
of congestion, spontaneous diuresis, or signs
suggesting intravascular depletion.*3* The goal
should be the lowest rate sufficient to achieve the
desired fluid-balance trajectory without exceeding
physiologic tolerance, rather than maximal fluid
removal.

UFNET IN SPECIFIC CLINICAL PHENOTYPES
A phenotype-based framework is more defensible
than a single numerical rate.!* Among patients with
septic/distributive shock, when a combination of
capillary leak, vasodilation, and variable myocardial
dysfunction is present, severe edema may coexist
with limited effective circulating volume. High
vasopressor requirements and ongoing capillary
leak may reduce tolerance for rapid removal. The
RENAL heterogeneity analysis raised particular
concern about high UFNET among patients
with greater illness severity and cardiovascular
dysfunction.?” Fluid removal may still be needed,
but titration should be especially responsive to
perfusion and vasopressor trajectory.'*% This
is because among patients with cardiogenic
shock and acute heart failure, venous congestion
may derive substantial physiologic benefit from
decongestion, particularly when elevated venous
pressure contributes to renal dysfunction. However,
severe biventricular failure may also make cardiac
output highly preload dependent. Ultrasound and
hemodynamic assessment are therefore particularly
valuable. For example, right ventricular failure is a
paradigmatic example of why “volume overloaded”
does not necessarily mean “tolerates rapid removal.”
Reduction in venous congestion may improve organ
function, but excessive reduction in preload can

reduce right ventricular output and consequently
left ventricular filling.!*

Among patients with acute respiratory distress
syndrome (ARDS), persistent positive balance
contributes to pulmonary edema and may prolong
mechanical ventilation. Fluid removal is therefore an
important objective once resuscitation is complete,
but removal must remain compatible with systemic
perfusion.423

During the postoperative time, rapidly changing
fluid inputs, bleeding, vasoplegia, and ventricular
dysfunction complicate prescription. The practical
experience from RELIEVE-AKI demonstrated
specific protocol challenges in cardiovascular
surgical ICUs due to complex CKRT plans and
procedures, as well as rapidly changing clinical
requirements.!%2? Patients with liver failure
have a marked third spacing that can coexist
with reduced effective circulating volume and
profound vasodilation. Edema alone, therefore,
cannot determine the appropriate UFNET rate.!4
During treatment with extracorporeal membrane
oxygenation (ECMO), additional extracorporeal
circuitry, an increased inflammatory burden, and
complex volume targets make volume management
very challenging. Evidence specifically defining
UFNET rates for this phenotype remains limited
in the uploaded source set.'

When patients are experiencing severe capillary
leak, interstitial accumulation is accompanied
by poor vascular refill and ongoing vasoplegia.
Aggressive removal may cause hypotension
before substantial tissue decongestion occurs.
This is while among parents with a recovery
phenotype, as spontaneous urine output increases,
the extracorporeal UFNET requirements should
generally decrease. Failure to account for the
recovery of kidney output can lead to an excessive

net negative balance.’

UFNET AND KIDNEY RECOVERY

The relationship between decongestion and
kidney recovery is bidirectional.!*?3 Persistent
venous congestion can impair renal perfusion
gradients and contribute to interstitial edema.
Therefore, relieving congestion may improve
renal function. Conversely, excessive intravascular
contraction may reduce renal blood flow and
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14,2334 Opservational

potentially delay recovery.
evidence reflects both possibilities. Fluid overload
has been associated with reduced kidney recovery;
therefore, patients with > 10% fluid accumulation
were less likely to recover renal function.”” In the
RENAL UFNET analysis, high rates were associated
with greater dialysis dependence among survivors
at day 28,7 and, in a separate analysis after
accounting for the competing risk of death, high
UFnet was independently associated with longer
time to renal recovery.’ RELIEVE-AKI similarly
showed no significant difference in dependence
on kidney replacement therapy at discharge, but
the study was designed for feasibility and was not
powered to assess clinical outcomes.!”

During kidney recovery, clinicians should
incorporate spontaneous urine output into the total
fluid-removal equation. A CKRT setting that was
appropriate during anuria may rapidly become
excessive once native diuresis begins.” Kidney
recovery should trigger active reevaluation of
UENET rather than continuation of an established
machine rate.

PRECISION AND DYNAMIC UFNET

The concept of a single optimal UFNET rate is
increasingly difficult to reconcile with available
evidence.”!'*19 The traditional model treats UFNET
as a static exposure, in which a specific rate can be
delivered consistently. A precision model instead
treats it as a continuously updated intervention.
In this model, frequent assessment is needed to
provide an appropriate prescription. This also
needs to be followed by observing responses and
updating the prescription continuously.'

The relevant variables to be monitored include
congestion phenotype, hemodynamic phenotype,
cumulative fluid burden, rate of ongoing fluid
input, vasopressor trajectory, kidney function
and urine output, mechanical ventilation, cardiac
function, plasma refill capacity, and prior response
to fluid removal.

Future research should move beyond the mean
rate. Potentially important features include starting
rate, rate of escalation, peak rate, duration at high
rates, cumulative dose, variability, time spent with
no UFNET, time spent outside a target range, and
the relation between rate and concurrent fluid

balance.” Monai and colleagues examined upper-
quartile exposure, early exposure, and first-48-hour
measures, illustrating how different rate summaries
can capture different treatment dimensions.’
Automated systems could continuously integrate
EHR and CKRT machine data, estimate projected
fluid balance, and suggest adjustments. The
practical literature from RELIEVE-AKI proposes
automation and even Al-assisted approaches to
reduce the burden of manual calculations and
nursing documentation.?’ Any such system should
support, not replace, clinician assessment because
the most important variables, including bleeding,
changing shock states, procedures, and emerging
organ dysfunction, cannot be reduced reliably to

a single rate calculation.?

CLINICAL TRIALS AND INTERVENTIONAL
EVIDENCE

For many years, almost all UFNET evidence was
observational. The RELIEVE-AKI trial represents an
important transition toward prospective testing.!”
This trial was a stepped-wedge cluster-randomized
feasibility study conducted in 10 ICUs across
two US healthcare systems, assigning patients to
restrictive UFNET (0.5 to 1.5 mL/kg/h) or liberal
UFNET (2.0 to 5.0 mL/kg/h).'”2! Ninety-seven
patients (55 liberal, 42 restrictive) were enrolled.
Despite substantial intended separation in UFNET
dosage, mean delivered rates were 2.05 versus 1.81
mL/kg/h and did not differ significantly in the
primary analysis. Meanwhile, the investigators
reported that the rescue UFNET was substantially
more frequent in the restrictive group (66.7 vs.
14.5%).2!

The result is important not because it attempted
to establish an optimal rate, but because it
demonstrates that fixed UFNET strategies are
difficult to sustain amid changing physiology. The
UFNET in liberal arm was frequently reduced due
to hemodynamic instability or physician override,
whereas restrictive patients frequently required
rescue removal.'>?! Clinical outcomes, including
mechanical ventilation duration, ICU stay, hospital
mortality, dependence on kidney replacement
therapy, intradialytic hypotension, and arrhythmia,
did not differ significantly, but the trial was not
powered to assess these endpoints.
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A definitive UFNET trial faces several challenges,
including: 1) treatment contamination as clinicians
alter rates for safety; 2) poor exposure separation
as patient physiology drives convergence; 3)
dynamic fluid inputs, so the same UFNET does
not produce the same balance; 4) changing
disease state, so an appropriate rate today may be
inappropriate tomorrow; 5) marked heterogeneity
in congestion and tolerance; 6) nursing burden
from frequent calculations and titration; and 7)
outcome selection, since mortality may be too distal
to fluid-management biology.!?! The investigators’
experience suggests that future interventions should
be adaptive rather than rigid.?’

A recent proof-of-concept trial has already
shown that a hemodynamically guided UFNET
strategy can safely achieve markedly more
negative fluid balance than usual care in patients
receiving vasopressors, supporting the feasibility
of physiology-driven titration.’” In future trials,
candidate endpoints could include fluid-balance
trajectory, organ failure-free days, ventilator-free
days, duration of vasopressor support, kidney
recovery, CKRT-free days, MAKE, ICU length of
stay, and patient-centered functional outcomes.!4?!

PRACTICAL APPROACH TO UFNET
PRESCRIPTION

A practical bedside strategy can be organized
around a repeated decision cycle, to include assessing
congestion and tolerance, defining fluid-balance
goal, initiating UFNET, reassessing response,
continued titration, and transition toward euvolemic
status and recovery.”!* In this regard, the following
phenotypes (Table 3) could be recognized: 1)
Phenotype 1: congested and hemodynamically stable
(pulmonary / systemic edema, stable or decreasing
vasopressor requirements, adequate perfusion, no
strong evidence of preload dependence). Active
fluid removal is appropriate; initiate or continue

Table 3. Volume Status Phenotypes

UFNET and titrate toward the desired negative
balance while monitoring tolerance;!* 2) Phenotype
2: congested and hemodynamically unstable
(congestion remains important while vasopressors
are required). Do not assume UFNET must be zero;
determine whether hypotension is driven by fluid
removal or the underlying shock state, and consider
slower removal, treatment of the underlying
circulatory disorder, and frequent reassessment;***”
3) Phenotype 3: uncertain congestion (physical
findings and cumulative balance conflict). Avoid
aggressive empiric removal; use multimodal
assessment, including fluid history, ultrasound
when available, oxygenation, venous congestion,
hemodynamic response, and fluid-balance
trajectory;!* 4) Phenotype 4: approaching euvolemia
(congestion improved, rationale for persistent
negative balance weakening). Reduce UFNET
toward a neutral balance and avoid overshooting
the decongestion target;”!* and 5) phenotype 5:
suspected intravascular depletion (worsening
perfusion temporally associated with removal,
escalating vasopressors, preload responsiveness,
or spontaneous large-volume diuresis). Reduce or
discontinue UFNET and reassess the overall fluid
strategy.!#3* These categories intentionally indicate

direction, not a universal numerical dose.'*

KNOWLEDGE GAPS AND RESEARCH
PRIORITIES

Several fundamental questions remain
unresolved:'* 1) There is no standardized definition
of UFNET. Studies should clearly report machine-
derived net extracorporeal removal and distinguish
it from whole-patient fluid balance;’ 2) Optimal
exposure metrics are uncertain. The biologically
relevant exposure may be hourly UFNET, time-
weighted mean, peak rate, cumulative volume,
duration above a threshold, trajectory, rate of
escalation, or the interaction between UFNET and

Fluid-removal

Clinical state Fluid-removal need

General UFNET direction

tolerance
Congested, stable' High High Increase or maintain
Congested, unstable'#3437 High Low / uncertain Individualize; slower titration, frequent reassessment
Congestion uncertain' Uncertain Variable Avoid aggressive escalation until clarified
Near euvolemia9, 4 Low Maybe adequate De-escalate toward neutral
Intravascular depletion’434 Low Low Reduce or stop
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achieved fluid balance, possibilities that require
prospective evaluation.” These possibilities require
prospective evaluation; 3) Appropriate weight
denominator is unclear. Admission weight, pre-
illness weight, CKRT-start weight, and predicted
body weight produce different normalized rates.
Fluid accumulation can distort the measured
weight;!” 4) Integration of fluid balance in UFNET
prescription is infrequently done. Future studies
should not examine UFNET without measuring
concurrent fluid input and achieved balance. The
Monai analysis demonstrates why doing so can
fundamentally alter interpretation;’ 5) Definition of
UFNET-related organ injury needs to be established.
The potential intermediate endpoints should include
cardiac injury, cerebral perfusion, hepatic and
splanchnic perfusion, microcirculatory dysfunction,
kidney recovery, and vasopressor requirement;!'*
6) We need to develop and validate biomarkers
of removal tolerance. No validated biomarker or
physiologic test currently defines the maximum
safe rate of fluid removal in critically ill patients;
7) Ultrasound-guided decongestion needs to be
further studied and implemented in clinical practice.
Lung ultrasound, echocardiography, and “venous
Doppler / VE x US” are biologically attractive
tools, but prospective trials must establish whether
ultrasound-guided UFNET improves outcomes
rather than merely improving measurement; 8)
Phenotype-specific strategies need to be validated
and implemented. Septic shock, right ventricular
failure, cardiorenal syndrome, ARDS, postoperative
vasoplegia, liver failure, and severe capillary leak
almost certainly differ in both need and tolerance;
9) The safety and effectiveness of UFNET during
vasopressor therapy should be tested. Vasopressor
use is frequently treated as synonymous with
inability to remove fluid, yet congested patients
may benefit from continued decongestion despite
low-dose support. Prospective studies are needed
to determine the appropriate interaction between
the vasopressor trajectory and UFNET; 10) Kidney
recovery should be considered an important clinical
outcome of safe UFNET prescription. Trials should
incorporate the duration of kidney replacement
therapy, CKRT-free days, dialysis dependence, and
MAKE, rather than mortality alone;!” 11) Dynamic
adaptive trials to accommodate the dynamic

nature of patients should be conducted. RELIEVE-
AKI suggests that rigid target separation may be
unrealistic. Future trials should test algorithms that
permit physiologically defined adaptations rather
than fixed rates; and 12) Automated, Al-enabled
fluid management needs further development and
validation. Continuous integration of machine, EHR,
ultrasound, and hemodynamic data could permit
personalized decision support. However, algorithms
must be interpretable, clinically validated, and
designed around workflow rather than adding
documentation burden.

CONCLUSIONS

Net ultrafiltration is one of the most consequential
yet least standardized components of CKRT for
severe AKI. Fluid accumulation is associated with
mortality, prolonged ventilation, organ edema,
and impaired kidney recovery, providing a strong
rationale for active decongestion when spontaneous
or diuretic-mediated fluid removal is inadequate.
At the same time, extracorporeal removal can
reduce effective circulating volume when UFNET
exceeds vascular refill and cardiovascular tolerance.
Observational studies have produced conflicting
results. The controversies arise from nonrandomized
exposures that are strongly influenced by illness
severity, clinician selection, fluid burden, treatment
duration, and hemodynamic tolerance.

RELIEVE-AKI demonstrated that maintaining
fixed restrictive and liberal UFNET strategies was
challenging because changing patient physiology
repeatedly compelled clinicians to deviate from
protocolized targets. Therefore, there is a need to
transition to a dynamic, tightly regulated model for
fluid removal during CKRT. The clinical objective
should not be to identify and universally apply
a single “optimal UFNET rate.” Instead, UFNET
should be viewed as a dynamic therapeutic lever
used to achieve an individualized fluid-balance
goal. The prescription should then be continuously
revised according to congestion, fluid input,
hemodynamics, organ perfusion, urine output,
kidney recovery, and the achieved fluid-balance
trajectory.

Accordingly, the future of UFNET research should
move from static rate thresholds toward precision
decongestion by identifying which patients require
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fluid removal, determining how rapidly they can
safely tolerate it, defining measurable physiologic
responses, and developing adaptive strategies that
can change as rapidly as the critically ill patients
in whom they are applied.
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INTRODUCTION

With a global burden exceeding 850 million
cases, chronic kidney disease (CKD) represents
a substantial contributor to illness, premature
mortality, and the growing costs of healthcare.! [=]r
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Chronic Kidney Disease (CKD) is a major worldwide health concern
associated with a gradual decline in kidney function, cardiovascular
complications, and considerable variability in clinical progression
among affected individuals. Although estimated glomerular
filtration rate (eGFR) and albuminuria remain central to the
clinical assessment of CKD, these conventional measures provide
only a limited representation of the complex molecular processes
underlying the disease. In this mini review, we explore the potential
integrated multi-omics approaches to improve the understanding
and clinical management of CKD. Combining information
from genomics, epigenetics, transcriptomics, proteomics, and
metabolomics analyses can provide a more comprehensive picture
of the biological mechanisms involved in disease development and
progression. By providing a high-resolution, systems-level view of
renal pathophysiology, multi-omics enables the discovery of novel
early biomarkers, reveals distinct molecular endotypes within the
CKD spectrum. We synthesize current evidence supporting the
application of multi-omics in CKD, from risk prediction and early
detection to precise subtyping and the guidance of personalized
therapeutic strategies. We further discuss the computational and
translational challenges, including data integration, validation,
clinical implementation, and ethical considerations, that must be
addressed to realize the promise of precision nephrology. The
integration of multi-omics data into clinical workflows stands to
revolutionize CKD care, shifting it from reactive management to
proactive, personalized medicine. Finally, this review posits that
the future of CKD therapeutics lies in targeting hubs within these
identified networks, rather than single molecules, and provides
a forward-looking roadmap for translating integrated network
insights into clinically actionable biomarkers and rationally
designed combination therapies.
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of kidney persisting for more than three months,
CKD encompasses a vast etiological spectrum, from
diabetes and hypertension to glomerulonephritides
and rare genetic disorders. Current clinical
paradigms are heavily reliant on functional (eGFR)
and structural (albuminuria) parameters. While
useful, these markers are often late indicators of
damage, exhibit poor correlation with underlying
molecular mechanisms, and fail to predict disease
progression or treatment response accurately.2
Consequently, patients are diagnosed late, stratified
crudely, and managed with broadly applied
guidelines, leading to suboptimal outcomes.

The emergence of high-throughput “omics”
technologies offers an unprecedented opportunity
to deconstruct CKD’s biological complexity.
Genomics identifies hereditary predispositions;
transcriptomics reveal changes in gene expression
over time; proteomic analysis profiles protein levels
and post-translational changes; metabolomics

Research Journal of Critical Care Nephrology, Vol 2, No 4,

characterize downstream metabolic phenotypes;
and epigenomics maps regulatory alterations that
affect gene expression. Individually, each omics
layer provides valuable but fragmented insights.
However, their integrative analysis, multi-omics,
facilitates the construction of comprehensive
molecular networks that underlie disease
pathogenesis.?

This mini-review argues for integrative multi-
omics profiling as the cornerstone of a new CKD
paradigm. We detail its application in: 1) Early
Diagnosis: Identifying sensitive biomarkers long
before eGFR decline; 2) Molecular Stratification:
Moving beyond etiology to define disease endotypes
based on shared biological pathways; and 3)
Personalized Management: Informing targeted
therapies, monitoring treatment response, and
predicting complications. Finally, we outline the
roadmap and hurdles for translating this research
vision into clinical practice.
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THE MULTI-OMICS TOOLKIT: APPLICATIONS
IN CKD PATHOBIOLOGY
Genomics and Epigenomics: Unraveling
Predisposition and Regulation

Genome-wide association studies (GWAS)
analyses have uncovered numerous genetic variants
linked to both CKD susceptibility and variation in
eGFR (Figure 1), implicating pathways in podocyte
function, renal development, and metabolism.*
For example, variants in APOL1 confer high
risk for CKD in individuals of African ancestry,
illustrating a genetic basis for health disparities.?
Beyond common variants, whole-exome sequencing
uncovers rare, penetrant mutations in diseases
like atypical hemolytic uremic syndrome, directly
guiding therapy with eculizumab. Epigenomics,
including DNA methylation, histone modification,
and non-coding RNA expression (e.g., miRNAs),
mediates the interaction between genes and

environment. Hypermethylation of RASALI, a
suppressor of renal fibrosis, has been linked to
sustained fibrotic responses in CKD.® Circulating
miRNAs (e.g., miR-21, miR-29) show promise as
stable biomarkers reflecting renal fibrosis and
inflammation.”

Transcriptomics and Proteomics: Capturing
Active Disease States

Single-cell and bulk RNA-sequencing of kidney
biopsies have revolutionized our understanding
of intra-renal cellular heterogeneity and disease-
specific gene signatures (Table 1). In diabetic
kidney disease (DKD), transcriptomics has
identified activation of inflammatory (NF-kB)
and fibrotic (TGF-B) pathways, and revealed
distinct prognostic signatures beyond histology.?
Proteomics, particularly using mass spectrometry,
analyzes the functional effector molecules. Urinary

The Multi-Omics Toolkit

Genomics and Epigenomics:
Unraveling Predisposition and Regulation

Transcriptomics and Proteomics:
Capturing Active Disease States

Metabolomics:
Profiling the Functional Phenotype
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Figure 1. The MultiOmics Toolkit for CKD Pathobiology [Genomic and epigenomic features define predisposition and regulatory context;
transcriptomic and proteomic layers capture cellstate and effector pathways; metabolomics profiles functional phenotype. Integrated
network analytics across kidney compartments link molecular signals to CKD phenotypes including fibrosis, inflammation, tubular and

glomerular injury, and declining renal function (eGFR / albuminuria).]
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A Multi-Omics Framework for Target Discovery in CKD

Omic Laver Biological Question Key
ve Addressed (The Technological
(The Toolkit)
Lens) Platforms

Application in CKD

Pathobiology (The Target

Discovery)

Specific Insights into Therapeutic
Targets

Genomics What is the inherited

- GWAS (Genome- Identifying risk alleles

(The Blueprint) risk or fixed genetic ~ Wide Association
predisposition to Studies)
CKD onset and - WES/WGS
progression? (Whole Exome/
Genome

Sequencing)

for CKD (e.g., APOL1

in African Americans,
UMOD mutations).
Discovering monogenic
causes of kidney disease
(e.g., collagenopathies,

- Target Validation: Confirming a causal
role for a gene (e.g., APOL1) provides
a high level of confidence for drug
development.

Patient Stratification: PRS can identify
“high-risk” populations for early
intervention or clinical trial enrichment.

- Polygenic Risk podocytopathies).
Scores (PRS)
Epigenomics How do - ChlP-seq Mapping aberrant DNA - Epigenetic Therapies: Targeting
(The environmental (Histone methylation patterns in “writers” and “erasers” (e.g., HDAC
Environmental  factors (diabetes, modifications) kidney fibrosis. Identifying inhibitors, DNMT inhibitors) to reverse
Regulator) hypertension, - ATAC-seq changes in chromatin maladaptive transcriptional programs.
toxins) and aging (Chromatin accessibility in renal - Reprogramming Potential: Identifying
modify gene activity — accessibility) proximal tubular epithelial accessible chromatin regions
without changing - Bisulfite cells under metabolic that could be targeted to induce

the DNA sequence?

sequencing (DNA

stress.

regenerative cell states.

methylation)
Transcriptomics  What are the actively - Bulk RNA-seq Deconvoluting the cellular - Cellular Precision: scRNA-seq
(The Dynamic expressed genes - Single-cell RNA- landscape of the fibrotic pinpoints the exact cell type

Script) and RNA networks seq (scRNA-seq)  kidney (e.g., identification of ~ expressing a drug target (e.g., a
driving the disease - Spatial novel pro-fibrotic fibroblast cell-surface receptor on an activated
phenotype in Transcriptomics subtypes, inflammatory myofibroblast).
specific kidney macrophage signatures). - Biomarker Discovery: Identifying cell-
cells? Mapping the “zonation” of type-specific secreted factors as non-

injury along the nephron. invasive biomarkers of disease activity.
Proteomics What are the - Mass Profiling the urinary proteome - Direct Druggable Entities: Proteins
(The Functional functional proteins Spectrometry to discover early indicators are the most common drug targets.

Machinery) and signaling (MS) of tubular damage (e.g., Proteomics directly measures their
networks that - Proximity KIM-1, NGAL) or the abundance and activation state (e.g.,
constitute Extension Assay  glomerular proteome to phosphorylation).
the disease’s (PEA) identify podocyte injury - Pathway Mapping: Identifying
machinery, - Antibody arrays pathways. Quantifying dysregulated signaling cascades (e.g.,

including post-
translational
modifications?

thousands of circulating
proteins associated with
kidney function decline.

TGF-B, JAK-STAT) that are amenable
to intervention with biologics or small
molecules.

- Nuclear Magnetic Identifying and quantifying

Metabolomics What are the
(The downstream Resonance
Physiological metabolic (NMR)
Readout) consequences - Liquid/Gas
of kidney Chromatography-
dysfunction, and Mass
how do metabolic Spectrometry
derangements (LC/GC-MS)

(uremic toxins)
drive further injury?

the accumulation of uremic
toxins (e.g., indoxyl sulfate,
p-cresyl sulfate, TMAO).
Mapping shifts in energy
metabolism (e.g., fatty acid
oxidation) in the diseased
kidney.

Therapeutic Intervention: Developing
adsorbents to remove uremic toxins
or inhibitors to block their production
by the gut microbiota (e.g., targeting
microbial TMA lyase to reduce TMAO).
Metabolic Reprogramming: Identifying
nodes in metabolic pathways (e.g.,

in glycolysis or fatty acid oxidation)
that, if targeted, could restore cellular
energetics and slow degeneration.

proteomics has yielded classifiers (e.g., CKD273, a
273-peptide signature) that can detect early CKD
and predict progression with high accuracy, even
in normoalbuminuric diabetic patients.® Plasma
proteomic panels are also being developed to assess
cardiovascular risk specifically in CKD populations.

Metabolomics: Profiling the Functional
Phenotype
Metabolomics provides a snapshot of systemic
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and local biochemical processes. CKD is
characterized by a profound disruption of
metabolism, including the accumulation of
uremic toxins (indoxyl sulfate, p-cresyl sulfate),
alterations in the tricarboxylic acid (TCA)
cycle, and dysregulation of amino acid and
lipid metabolism.!? Specific metabolite panels
can distinguish CKD etiologies and correlate
more strongly with residual renal function than
traditional markers.
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INTEGRATIVE MULTI-OMICS: FORGING A
NEW PARADIGM

The true power lies in data integration, where
complementary omics layers are combined to
construct causal networks.

Early Diagnosis: Beyond Creatinine

Integrative models outperform single-omics
approaches. For instance, combining a genomic
risk score with a urinary proteomic classifier and
a panel of serum metabolites can significantly
enhance the prediction of incident CKD in at-risk
populations (e.g., hypertensive or diabetic patients).
Such models can identify “silent” disease during
the molecular injury phase, enabling preventative
strategies.

Molecular Stratification: Defining Endotypes

CKD is not one disease. Multi-omics clustering
can stratify patients into endotypes with shared
molecular drivers, irrespective of clinical diagnosis.
A seminal study in DKD identified distinct
endotypes: an “inflammatory,” a “fibrotic,” and a
“metabolic” cluster, each with different progression
rates and potential therapeutic vulnerabilities.!!
Similarly, in IgA nephropathy, integrative analyses
have defined subgroups with varying activity
of the complement system, guiding the use of
complement inhibitors.

Personalized Management: Guiding Targeted
Therapy

Multi-omics can match patients to optimal
treatments. A patient with a lupus nephritis
transcriptomic signature dominated by interferon
pathways may be a prime candidate for anifrolumab
(an interferon receptor antagonist). Proteomic
monitoring can reveal early response (or resistance)
to therapies like SGLT2 inhibitors, allowing for
timely adjustment. Furthermore, metabolomic
profiling can personalize dietary recommendations
and manage uremic toxin accumulation.

This table presents a layered, systems biology
approach to understanding CKD pathobiology.
Each “omic” layer serves as a distinct investigative
tool that addresses a unique biological question,
providing a multi-dimensional view of the
disease. By integrating insights across these layers,

from fixed genetic risk (Genomics) to dynamic
environmental responses (Epigenomics), active
cellular programs (Transcriptomics), functional
protein networks (Proteomics), and ultimate
metabolic consequences (Metabolomics), researchers
can identify and validate novel therapeutic targets
with greater precision. This integrated strategy
moves beyond single biomarkers to uncover the
complex, interconnected networks that drive
CKD progression, facilitating the development of
targeted, rational therapies.

CHALLENGES AND FUTURE DIRECTIONS
Despite its promise, several hurdles remain:
i) Technical & Computational: Integrating
heterogeneous, high-dimensional datasets requires
advanced bioinformatics (Al, machine learning) and
robust statistical frameworks to avoid overfitting.
A major computational challenge in multi-omics
studies is the risk of overfitting, particularly when
high-dimensional molecular datasets are analyzed
in relatively small clinical cohorts. Models may
capture noise or cohort-specific patterns rather
than robust biological signals, resulting in poor
generalizability to new patients. Therefore, rigorous
feature selection, appropriate regularization, cross-
validation, and, importantly, testing in independent
external validation cohorts are essential to establish
model robustness and clinical utility.!?!>17 In
addition, batch effects arising from differences in
sample processing, analytical platforms, laboratory
procedures, or study sites can introduce systematic
variation across multi-omics datasets. Careful
experimental design, standardized protocols,
and appropriate computational batch-correction
strategies are consequently required to distinguish
true biological signals from technical variation; ii)
Validation and Standardization: Discoveries must
be validated in large, diverse, prospective cohorts.
Assay standardization and quality control are critical
for clinical adoption; iii) Clinical Implementation
and Ethics: Integrating multi-omics into electronic
health records, demonstrating cost-effectiveness, and
training clinicians are major tasks. Ethical issues
surrounding data privacy, incidental findings, and
equitable access must be proactively addressed;!>® iv)
Economic Feasibility: The high cost of comprehensive
multi-omics profiling remains an important barrier

252 Research Journal of Critical Care Nephrology, Vol 2, No 4, October 2026



Multi-Omics Approaches and Chronic Kidney Disease—Kianfar et al

to routine clinical implementation. Future research
should therefore evaluate the cost-effectiveness of
multi-omics-guided care and focus on translating
broad multi-omics discoveries into targeted, clinically
validated panels containing a smaller number of
informative biomarkers. Such lower-cost approaches
may provide a more scalable and practical strategy
for incorporating molecular profiling into routine
CKD management, particularly in resource-limited
settings; v) Biological Sample Access: While urine
and blood are accessible, kidney tissue provides the
most direct insight. Biopsy biobanking and non-
invasive methods to assess tissue status are vital.
Although kidney tissue provides direct information
about intrarenal molecular changes, repeated biopsy
is invasive and may not be feasible for longitudinal
monitoring. Liquid biopsy approaches, including
circulating cell-free DNA and urinary extracellular
vesicles, may offer a minimally invasive means of
capturing molecular signals associated with ongoing
renal injury. Serial assessment of these biomarkers
could complement tissue-based analyses by enabling
repeated monitoring of disease progression and
treatment response. However, their clinical utility
still requires rigorous validation, standardization,
and correlation with tissue-level molecular
findings!?20.

CONCLUSIONS

The integrative multi-omics approach represents
a paradigm shift in nephrology, moving from
a phenotype-based to a mechanism-based
understanding of CKD. By defining the molecular
features that drive CKD heterogeneity, multi-omics
may not only support earlier disease detection and
mechanistic patient stratification but also help
predict how individual patients will respond to
established therapies, including SGLT2 inhibitors
and mineralocorticoid receptor antagonists, thereby
enabling more informed and personalized treatment
decisions. While significant translational challenges
exist, coordinated efforts across research, clinical,
and computational domains are paving the way
for a future where CKD management is proactive,
predictive, and precisely tailored to the individual
patient’s molecular profile. The era of precision
nephrology, grounded in multi-omics, is on the
horizon.
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INTRODUCTION

Sepsis is one of the greatest critical care challenges
and is estimated to cause 11 million deaths globally
every year, consuming a significant amount of
intensive care resources. Despite improvements
in early recognition and treatment, mortality in
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Introduction. Sepsis-associated acute kidney injury (SA-AKI)
is a common and serious complication in critically ill patients,
associated with high morbidity and mortality. Early diagnosis
remains challenging due to the limitations of traditional biomarkers
such as serum creatinine and urine output. MicroRNAs (miRNAs)
and circular RNAs (circRNAs) have emerged as promising non-
invasive biomarkers for early SA-AKI detection. To systematically
evaluate the diagnostic accuracy of individual non-coding RNA
biomarkers for predicting SA-AKI in sepsis patients.

Methods. We systematically searched PubMed from inception to
August 2026 and manually screened reference lists of relevant
systematic reviews. Studies were included if they evaluated non-
coding RNAs for SA-AKI diagnosis in sepsis patients, compared
sepsis patients with AKI to sepsis patients without AKI.
Results. Fourteen studies comprising 1,840 patients (908 with
SA-AKI and 932 controls) were included. The pooled sensitivity
was 83.5% and pooled specificity was 81.5%. The pooled DOR
was 22.29, and the area under the HSROC curve was 0.885,
indicating excellent diagnostic accuracy. The most promising
individual biomarkers identified were miR-210 (AUC = 0.913),
miR-155 (AUC = 0.910), miR-132-3p (AUC = 0.910), and miR-769-
5p (AUC = 0.928). Heterogeneity was low to moderate (1% 30.4
to 35.9% for sensitivity, 0.8 to 0.9% for specificity).
Conclusions. Individual non-coding RNA biomarkers demonstrate
good to excellent diagnostic accuracy for SA-AKI, with performance
comparable to or exceeding that of established protein biomarkers.
Their biological plausibility, stability in body fluids, and potential
for early detection make them attractive candidates for clinical
translation.
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septic patients has been reported as between 20 and

50%, depending on the severity of the disease.!?
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Sepsis can have a multitude of complications,
and acute kidney injury (AKI) is one of the most
frequent, occurring in 20 to 50% of septic patients
and representing a distinct and independent poor
prognostic factor.*® This systemic inflammatory
process, combined with microvascular dysfunction,
oxidative stress, mitochondrial injury, and
tubular epithelial cell damage, is a multifactorial
phenomenon and not merely a reflection of poor
renal perfusion; it constitutes sepsis-associated
AKI (SA-AKI).6

Early diagnosis of SA-AKI remains challenging.
The current clinical standard, serum creatinine,
only increases after significant nephron loss and is
influenced by non-renal factors including muscle
mass, hydration status, and medication use.”8
Protein-based biomarkers that have attempted
to fill this void have yielded only moderate and
inconsistent diagnostic value in studies, with AUCs
of 0.65 to 0.87 reported in most studies.”1

MicroRNAs (miRNAs) are emerging as potential
biomarkers for SA-AKI. These small non-coding
RNAs are released into circulation and urine in
tissue- and injury-specific patterns, and their release
into plasma is linked to key pathophysiological
pathways involved in sepsis-induced renal injury,
such as hypoxic signaling and inflammatory
cascades.’®!8 Importantly, miRNAs are highly
resistant to RNase degradation, withstand repeated
freeze-thaw cycles, and are clinically stable in
body fluids, making them promising candidates
for clinical assays.! In addition to miRNAs,
circular RNAs (circRNAs) have recently emerged
as potential biomarkers. These covalently closed
non-coding RNAs are remarkably stable due to their
resistance to exonuclease degradation and have
been shown to function as miRNA sponges, making
them attractive diagnostic targets.?? Several
studies have focused on particular miRNAs, multi-
marker miRNA panels, or circRNAs as diagnostic
markers for SA-AKI. However, these studies have
generally been small and heterogeneous. Previous
reviews in this field have been narrative or have
not quantitatively synthesized diagnostic accuracy
data comparing individual non-coding RNA
biomarkers.?32

The aim of this systematic review and meta-
analysis was to quantify the diagnostic accuracy

of individual non-coding RNA biomarkers for
the diagnosis of SA-AKI, and to evaluate their
potential clinical utility compared to established
protein-based biomarkers.

MATERIALS AND METHODS
This systematic review and meta-analysis
were conducted in accordance with the Preferred

Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.?’

Search Strategy

We systematically searched the PubMed database
from inception to August 2026. Additionally,
we manually screened the reference lists of
four relevant systematic reviews?2° to identify
additional studies. The search strategy combined
terms for microRNAs, sepsis, acute kidney injury,
and diagnostic accuracy.

The following search strings were applied:

1. (“miR-210" OR “microRNA-210") AND (“sepsis”
OR “septic”) AND (“acute kidney injury” OR
“AKI”) AND (“diagnostic” OR “biomarker”)

2. (“miR-582-5p” OR “microRNA-582-5p” OR
“miR-23a-3p” OR “microRNA-23a-3p” OR
“miR-320-3p” OR “microRNA-320-3p” OR
“miR-22-3p” OR “microRNA-22-3p” OR “miR-
15a-5p” OR “microRNA-15a-5p”) AND (“sepsis”
OR “septic”) AND (“acute kidney injury” OR
“AKI”) AND (“diagnostic” OR “biomarker” OR
“ROC” OR “AUC”)

3. (“microRNAs”"[MeSH Terms] OR
“microRNA"[Title/Abstract] OR “miRNA"[Title/
Abstract] OR “miR-"[Title/Abstract]) AND
(“acute kidney injury”[MeSH Terms] OR “acute
kidney injury”[Title/Abstract] OR “AKI”[Title/
Abstract] OR “acute renal injury”[Title/Abstract])
AND (“sepsis”[MeSH Terms] OR “sepsis”[Title/
Abstract] OR “septic”[Title/Abstract]) AND
(“systematic review”[Publication Type] OR
“meta-analysis”[Publication Type] OR “Meta-
Analysis”[Title/Abstract] OR “Systematic
Review”[Title/Abstract])

Eligibility Criteria

Studies were included if they: 1) evaluated
miRNAs, circRNAs, or other non-coding RNAs as
diagnostic biomarkers for sepsis-associated acute
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kidney injury (SA-AKI) in human populations; 2)
reported diagnostic accuracy data including AUC,
sensitivity, and specificity, or provided sufficient
information to construct a 2 x 2 contingency table;
3) used validated AKI definitions based on KDIGO,
AKIN, or RIFLE criteria; 4) compared sepsis patients
with AKI to sepsis patients without AKI; and 5)
were published in English.

We excluded: 1) preclinical or animal studies; 2)
in vitro investigations without clinical validation;
3) review articles, editorials, conference abstracts,
and case reports; 4) studies not specifically focused
on sepsis-associated AKI; 5) studies comparing AKI
patients to healthy controls without a sepsis-non-
AKI group; 6) studies evaluating AKI of mixed
etiologies not exclusively sepsis-related; 7) articles
with incomplete diagnostic data; 8) retracted
publications; and 9) studies with unavailable full
text.

For Chinese-language studies identified
during the search, we utilized DeepSeek (i E
3K %), an artificial intelligence language model,
to translate the full texts into English and assist
with data extraction. The translated content was
independently verified by two reviewers to ensure
accuracy and consistency of the extracted variables.

Study Selection and Data Extraction
Two reviewers independently screened titles
and abstracts (FJG and DG), followed by full-
text assessment of potentially eligible articles.
Disagreements were resolved through discussion
or consultation with a third reviewer (L.L or IAD).
Data extraction was performed using a
standardized form that captured:
e Study characteristics: author, year, country,
and design
e Sample characteristics: sample type (serum,
plasma, urine, or whole blood)
e AKI definition: KDIGO, AKIN, RIFLE, or
other criteria
e Biomarker information: biomarker(s)
evaluated, category (single miRNA, best-
performing miRNA from multi-miRNA panel,
or circRNA)
¢ Diagnostic accuracy metrics: AUC with 95%
CI, sensitivity, specificity
* 2 x 2 contingency table data: true positives,

false positives, false negatives, and true
negatives

* Sampling timing: early (within 24 hours of
admission), at diagnosis (at the time of clinical
diagnosis), or late (at renal replacement
therapy initiation)

* Assay methodology: RNA extraction kit,
normalization method, detection chemistry,
PCR platform

For Chinese-language publications, data

extraction was performed with the assistance of
DeepSeek Al translation, followed by manual
verification by the review team.

Quality Assessment

Methodological quality was evaluated using
the QUADAS-2 tool, which assesses risk of bias
across four domains: patient selection, index test,
reference standard, and flow and timing.?® Each
domain was rated as low, high, or unclear risk of
bias, and applicability concerns were also assessed
for each domain.

Statistical Analysis

All meta-analyses were conducted using R
software (version 4.5.2) with the metafor, meta,
and mada packages.

The primary outcomes were pooled sensitivity,
specificity, and diagnostic odds ratio (DOR). A
bivariate random-effects model? was applied to
account for between-study heterogeneity and the
correlation between sensitivity and specificity.
The hierarchical summary receiver operating
characteristic (HSROC) model was used to generate
the summary ROC curve and estimate the area
under the curve (AUC).3° To handle zero cells
in 2 x 2 tables, a continuity correction of 0.5 was
added to all cells.?! For one study (Fan et al.3?),
the reported AUC was 1.91 (95% CI: 1.61 to 2.19),
which is mathematically impossible. We inferred
that this represented a reporting error and used the
value 0.910, which is consistent with the reported
sensitivity (91.12%) and specificity (84.52%).

Between-study heterogeneity was quantified
using the I? statistic and Cochran’s Q test. I? values
below 25% indicated low heterogeneity, 25 to
50% moderate heterogeneity, and above 50% high
heterogeneity.? For the bivariate model, 12 was
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calculated using Holling’s approach (sample size
unadjusted for sensitivity, sample size adjusted
for specificity) and the Zhou and Dendukuri
approach. Subgroup analyses were performed to
explore potential sources of heterogeneity based
on clinically relevant variables, including sampling
time, sample type, and detection chemistry.®
Publication bias was evaluated using Egger’s
regression test with sample size as the predictor,®
Begg’s rank correlation test,* visual inspection of
funnel plots, and trim-and-fill analysis.>® Egger’s
regression test was implemented using the regtest
function in the metafor package with predictor = “ni”
to model the relationship between study precision
(sample size) and effect size on the logit scale.
Trim-and-fill analysis was performed using the LO
estimator for sensitivity and the RO estimator for
specificity, following the default recommendations
of the metafor package. All tests were two-sided
with a significance level of P < .05. The complete,
reproducible R script used for all analyses (data
entry, bivariate random-effects modeling, subgroup
analyses, miR-210 cross-study comparison,
publication bias assessment, and funnel plot
generation) is provided as Supplementary Code S1.

Study Selection

The systematic literature search identified 46
records from database searches and 280 additional
records from the reference lists of four systematic
reviews. After removing 4 duplicates, 322 records
were screened by title and abstract, of which 270
were excluded. The remaining 52 full-text articles
were assessed for eligibility. Of these, 14 studies
(26.9%) provided complete diagnostic accuracy data
(2 x 2 contingency tables, AUC, sensitivity, and
specificity) comparing sepsis patients with AKI to
sepsis patients without AKI and were included in
the quantitative meta-analysis: 11 single miRNA
marker studies, 1 study reporting an individual
miRNA from a multi-miRNA panel (from which
the best-performing miRNA was extracted), and
2 circRNA studies (Table 1).

Thirty-eight studies (73.1%) were excluded for the
following reasons: incomplete diagnostic data (lack
of sensitivity /specificity reporting or absence of 2
x 2 contingency tables); different study populations
(e.g., neonatal sepsis, non-sepsis AKI); comparison

Table 1. Characteristics and Diagnostic Performance of Included Biomarkers for Sepsis-associated AKI

Spec (%)

Sens (%)

AUC (95% Cl)

Total (AKIl/Control)

Sample Timing AKI Definition

Biomarker

Year Country

Study

Zhang et al.3®
Liu et al.40

91.37
78.00
63.90
84.52

92.21

0.913

(41/40)
(47/50)

81

KDIGO
KDIGO
KDIGO

Early

Serum

miR-210
miR-452
miR-2102
miR-155
miR-4772-3p
miR-769-5p
miR-379-5p
miR-151a-3p
miR-625-5p
miR-21-3p
miR-132-3p

China

2026
2020
2024
2024
2026
2025
2026
2026
2024
2020
2026
2025
2026
2024

1

2

87.23
84.60

0.899
0.777

97

At Dx
At Dx
Early

Urine

China
Indonesia

52 (26/26)
150 (79/71)
192 (93/99)
162 (82/80)
159 (74/85)

Serum

Susianti et al.#’
Fan et al.3?

91.12

0.910b
0.864
0.928
0.820
0.883
0.844
0.863
0.910

RIFLE
KDIGO
Not specified

Serum

China

4

84.00

85.10

At Dx
Early

Serum

China

Chen et al.*2

5
6
7
8
9

83.80
72.90
77.60
74.60
81.60
91.00

86.15

87.80

Serum

China

Peng et al.*3

75.70

KDIGO
KDIGO
KDIGO
KDIGO
KDIGO
KDIGO
KDIGO
KDIGO

Early

Serum

China

Wang et al.*

84.60

208 (110/98)
120 (62/58)
142 (49/93)

Early

Serum

China

Tian et al.#®

79.03
87.50
82.40

80

Early

Serum

China

Gong et al.#®
10 Wu S-Y etal.?’

Early

Serum
Plasma

China

208 (108/100)
135 (70/65)

At Dx

China

Lan et al.*8
12 Xuetal4®

11

.0

0.888
0.818

Early

Urine
Plasma
Plasma

miR-577°
hsa_circ_0056869

China

82.35
87.9

79.41
78

68 (34/34)
66 (33/33)

Early

hsa_circ_0072463

China

Pu et al.?2
14 Pengetal.?!

13
Total

.8

0.866
1,840z

Early

China

N =

Abbreviations: Dx, diagnosis; AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes; RIFLE, Risk, Injury, Failure, Loss, End-stage kidney disease; AUC, area under the

receiver operating characteristic curve; Cl, confidence interval; Sens, sensitivity; Spec, specificity.

b AUC corrected from the reported value of 1.91, which is mathematically impossible; 0.910 is consistent with the reported sensitivity and specificity.

2 Susianti et al. specifically measured the miR-210-3p strand; both miR-210 and miR-210-3p are grouped as miR-210 for pooling.
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groups other than sepsis-non-AKI (e.g., healthy
controls, ATN vs. HRS); or reporting multi-marker
panels without individual biomarker data. The
PRISMA flow diagram is presented in Figure 1.

Study Characteristics
A total of 14 studies were included in the meta-

analysis. The studies were published between
2020 and 2026, with the majority (n =13, 92.9%)
published in 2020 or later, reflecting the growing
interest in non-coding RNA biomarkers for SA-AKI.
The included studies originated from 2 countries:
China (n =13, 92.9%) and Indonesia (n =1, 7.1%).
Of the 14 studies, 11 (78.6%) evaluated single

PRISMA 2020 Flow Diagram

Records identified via
database searching
(n =46)

Identification

Additional records identified
via reference lists

(n = 280)

Total records identified (n = 326)

\ 4

Records after duplicates removed
(n =322)

\ 4

Records screened by title and

abstract (n = 322)

Y

Full-text articles assessed for

\

Records excluded (n = 270)

Full-text articles excluded (n = 38):
»| ° Incomplete diagnostic data (n = 12)

eligibility (n = 52)

Eligibility

Y

Studies included in quantitative synthesis
(meta-analysis) (n = 14)
« Single miRNA studies (n = 11)
* Best-performing miRNA from multi-
miRNA panels (n = 1)
* circRNA studies (n = 2)

Figure 1. PRISMA Flow Diagram of Study Selection

« Different study populations (e.g.,
neonatal sepsis, non-sepsis AKI) (n =
10)

» Comparison groups other than sepsis-
non-AKI (e.g., healthy controls, ATN vs
HRS) (n = 8)

* Multi-marker panels without individual
biomarker data (n = 8)

Flow diagram showing the identification, screening, eligibility, and inclusion of studies for the systematic review and meta-analysis.
A total of 322 records were screened, of which 52 full-text articles were assessed for eligibility, resulting in 14 studies included in the

quantitative synthesis.
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miRNA markers, 1 (7.1%) reported an individual
miRNA from a multi-miRNA panel (from which
the best-performing miRNA was extracted), and
2 (14.3%) evaluated circRNA biomarkers. Sample
types included serum (n = 9, 64.3%), plasma (n = 3,
21.4%), and urine (n = 2, 14.3%). AKI was defined
using KDIGO criteria (n = 12, 85.7%) or RIFLE
criteria (n =1, 7.1%); one study (7.1%) did not
explicitly report the AKI diagnostic criteria used.
The most commonly investigated biomarkers were
miR-210 (n = 2, 14.3%), with all other biomarkers
evaluated in single studies. The 2 x 2 contingency
table data for all studies are presented in Table 2,
and the detailed assay methods are summarized
in Table 3. Regarding sepsis diagnostic criteria, 12
studies (85.7%) employed the Sepsis-3 definitions,
while one study (Gong et al.) used the 2001 SCCM/
ESICM/ACCP/ATS/SIS criteria, and one pediatric
study (Wu et al.) used the Chinese Pediatric Sepsis
Shock Expert Consensus (2015 version). Notably,
Wu et al. was the only study including a pediatric
population, with all other 13 studies conducted in
adult populations

The 14 included studies comprised 1,840 patients
(908 with SA-AKI and 932 controls), with 11 single
miRNA studies (n = 1,571 patients), 1 study with
a best-performing miRNA from a panel (n = 135
patients), and 2 circRNA studies (n = 134 patients).
The characteristics of all included studies are

summarized in Table 1.

The methodological quality of the 14 included
studies was assessed using the QUADAS-2 (Quality
Assessment of Diagnostic Accuracy Studies) tool,
which evaluates four domains: patient selection,
index test, reference standard, and flow and timing.
A summary of the quality assessment is presented
in Figure 2.

Patient Selection: The majority of studies
(n =10, 71.4%) were at low risk of bias, as they
included consecutive or random patient samples
and avoided inappropriate exclusions. Four studies
(28.6%) were at unclear risk due to insufficient
reporting of sampling methods. No studies were
at high risk of bias in this domain.

Index Test: All 14 studies (100%) were at low
risk of bias for the index test domain, as they
prespecified the miRNA / circRNA cut-off values
or used standardized methods (RT-qPCR) for RNA
quantification.

Reference Standard: Thirteen studies (92.9%)
used validated AKI definitions (KDIGO or RIFLE
criteria) and were at low risk of bias. One study
(7.1%) did not explicitly report the AKI diagnostic
criteria used and was classified as unclear risk of
bias. No studies were at high risk of bias in this
domain

Flow and Timing: The majority of studies
(n =11, 78.6%) were at low risk of bias, as they

Table 2. Two-by-Two Contingency Tables Derived from Reported Diagnostic Accuracy

# Study Biomarker Total (n) TP FP FN TN
1 Zhang et al. 2026 miR-210 81 38 4 3 36
2 Liu et al. 2020 miR-452 97 41 11 6 39
3 Susianti et al. 2024 miR-2102 52 22 9 4 17
4 Fan et al. 2024 miR-155 150 72 11 7 60
5 Chen et al. 2026 miR-4772-3p 192 79 16 14 83
6 Peng et al. 2025 miR-769-5p 162 72 13 10 67
7 Wang et al. 2026 miR-379-5p 159 56 23 18 62
8 Tian et al. 2026 miR-151a-3p 208 93 22 17 76
9 Gong et al. 2024 miR-625-5p 120 49 15 13 43
10 Wu S-Y et al. 2020 miR-21-3p 142 43 17 6 76
11 Lan et al. 2026 miR-132-3p 208 89 9 19 91
12 Xu et al. 2025 miR-577 135 56 9 14 56
13 Pu et al. 2026 hsa_circ_0056869 68 27 6 7 28
14 Peng et al. 2024 hsa_circ_0072463 66 26 4 7 29
Total 1,840 763 169 145 763

Note. Cell counts (true positive [TP], false positive [FP], false negative [FN], true negative [TN]) were back-calculated from the reported total
sample size and diagnostic accuracy metrics (sensitivity and specificity) for use in meta-analytic pooling. Non-integer values reflect rounding

during back-calculation from reported sensitivity and specificity.

aSusianti et al. specifically measured the miR-210-3p strand; Zhang et al. did not specify the strand. Both are referred to as miR-210 for pooling

purposes.
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QUADAS-2 Risk of Bias Summary (Domain-Level)

Proportion of included studies (n = 14) rated at each risk level, by domain

Patient Selection

Index Test

Reference Standard

Flow and Timing

10 (71.4%)

11 (78.6%)

4(28.6%)

14 (100%)

13 (92.9%) 7.1%

3 (21.4%)

0% 25%

B Low risk

Unclear risk

50% 75% 100%

Proportion of studies

I High risk

Figure 2. QUADAS-2 Quality Assessment Summary of Included Studies

Risk of bias assessment across four domains: patient selection, index test, reference standard, and flow and timing. Green indicates low
risk of bias, yellow indicates unclear risk, and red indicates high risk of bias. In the patient selection domain, 10 studies (71.4%) were at
low risk and 4 studies (28.6%) at unclear risk. In the index test domain, all 14 studies (100%) were at low risk. In the reference standard
domain, 13 studies (92.9%) were at low risk and 1 study (7.1%) at unclear risk; no studies were at high risk. In the flow and timing
domain, 11 studies (78.6%) were at low risk and 3 studies (21.4%) at unclear risk. Overall, 11 studies (78.6%) were rated as low risk and

3 studies (21.4%) as moderate risk of bias.

reported appropriate intervals between index test
and reference standard, and all patients received
the same reference standard. Three studies (21.4%)
were at unclear risk due to incomplete reporting
of time intervals or patient exclusions. No studies
were at high risk of bias in this domain.

The overall methodological quality of the
included studies was good, with 11 studies (78.6%)
rated as low risk and 3 studies (21.4%) at moderate
risk of bias.

Diagnostic Accuracy of Individual Biomarkers

A total of 14 studies evaluating individual
biomarkers for SA-AKI diagnosis were included
in the quantitative meta-analysis. These comprised
11 single miRNA marker studies, 1 study reporting
the best-performing miRNA from a multi-miRNA
panel, and 2 circRNA studies, encompassing 1,840
patients (908 with SA-AKI and 932 controls).
The characteristics of all included studies are
summarized in Table 1.

Pooled Estimates

The bivariate random-effects meta-analysis of
14 studies yielded a pooled sensitivity of 83.5%
(95% CI: 80.7 to 86.0%) and a pooled specificity
of 81.5% (95% CI: 77.9 to 84.6%). Forest plots of

pooled sensitivity and specificity are presented in
Figure 3. The pooled false positive rate was 18.5%
(95% CI:15.4 to 22.1%). The pooled diagnostic odds
ratio (DOR) was 22.29 (95% CI: 16.60 to 29.92).
The hierarchical summary receiver operating
characteristic (HSROC) model yielded a mean
area under the curve (AUC) of 0.885, indicating
excellent overall diagnostic accuracy. The SROC
curve is presented in Figure 4.

Heterogeneity was low to moderate across
studies. For sensitivity, the 12 was 30.4 to 35.9%
(Holling sample size unadjusted approaches),
and for specificity, the 12 was 0.8 to 0.9% (Holling
sample size adjusted approaches). The Zhou and
Dendukuri approach yielded an I? of 0% for both
sensitivity and specificity, suggesting that the
included studies were relatively consistent in their
diagnostic performance.

Publication Bias

Publication bias was assessed using funnel plots,
Egger’s regression test with sample size as the
predictor, Begg’s rank correlation test, and trim-and-
fill analysis. Visual inspection of the funnel plots
(Figure 5A & 5B) revealed approximate symmetry
for both sensitivity and specificity, suggesting no
substantial publication bias. Egger’s test was not
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Forest Plot of Sensitivity and Specificity for SA-AKI Biomarkers (n = 14 Studies)
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Figure 3. Forest Plots of Pooled Sensitivity and Specificity for Non-coding RNA Biomarkers in Diagnosing SA-AKI

(A) Forest plot showing individual study sensitivities with 95% confidence intervals and the pooled sensitivity estimate (diamond).
Heterogeneity was low to moderate (1% 30.4 to 35.9%); (B) Forest plot showing individual study specificities with 95% confidence
intervals and the pooled specificity estimate (diamond). Heterogeneity was very low (1% 0.8 to 0.9%). The pooled estimates were derived
from a bivariate random-effects model of 14 studies (1,840 patients) (AUC = 0.885).

statistically significant for sensitivity (P = .848)
or specificity (P = .495), supporting the absence
of small-study effects. Begg’s rank correlation
test yielded, P = .157 for sensitivity; and P = .079
for specificity, likewise indicating no significant
funnel-plot asymmetry. Trim-and-fill analysis (LO
estimator) identified 2 potentially missing studies
for sensitivity, with the adjusted pooled sensitivity
(82.6%) remaining close to the original estimate
(83.5%). Using the RO estimator, no missing studies
were identified for specificity, and the adjusted
pooled specificity (81.5%) was unchanged. These
findings suggest that publication bias is unlikely to
have substantially influenced the pooled estimates.

Subgroup Analysis

To explore potential sources of heterogeneity
and to evaluate the diagnostic performance
of biomarkers across different clinical and
methodological contexts, we performed subgroup
analyses based on sampling time (Early vs. at
Diagnosis), sample type (Serum vs. Plasma vs. Urine
vs. Serum / Cells), and detection method (SYBR

Green vs. TagMan). The results of the subgroup
analyses are summarized in Table 4.

Subgroup Analysis by Sampling Time

Subgroup analysis based on sampling time
revealed that biomarkers measured early (within
24 hours of ICU admission or prior to clinical
AKI diagnosis) demonstrated a pooled sensitivity
of 83.8% (95% CI: 79.7 to 87.3%) and a pooled
specificity of 81.0% (95% CI: 77.0 to 84.5%).

Biomarkers measured at diagnosis (concurrent
with clinical AKI diagnosis based on KDIGO
criteria) demonstrated a pooled sensitivity of 84.8%
(95% CI: 79.8 to 88.8%) and a pooled specificity of
81.6% (95% CI: 69.7 to 89.5%).

Notably, biomarkers measured at diagnosis
showed slightly higher sensitivity (84.8 vs.
83.8%) compared to early sampling. However, the
confidence intervals for both subgroups overlapped
substantially, indicating no statistically significant
difference between the two-timing groups. The
subgroup analysis by sampling time is presented
in Table 4 and Figure 6A.
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Summary ROC Curve for SA-AKI Diagnosis
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Figure 4. Summary Receiver Operating Characteristic (SROC) Curve for Non-coding RNA Biomarkers in Diagnosing SA-AKI

Blue circles represent individual study estimates. The red diamond represents the summary estimate (sensitivity = 83.5%,

specificity = 81.5%). The red dashed ellipse indicates the 95% confidence region. The purple line represents the SROC curve. The area
under the curve (AUC) was 0.885, indicating excellent diagnostic accuracy. Analysis included 14 studies with 1,840 patients.
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Figure 5. Funnel Plots for Publication Bias Assessment

(A) Funnel plot for logit-transformed sensitivity; (B) Funnel plot for logit-transformed specificity. Blue circles represent individual studies.
The grey dashed vertical line marks the null value (logit = 0); the red dashed vertical line marks the pooled estimate. The shaded
regions represent the pseudo-90, 95, and 99% confidence contours. Visual inspection of both panels suggests approximate symmetry,
consistent with the non-significant Egger’s regression test (sensitivity, P = .848; specificity, P = .495) and Begg'’s rank correlation test
(sensitivity, P = .157; specificity, P = .079).
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Table 4. Subgroup Analysis of Individual Biomarkers

Subgroup Studies Sensitivity (%) (95% CI) Specificity (%) (95% CI) AUC

Sampling Time

Early 10 83.8 (79.7-87.3) 81.0 (77.0-84.5) 0.889

At Diagnosis 4 84.8 (79.8-88.8) 81.6 (69.7-89.5) 0.869
Sample Type

Serum 9 85.1 (80.6-88.6) 79.9 (75.3-83.9) 0.891

Urine 2 83.4 (72.7-90.4) 82.4 (71.1-89.8) 0.895

Plasma 3 81.0 (74.3-86.2) 88.1 (81.4-92.6) 0.868
Detection Method

SYBR Green 11 83.5 (79.7-86.6) 80.6 (76.5-84.2) 0.888

TagMan 2 87.5(79.3-92.8) 80.4 (73.0-86.1) 0.897
Same miRNA (Cross-Study Comparison)

miR-210 (pooled) 2 89.2 (73.6-96.1) 80.0 (45.9-95.0) 0.918

Abbreviations. Cl, confidence interval; AUC, area under the curve.
Note. Values are pooled estimates (%) with 95% CI.

Subgroup Analysis by Sample Type

Subgroup analysis by sample type revealed
that serum samples (n = 9 studies) demonstrated
the highest sensitivity (85.1%, 95% CI: 80.6 to
88.6%) and the highest mean AUC (0. 0.891), with
a specificity of 79.9% (95% CI: 75.3 to 83.9%).
Plasma samples (n = 3 studies) showed the highest
specificity (88.1%, 95% CI: 81.4 to 92.6%) but lower
sensitivity (81.0%, 95% CI: 74.3 to 86.2%), with a
mean AUC of 0.868. Urine samples (n = 2 studies)
demonstrated balanced diagnostic performance
with a sensitivity of 83.4% (95% CI: 72.7 to 90.4%),
specificity of 82.4% (95% CI: 71.1 to 89.8%), and
mean AUC of 0.895 (Figure 6B).

Subgroup Analysis by Detection Method
Subgroup analysis based on detection method
revealed that studies using SYBR Green (n =11
studies) demonstrated a pooled sensitivity of 83.5%
(95% CI: 79.7 to 86.6%) and a pooled specificity
of 80.6% (95% CI: 76.5 to 84.2%). Studies using
TagMan (n = 2 studies) demonstrated a pooled
sensitivity of 87.5% (95% CI: 79.3 to 92.8%) and a
pooled specificity of 80.4% (95% CI: 73.0 to 86.1%).
SYBR Green-based assays showed comparable
diagnostic performance to TagMan assays, with
overlapping confidence intervals for both sensitivity
and specificity. The subgroup analysis by detection
method is presented in Table 4 and Figure 6C.

Same miRNA Cross-Study Comparison (miR-210)
To assess the consistency of diagnostic
performance across independent cohorts, we

performed a cross-study comparison of studies
evaluating the same miRNA biomarker. Two
studies evaluated miR-210 (Zhang et al. 2026 and
Susianti et al. 2024). The pooled sensitivity for
miR-210 was 89.2% (95% CI: 73.6 to 96.1%), and
the pooled specificity was 80.0% (95% CI: 45.9 to
95.0%). Despite the wide confidence intervals due to
the limited number of studies, miR-210 consistently
demonstrated good diagnostic performance across
both cohorts, supporting its potential as a reliable
biomarker for SA-AKI. The cross-study comparison
of miR-210 is presented in Table 4.

DISCUSSION

This systematic review and meta-analysis of 14
studies encompassing 1,840 patients demonstrates
that circulating microRNAs (miRNAs) and circular
RNAs (circRNAs) possess good-to-excellent
diagnostic accuracy for sepsis-associated acute
kidney injury (SA-AKI), diagnosed according
to Sepsis-3%° and KDIGO? criteria. The pooled
sensitivity was 83.5% and specificity was 81.5%,
with an HSROC-derived AUC of 0.885. The
pooled diagnostic odds ratio of 22.29 indicates
that patients with SA-AKI were, on average, more
than 20 times more likely to have an elevated
biomarker than sepsis patients without AKI — a
magnitude comparable to, and in several respects
exceeding, that reported for established renal injury
biomarkers in critically ill populations.”!! These
findings extend a growing body of evidence that
non-coding RNAs represent a mechanistically
distinct class of injury-responsive biomarkers that
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Figure 6A. Subgroup Analysis by Sampling Time
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Figure 6B. Subgroup Analysis by Sample Type
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Figure 6C. Subgroup Analysis by Detection Method
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Figure 6. Forest Plots of Subgroup Analyses

(A) Forest plot showing pooled sensitivity and specificity by sampling time (early vs. at diagnosis); (B) Forest plot showing pooled
sensitivity and specificity by sample type (serum, plasma, and urine); (C) Forest plot showing pooled sensitivity and specificity by
detection method (SYBR Green vs. TagMan). Error bars represent 95% Cl. Subgroup analysis showed comparable performance
across sampling times and detection methods, with serum samples demonstrating the highest sensitivity (85.1%) and plasma samples

demonstrating the highest specificity (88.1%).

may complement, and in some contexts outperform,
conventional markers of kidney function.
SA-AKI remains a major driver of morbidity and
mortality in critically ill patients and substantially
increases the risk of progression to chronic kidney
disease and death.'® Serum creatinine and urine
output, the criteria on which the KDIGO definition
of AKI is built, are insensitive to early tubular
injury and are confounded by fluid balance, muscle
mass, and the physiological trajectory of sepsis
itself.”® This diagnostic lag has motivated a search

for biomarkers capable of detecting injury before
functional decline becomes apparent. Protein-based
candidates such as NGAL, KIM-1, and the cell-
cycle arrest markers TIMP-2 ¢ IGFBP7 have been the
most extensively studied to date,”!! and a recent
our meta-analysis of serum and urinary NGAL
specifically in SA-AKI reported pooled accuracy
in a broadly similar range to these findings,!?
suggesting that non-coding RNA biomarkers can
perform competitively with the most mature protein
biomarkers in this field rather than representing a
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categorically inferior alternative. Compared with
earlier, broader systematic reviews of miRNAs
spanning all AKI etiologies,?®*** which pooled
heterogeneous populations including cardiac
surgery; contrast-induced, and sepsis-related
AKI together and reported wider, less consistent
accuracy estimates, our sepsis-restricted analysis
benefits from a more homogeneous clinical context,
likely explaining the comparatively narrow
confidence intervals around our pooled estimates
despite the modest number of included studies.
A recent narrative review focused specifically on
microRNAs in septic AKI® similarly concluded
that miRNAs are mechanistically well-suited
biomarker candidates for this condition, though
it did not provide pooled diagnostic accuracy
estimates which is a gap the present meta-analysis
address directly.

The diagnostic performance observed here is
consistent with the underlying biology of the
candidate markers. miR-210, the most frequently
evaluated biomarker in our dataset and the
only one assessed in more than one study, is
a well-characterized “hypoxamir” induced by
hypoxia-inducible factor-la under low-oxygen
conditions,!3!* a state relevant to both septic
microcirculatory dysfunction and tubular hypoxic
injury. Its release into the circulation has previously
been linked to survival in critically ill patients
with AKL' and its consistent performance across
the two independent cohorts in our cross-study
comparison (pooled sensitivity 89.2%, specificity
80.0%) despite differing countries, sample types,
and assay platforms supports genuine biological
relevance rather than a single-cohort artifact. miR-
21, another prominently studied sepsis-related
miRNA, modulates innate immune signaling
via TLR4/PDCD4 and has demonstrated organ-
protective effects in preclinical models of ischemic
151718 providing
mechanistic grounding for its diagnostic signal.
circRNAs, meanwhile, are increasingly recognized
as stable, protease- and RNase-resistant molecules
that act as competing endogenous RNAs; ciRs-126
has previously been shown to predict survival in
critically ill AKI patients,?® and the two SA-AKI-
specific circRNAs included here (hsa_circ_0072463
and hsa_circ_0056869) have documented regulatory

preconditioning against sepsis,

roles in tubular injury pathways in mechanistic
follow-up of the same cohorts.?!?> The convergence
of plausible mechanism and empirical diagnostic
performance strengthens confidence that these
associations are unlikely to reflect chance alone.

Between-study heterogeneity was low to
moderate depending on the estimation approach,
and was negligible under methods designed for
the correlated sensitivity—-specificity structure of
diagnostic accuracy data.?'3%3 This consistency
was corroborated by our subgroup analyses: neither
sampling time (early vs. at diagnosis) nor detection
chemistry (SYBR Green vs. TagMan) significantly
altered pooled accuracy, and confidence intervals
overlapped substantially across all comparisons.
This is clinically reassuring, as it suggests the
diagnostic signal is not an artifact of a particular
assay platform or a narrow sampling window,
and that biomarker measurement obtained either
at ICU admission or at the time of clinical AKI
diagnosis may be similarly informative. Sample
type showed a more interpretable pattern: serum
yielded the highest sensitivity and mean AUC, while
plasma yielded the highest specificity — a trade-
off that may reflect differences in pre-analytical
RNA stability and clotting-related contamination
between matrices!” rather than a true difference
in underlying biomarker performance, and one
that warrants direct head-to-head comparison in
future prospective cohorts using matched serum
and plasma from the same patients.

The QUADAS-2 assessment indicated generally
good methodological quality, with the majority of
studies at low risk of bias across all four domains.?
The one domain of concern was the reference
standard, where one study was judged unclear
risk for not explicitly reporting the AKI diagnostic
criteria used; because diagnostic thresholds
directly determine case ascertainment, this is the
most consequential potential source of bias in the
dataset and should be weighted accordingly when
interpreting the pooled estimates. Reassuringly,
formal assessment of small-study effects did
not suggest meaningful publication bias: funnel
plots were visually symmetric; Egger’s regression
test with sample size as the predictor was non-
significant for both sensitivity (P = .848) and
specificity (P = .495),%* Begg’s rank correlation test
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was likewise non-significant (sensitivity, P = .157;
specificity, P =.079) ; and trim-and-fill analysis
identified only 2 potentially missing studies for
sensitivity, with the adjusted pooled estimate
(82.6%) remaining close to the original (83.5%)
and no missing studies for specificity. Together,
these findings indicate that the overall conclusions
are unlikely to be driven by selective reporting of
positive results.

Several limitations should temper the interpretation
of these findings. First, the evidence base remains
small: only 14 studies met inclusion criteria, and 12
of 14 individual biomarkers were evaluated in only
a single study, precluding meaningful biomarker-
specific pooling for any candidate other than miR-
210. Second, 13 of the 14 studies (92.9%) originated
from China, raising concerns about generalizability
to populations with different sepsis epidemiology,
genetic backgrounds, and clinical practice patterns;
external validation in geographically and ethnically
diverse cohorts is a priority for future work. Third,
2x2 contingency data for several studies were back-
calculated from reported sensitivity, specificity,
and sample size rather than extracted directly from
source publications, introducing a small degree
of rounding-related imprecision, though this is a
common and generally well-tolerated limitation in
diagnostic meta-analyses of this type. Additionally,
one included study (Fan et al.) reported an impossible
AUC value of 1.91; we corrected this to 0.910 based
on the reported sensitivity and specificity, but
this approximation introduces some imprecision.
Fourth, considerable methodological heterogeneity
existed in RNA extraction kits, normalization
strategies (endogenous references ranging from
U6 to GAPDH), and detection platforms across
studies; despite the reassuring subgroup analysis
by detection chemistry, the two-study TagMan arm
is underpowered to rule out unmeasured technical
variability. None of the included studies reported
head-to-head comparisons against established
protein biomarkers such as NGAL or KIM-1
within the same patient cohort, precluding a direct
within-study assessment of whether non-coding
RNA biomarkers add incremental diagnostic value
over, or in combination with, currently available
tests. Finally, we did not systematically extract or
report whether included studies enrolled patients

with septic shock, excluded them, or included
them alongside non-shock sepsis patients. Only
2 of the 14 included studies reported any cohort-
level hemodynamic data: Fan et al. recorded
norepinephrine dosage, and Tian et al. reported
vasopressor requirement (38.2% in SA-AKI vs.
30.6% in non-AKI). The remaining studies either
did not report this information or mentioned septic
shock only in the introduction as background.
Septic shock is a distinct clinical phenotype within
sepsis — defined by Sepsis-3 as sepsis requiring
vasopressors plus elevated lactate despite adequate
fluid resuscitation — and it carries substantially
higher mortality and distinct AKI pathophysiology.
Because biomarkers may perform differently in
shock versus non-shock sepsis, the generalizability
of our pooled estimates to shock-specific or non-
shock-specific populations remains uncertain
Future studies should prioritize external
validation of miR-210 and other leading candidates
in multi-center, multi-ethnic cohorts using
prespecified sampling protocols and standardized
normalization strategies to reduce assay-related
heterogeneity. Head-to-head or combined-panel
studies pairing non-coding RNA biomarkers with
NGAL, KIM-1, or established clinical risk scores
would clarify whether they offer incremental
value as an adjunct rather than a replacement for
existing tools. Future diagnostic accuracy studies
should also systematically report the proportion
of patients with septic shock, vasopressor use,
and lactate levels at enrollment, and stratify
diagnostic performance by shock status to clarify
whether non-coding RNA biomarkers retain their
accuracy across the full spectrum of sepsis severity.
Given the mechanistic diversity captured here
including hypoxia signaling (miR-210), innate
immune regulation (miR-21), and circRNA-
mediated competing endogenous RNA networks,
combination biomarker panels integrating markers
from distinct pathophysiological pathways may
ultimately outperform any single non-coding RNA,
an approach supported by the modestly superior
performance of multi-marker panel strategies
reported in the broader AKI biomarker literature.

CONCLUSIONS
This metaanalysis demonstrates that circulating
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noncoding RNAs, particularly miR210, miR155,
miR1323p, and miR7695p, have good to excellent
diagnostic accuracy for SAAKI (sensitivity = 83.5%,
specificity = 81.5%, AUC = 0.885). Their biological
plausibility, stability, and potential for early
detection make them promising biomarkers, though
the predominance of Chinese studies and lack of
headtohead comparisons with established markers
warrant caution. Prospective multicenter validation
studies are needed before clinical implementation.
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INTRODUCTION

Parsa Yousefichaijan,! Fatemeh Rafiei,> Masoud Rezagholizamenjany?

Introduction. Nephrotic syndrome is one of the most common
glomerular diseases in childhood and is associated with
significant morbidity and healthcare burden. Understanding
its epidemiological and clinical characteristics is essential for
improving patient management and outcomes. To investigate
the epidemiological, clinical, and laboratory characteristics of
children diagnosed with nephrotic syndrome referred to Amir-
Kabir Hospital, Arak, Iran.

Methods. This cross-sectional study was conducted on 100 children
diagnosed with nephrotic syndrome. Participants were enrolled
using a census sampling method. Demographic, socioeconomic,
perinatal, clinical, and laboratory data were collected from medical
records and structured interviews. Data were analyzed using
SPSS version 21 and presented as mean + standard deviation,
frequency, and percentage.

Results. Among the 100 patients, 51% were male and 49% were
female. The mean age was 7.87 + 3.12 years. Preterm birth was
reported in 53% of patients. Hypoalbuminemia (< 2.5 g/dL)
was observed in all patients, while hypercholesterolemia (> 350
mg/dL) was present in 69%. Prerenal azotemia, microscopic
hematuria, urinary tract infection, allergy, and hyponatremia
were observed in 56, 54, 38, 42, and 55% of patients; respectively.
Periorbital edema was the most common clinical presentation
(43%). Maternal risk factors included preeclampsia (38%), diabetes
(52%), and hypertension (45%).

Conclusions. Children with nephrotic syndrome demonstrated a
high prevalence of metabolic abnormalities, edema, and maternal
prenatal risk factors. Early recognition of these characteristics
may improve disease management and prognosis.
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children because of its relapsing course, risk of

Nephrotic syndrome (NS) is one of the most
common glomerular disorders in childhood
and is characterized by massive proteinuria,
hypoalbuminemia, edema, and hyperlipidemia.
Despite advances in diagnosis and treatment,
NS remains an important cause of morbidity in

complications, and impact on quality of life.! The
incidence of childhood nephrotic syndrome varies
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worldwide, with reported rates ranging from 2 to
7 cases per 100,000 children annually. Although
most cases are classified as idiopathic nephrotic
syndrome and respond well to corticosteroid
therapy, many patients experience frequent relapses
or develop treatment-related complications. In
addition to renal manifestations, children with NS
are at increased risk of infections, thromboembolic
events, electrolyte disturbances, and acute kidney
injury.?

Several demographics, environmental, and
perinatal factors have been suggested to influence
the occurrence and clinical presentation of
nephrotic syndrome. Previous studies have reported
associations between NS and factors such as sex,
family history, consanguinity, preterm birth,
maternal hypertension, diabetes, and other prenatal
conditions.? However, the reported findings have
varied across populations, indicating the importance
of regional epidemiological investigations.*

In developing countries, comprehensive
data regarding the epidemiological and clinical
characteristics of childhood nephrotic syndrome
remain limited. In Iran, most published studies
have focused on treatment outcomes or pathological
findings, while fewer studies have evaluated
demographic, socioeconomic, maternal, clinical,
and laboratory characteristics simultaneously.’

A better understanding of the epidemiological
profile of children with nephrotic syndrome
may facilitate early diagnosis, improve patient
management, and identify potential risk factors
associated with disease development and
progression. Therefore, the present study aimed
to investigate the demographic, perinatal, clinical,
and laboratory characteristics of children diagnosed
with nephrotic syndrome who were referred to
Amir-Kabir Hospital in Arak, Iran.

MATERIALS AND METHODS
Study Design and Setting

This cross-sectional study was conducted at
Amir-Kabir Hospital, a tertiary pediatric referral
center in Arak, Iran.

Participants
The study population consisted of all children
diagnosed with nephrotic syndrome who attended

the pediatric nephrology clinic during the study
period. A total of 100 patients were included using
a census sampling method.

Inclusion Criteria
* Confirmed diagnosis of nephrotic syndrome.
* Age < 18 years.

Exclusion Criteria
* Presence of chronic hematological disorders.
* Presence of other chronic systemic diseases.
* Use of medications or supplements for
unrelated chronic illnesses.
* Incomplete clinical records.

Data Collection

Data were obtained from medical records and
face-to-face interviews with parents or guardians
using a structured questionnaire.

Collected variables included:

* Demographic characteristics

e Socioeconomic status

e Parental educational level

e Birth history

e Maternal medical conditions

e Family history

¢ Clinical manifestations

e Laboratory findings

¢ Treatment-related variables

Statistical Analysis

Data were analyzed using SPSS software
version 21. Quantitative variables were presented
as mean = SD, while categorical variables were
expressed as frequencies and percentages.

Ethical Considerations

The study was approved by the Ethics Committee
of Arak University of Medical Sciences (IR.
ARAKMU.REC.1395.277). Written informed consent
was obtained from parents or legal guardians
before participation.

RESULTS
Baseline Characteristics of Study Population

A total of patients with nephrotic syndrome
were categorized into four clinical response groups:
steroid-responsive (SR), steroid-dependent (SD),
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steroid-resistant (SRNS), and frequently relapsing
nephrotic syndrome (FRNS). Baseline demographic
and clinical characteristics were compared among
the four groups.

Sex Distribution Among Nephrotic Syndrome
Subgroups

A significant difference was observed in sex
distribution among the studied groups (P = .004).
Female patients represented the majority of the
steroid-responsive group (76%), whereas male
predominance was observed in steroid-dependent
(76%), steroid-resistant (52%), and frequently
relapsing groups (52%) (Table 1).

Clinical Manifestations at Diagnosis

Urinary Tract Infection and Microscopic
Hematuria. The prevalence of urinary tract infection
did not significantly differ among the four groups
(P = .133). However, microscopic hematuria showed
a significant association with clinical subgroup
(P =.001). The frequency of microscopic hematuria
was markedly higher among steroid-resistant (76%),
steroid-dependent (68%), and frequently relapsing
patients (64%) compared with steroid-responsive
patients (8%) (Table 2).

Inflammatory Marker and Electrolyte
Abnormalities. Positive CRP levels were
significantly more frequent in patients with
steroid-dependent, steroid-resistant, and frequently
relapsing disease compared with steroid-responsive
patients (60, 56, and 64% vs. 16%; respectively,
P =.001). Serum sodium abnormalities also differed
significantly among groups (P = .001). Hyponatremia
was more prevalent in steroid-resistant (80%)
and frequently relapsing patients (64%), whereas
normal sodium levels were predominant in steroid-
responsive patients (84%) (Table 2).

Edema Characteristics at Initial Presentation.
The distribution of edema location at diagnosis
significantly differed among clinical groups
(P =.001). Periorbital /facial edema was the most
common presentation in steroid-responsive patients
(64%). In contrast, anasarca was predominantly
observed among steroid-resistant patients (60%),
while ascites was more frequent in steroid-
dependent patients (44%) (Table 3).

Perinatal and Maternal Factors Associated with
Disease Subgroups

Mode of Delivery. A significant association
was observed between mode of delivery and

Table 1. Demographic and Baseline Characteristics of Children with Nephrotic Syndrome According to Clinical Subgroup

. Steroid-responsive Steroid-dependent Steroid-resistant Frequentl
Variable Category (n= zg) (n= 2p5) (n = 25) relapsi?lg (n J 25y P
Sex Male 6 (24%) 19 (76%) 13 (52%) 13 (52%) 004
Female 19 (76%) (24%) 12 (48%) 12 (48%)
BMI at diagnosis  Obesity 1 (4%) (20%) 13 (52%) 4 (20%)
Overweight 5 (20%) (28%) 5 (20%) 11 (44%) 001
Normal 14 (56%) 10 (40%) 6 (24%) 2 (8%)
Underweight 5 (20%) 3 (12%) 1(4%) 8 (32%)
Delivery mode Vaginal 16 (64%) 19 (76%) 13 (52%) 18 (72%) 001
Cesarean 9 (36%) 6 (24%) 12 (48%) 7 (28%) )
Table 2. Clinical and Laboratory Characteristics at Diagnosis According to Nephrotic Syndrome subgroup
Variable Category Steroid_- Steroid-dependent Steroid-resistant Frequeptly P
responsive relapsing
uTl Present 6 (24%) 9 (36%) 9 (36%) 14 (56%) 133
Absent 19 (76%) 16 (64%) 16 (64%) 11 (44%)
Microscopic hematuria Present 2 (8%) 17 (68%) 19 (76%) 16 (64%) 001
Absent 23 (92%) 8 (32%) 6 (24%) 9 (36%)
CRP Positive 4 (16%) 15 (60%) 14 (56%) 16 (64%) 001
Negative 21 (84%) 9 (36%) 11 (44%) 9 (36%)
Serum Na Normal 21 (84%) 9 (36%) 5 (20%) 9 (36%)
High 0 1 (4%) 0 0 .001
Low 4 (16%) 15 (60%) 20 (80%) 16 (64%)
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Table 3. Clinical Presentation and Maternal Factors Associated with Nephrotic Syndrome Phenotype

Variable Category Steroic!- Steroid- Ste_roid- Freque_ntly p
responsive dependent resistant relapsing
Edema location at Face / eyes 16 (64%) 11 (44%) 9 (36%) 7 (28%)
diagnosis Ascites 0 11 (44%) 0 1 (4%)
Hands / feet 0 2 (8%) 0 2 (8%) .001
Anasarca 2 (8%) 0 15 (60%) 5 (20%)
Face / eyes + ascites 6 (24%) 1(4%) 1 (4%) 7 (28%)
Maternal preeclampsia Present 1 (4%) 11 (44%) 13 (52%) 13 (52%) 004
Absent 24 (96%) 14 (56%) 12 (48%) 12 (48%)
Maternal eclampsia Present 3 (12%) 0 1 (4%) 1 (4%) 432
Absent 22 (88%) 25 (100%) 24 (96%) 24 (96%)
Maternal diabetes Pregestational DM 2 (8%) 6 (24%) 10 (40%) 5 (20%)
Gestational DM 6 (24%) 6 (24%) 9 (36%) 8 (32%) 118
No DM 17 (68%) 13 (52%) 6 (24%) 12 (48%)

nephrotic syndrome subgroup (P = .001). Vaginal
delivery was the predominant mode in all groups;
however, cesarean delivery was relatively more
frequent among steroid-resistant patients (48%)
compared with other groups (Table 1).

corticosteroid initiation was significantly associated
with clinical phenotype (P = 0.001). Early initiation
of corticosteroid therapy within one week was most
common among steroid-responsive patients (76%).
Conversely, delayed initiation was observed more

Maternal Pregnancy Complications. A
history of maternal preeclampsia was significantly
associated with nephrotic syndrome phenotype
(P = .004). The frequency of preeclampsia increased
from 4% in steroid-responsive patients to 44%, 52%,
and 52% in steroid-dependent, steroid-resistant,
and frequently relapsing groups, respectively.

No significant difference was observed regarding
maternal eclampsia history among the groups
(P = .432) (Table 3).

Anthropometric Characteristics at Diagnosis.
BMI classification differed significantly among
the studied groups (P =.001). Obesity was most
prevalent among steroid-resistant patients (52%),
whereas normal BMI was more common in steroid-
responsive patients (56%). The frequently relapsing
group showed a higher proportion of overweight
(44%) and underweight (32%) patients compared
with other groups (Table 1).

Corticosteroid Initiation Timing and Disease
Phenotype
The interval between edema onset and

frequently among steroid-resistant patients (68%
after two weeks) and frequently relapsing patients
(64% after three weeks) (Table 4).

Maternal Diabetes Status. Maternal diabetes
status was not significantly associated with
nephrotic syndrome subgroup classification
(P =.118). However, pregestational diabetes was
more frequent among steroid-resistant patients
(40%), while absence of maternal diabetes was
more common among steroid-responsive patients
(68%) (Table 3).

DISCUSSION

Childhood nephrotic syndrome is a heterogeneous
glomerular disorder characterized by significant
proteinuria, hypoalbuminemia, and edema,
with a highly variable response to corticosteroid
therapy. Although the majority of children achieve
remission with glucocorticoids, a considerable
proportion experience steroid dependency,
frequent relapses, or steroid resistance, which are
associated with prolonged immunosuppressive
treatment and increased risk of chronic kidney

Table 4. Relationship Between Corticosteroid Initiation Timing and Nephrotic Syndrome Subgroup

Time _from edgm_a _o_ns_et to Steroic!- Steroid-dependent Steroid-resistant Freque_ntly P
corticosteroid initiation responsive relapsing

<1 week 19 (76%) 13 (52%) 3 (12%) 2 (8%) .001
2 weeks 4 (16%) 6 (24%) 17 (68%) 7 (28%)
3 weeks 2 (8%) 6 (24%) 5 (20%) 16 (64%)
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disease. Identification of clinical and laboratory
factors associated with unfavorable phenotypes
may improve early risk stratification and allow
more individualized therapeutic approaches.?®

In the present study, several demographic,
clinical, laboratory, and maternal factors were
associated with different clinical phenotypes of
nephrotic syndrome. Sex distribution differed
significantly among the groups, with a higher
proportion of females in the steroid-responsive
group and a predominance of males among
steroid-dependent, steroid-resistant, and frequently
relapsing patients. Childhood nephrotic syndrome
has consistently been reported to have a male
predominance, particularly in younger children;
however, the association between sex and steroid
response remains inconsistent across studies.
Previous investigations suggest that sex alone is
unlikely to determine treatment response, and
differences may instead reflect variations in genetic
susceptibility, immune regulation, or underlying
histopathological patterns.”

Microscopic hematuria was significantly more
frequent among steroid-dependent, steroid-
resistant, and frequently relapsing patients
compared with steroid-responsive patients in
our cohort. Hematuria is considered an atypical
finding in classic minimal change disease, which
accounts for the majority of steroid-sensitive
nephrotic syndrome cases. In contrast, persistent
hematuria may suggest more extensive glomerular
injury and has been associated with pathological
lesions such as focal segmental glomerulosclerosis
(FSGS), which is more commonly associated with
steroid resistance and poorer renal outcomes.>?
Therefore, the presence of microscopic hematuria
at presentation may serve as a useful clinical
marker for identifying patients who require closer
monitoring and further evaluation.

We also observed a significant association
between inflammatory status and nephrotic
syndrome phenotype. Elevated CRP levels were
considerably more common among steroid-
dependent, steroid-resistant, and frequently
relapsing groups compared with steroid-responsive
patients. Although nephrotic syndrome is
primarily driven by immune dysregulation and
podocyte injury rather than systemic inflammation,

increasing evidence indicates that inflammatory
pathways, cytokine abnormalities, and immune cell
activation contribute to alterations in glomerular
permeability and disease progression.’ The higher
frequency of CRP positivity among patients with
unfavorable responses may therefore reflect greater
inflammatory activity or more severe disease
expression.

Serum sodium abnormalities, particularly
hyponatremia, were significantly associated with
disease subgroup in our study. Hyponatremia
was more prevalent among steroid-resistant and
frequently relapsing patients, whereas normal
sodium levels were more common among steroid-
responsive children. Electrolyte disturbances in
nephrotic syndrome may occur as a consequence
of severe proteinuria, reduced effective circulating
volume, activation of neurohormonal pathways,
and increased secretion of antidiuretic hormone
despite total body fluid excess.!’ The association
between hyponatremia and unfavorable disease
characteristics may indicate a greater degree of
physiological disturbance at disease onset.

The pattern of edema at diagnosis showed
significant differences among clinical groups.
Periorbital edema was the most common initial
manifestation in steroid-responsive patients,
whereas generalized edema (anasarca) was more
frequent among steroid-resistant children. The
severity of edema reflects the extent of urinary
protein loss, hypoalbuminemia, and disturbances
in fluid distribution. Although edema pattern is
not currently included among formal predictors of
steroid response, extensive edema at presentation
may represent a marker of higher disease burden
and more severe clinical presentation.?

An important finding of the present study was
the association between BMI category and nephrotic
syndrome phenotype. Obesity was markedly more
frequent among steroid-resistant patients, whereas
normal BMI was more common among steroid-
responsive children. Obesity has emerged as an
important modifier of kidney disease through
mechanisms involving chronic inflammation,
oxidative stress, insulin resistance, altered adipokine
production, and podocyte injury. Previous studies
have demonstrated that increased body weight
may be associated with increased proteinuria and
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accelerated progression of renal disease; however,
whether obesity directly contributes to steroid
resistance or reflects underlying disease severity
remains uncertain.!!12

Maternal preeclampsia was significantly
associated with unfavorable nephrotic syndrome
phenotypes in our study. Children born to
mothers with a history of preeclampsia showed
higher frequencies of steroid dependency, steroid
resistance, and frequent relapse compared with
steroid-responsive patients. Preeclampsia is
characterized by placental dysfunction, endothelial
injury, and impaired fetal development, and
accumulating evidence suggests that adverse
intrauterine environments may influence lifelong
renal susceptibility through altered nephron
development and renal programming.!® Although
this association is biologically plausible, further
prospective studies are required to confirm whether
maternal vascular disorders contribute directly to
childhood glomerular disease susceptibility.

In contrast, maternal eclampsia and diabetes
status were not significantly associated with
nephrotic syndrome phenotype. The absence of
significant associations may be related to the
relatively small number of affected mothers,
limiting statistical power. Additionally, the
relationship between maternal metabolic disorders
and childhood kidney disease is complex and
may involve multiple genetic, environmental, and
developmental factors.

The timing of corticosteroid initiation was
strongly associated with clinical phenotype. Steroid-
responsive patients were more likely to receive
corticosteroid therapy within one week of edema
onset, whereas delayed initiation was more common
among steroid-resistant and frequently relapsing
patients. Early diagnosis and prompt initiation
of standard corticosteroid therapy remain central
components of childhood nephrotic syndrome
management.? However, delayed treatment may
represent a consequence of more severe or atypical
disease rather than an independent cause of
poor response. Therefore, this finding should be
interpreted cautiously and requires confirmation
in prospective studies.

Taken together, our findings indicate that
childhood nephrotic syndrome phenotypes are

associated with a combination of clinical, laboratory,
anthropometric, and maternal characteristics. The
presence of microscopic hematuria, elevated CRP,
hyponatremia, severe edema, obesity, maternal
preeclampsia history, and delayed corticosteroid
initiation may help identify patients at increased
risk of steroid resistance or frequent relapse.
Incorporating these factors into early clinical
assessment may improve prediction of treatment
response and support individualized management
strategies.

The present study has several limitations. The
observational design limits the ability to establish
causal relationships between associated factors
and disease outcomes. In addition, kidney biopsy
findings, genetic testing, and long-term renal
outcomes were not available for all patients,
which may have provided further insight into
mechanisms underlying steroid resistance. Future
multicenter prospective studies integrating clinical,
pathological, and molecular data are warranted.

CONCLUSIONS

The present study identifies several factors
associated with unfavorable nephrotic syndrome
phenotypes, including microscopic hematuria,
elevated CRP, hyponatremia, severe edema, obesity,
maternal preeclampsia, and delayed corticosteroid
initiation. Recognition of these characteristics may
improve early risk stratification and facilitate
personalized management of children with
nephrotic syndrome.
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INTRODUCTION

Chronic kidney disease (CKD) involves a variety
of pathophysiological processes with abnormal renal
function and progressive decline in glomerular
filtration rate.!? Disturbances in mineral metabolism
are particularly common in advanced CKD and

Mojgan Mortazavi,' Romina Rahimifar,? Shiva Seirafian,?
Pantea Miralaei’

Introduction. In terminal CKD, imbalance of calcium and phosphate
can lead to complications such as skeletal and cardiovascular
involvements. Disturbances in mineral metabolism are common
among patients with advanced CKD and may be influenced by
dialysis adequacy and estimated kidney function. We aimed to
evaluate selected serum mineral metabolism parameters and
their associations with dialysis adequacy and estimated kidney
function in patients undergoing PD.

Methods. This cross-sectional study included 85 adult patients
undergoing PD. eGFR was calculated using the CKD-EPI equation,
and urea Kt/V was used as a measure of dialysis adequacy. An
independent-samples t-test was used to compare calcium and
phosphate levels between patients with Kt/V < 1.7 and those
with Kt/V = 1.7.

Results. The mean age was 55.91 + 16.45 years, and 52.9% were
male. The mean serum calcium level differed significantly according
to the number of daily PD exchanges (P = .034). Tukey’s post-
hoc analysis showed a significant difference between patients
receiving two and three exchanges per day (P = .048), with a higher
mean calcium concentration in patients receiving two exchanges
per day. Serum calcium showed a modest positive correlation
with eGFR, while serum phosphate showed significant inverse
correlations with urea Kt/V and eGFR. No significant differences
in serum calcium or phosphate were observed between patients
with Kt/V < 1.7 and those with Kt/V = 1.7.

Conclusions. These findings suggest an association between dialysis
adequacy, estimated kidney function, and selected biochemical
parameters of mineral metabolism. However, the cross-sectional
design does not permit causal inference.
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include abnormalities in serum phosphate, calcium,
PTH, vitamin D metabolism, and bone turnover.
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These abnormalities are important components
of CKD-mineral and bone disorder (CKD-MBD)
and have been associated with cardiovascular
complications and adverse outcomes. Studies
over the last 20 years have shown the impact of
biochemical changes on the survival and quality
of life of patients with CKD-MBD.3# Prevention
and correction of hyperphosphatemia is a major
goal of the treatment of CKD-MBD, so special
attention must be given to phosphate balance.?
In terminal chronic kidney disease most patients
have hyperphosphatemia, elevated parathyroid
hormone (PTH) levels, elevated levels of Fibroblast
Growth Factor 23 (FGF23), and low vitamin D
levels because the calcium (Ca) and phosphate (Ph)
control mechanisms are disrupted and inadequate.
Previous studies have shown this imbalance disturbs
the regulation of calcium and phosphorus levels
in the blood which can lead to complications such
as skeletal, cardiovascular, and sometimes, severe
extracellular soft tissue involvement.**” High serum
phosphate is the most important risk factor for
cardiovascular disease. Therefore, control of serum
phosphate levels should be considered one of the
most important therapeutic goals in patients with
CKD.58 A retrospective study conducted by Liu
CT et al. indicated that serum calcium level of = 9.5
mg/dL, serum phosphate levels of either = 6.5
mg/dL or < 3.5 mg/dL and alkaline phosphatase
(ALP) level of = 100 IU/L were correlated with
increased mortality, but higher serum levels of
PTH did not have any association with increased
mortality.’?

Renal replacement therapy in patients with
CKD consists of dialysis which has two forms:
hemodialysis (HD) and peritoneal dialysis (PD).
Xianglei Kong et al. documented that serum Ca
and Ph levels were statistically higher (P < .05)
in the HD patients in comparison with those of
PD patients, but serum PTH level was statistically
higher in the PD patients in comparison with those
of HD patients (P = .03).1°

PD may influence mineral metabolism through
several mechanisms, including dialysis adequacy,
residual kidney function, and the composition of
the dialysis solution. In particular, the calcium
concentration of the dialysate may influence
calcium balance and PTH regulation. Glucose

concentration affects ultrafiltration and volume
management, while icodextrin-containing solutions
may provide sustained ultrafiltration during
long dwell periods. These factors may indirectly
influence the management of mineral metabolism
abnormalities in PD patients.!!1?

Given the above, most studies of mineral
metabolism disorders have been performed in
patients undergoing hemodialysis, and fewer
studies have been conducted in patients undergoing
PD.

Furthermore, the relationship between dialysis
adequacy and serum phosphate is clinically relevant
because phosphate removal may occur through
both peritoneal and residual renal clearance.
Previous studies have suggested an association
between phosphate clearance and measures of
urea clearance in PD patients.'?

The present study therefore aimed to evaluate
selected serum mineral metabolism parameters,
including calcium, phosphate, PTH, ALP, and
vitamin D, and to determine their associations with
dialysis adequacy and estimated kidney function
in patients undergoing PD.

MATERIALS AND METHODS

This cross-sectional study has been verified
by Isfahan University of Medical Sciences with
ethical code “IR.MUL.MED.REC.1398.618” and was
conducted in April 2020.

The study was conducted at Alzahra Hospital,
affiliated with Isfahan University of Medical
Sciences, Iran.

The study population consists of both male and
female peritoneal dialysis patients from Alzahra
Hospital who were chosen based on inclusion and
exclusion criteria. Eighty-five patients who verified
the inclusion criteria were selected.

Inclusion criteria include patients over the age
of 18 who have been on peritoneal dialysis for at
least 3 months and patients who have complete
file information and tests.

Exclusion criteria include the patients who
recorded any febrile infections in their medical
records in the previous month, a history of metabolic
disorders related to calcium and phosphate
imbalances, and the patients who needed an acute
change in the peritoneal dialysis solution in the
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past month.

The data collected included variables of age,
gender, underlying disease leading to renal
failure, the type of peritoneal dialysis solutions,
daily dialysis frequency, the serum levels of
calcium, phosphate, parathyroid hormone, alkaline
phosphatase, vitamin D, urea KT/V (which is
considered a valid adequacy parameter concerning
small solute clearance), and estimated Glomerular
Filtration Rate (eGFR).'

The underlying causes of kidney disease were
classified according to the diagnoses documented
in the patients’ medical records and included
hypertension, diabetes mellitus, vesicoureteral
reflux, polycystic kidney disease, nephrolithiasis,
neurogenic bladder, glomerulonephritis, congenital
kidney disease, trauma, and unknown/unspecified
causes.!®

All variables were extracted from the patient’s
medical record and laboratory tests.

Estimated GFR was calculated using the CKD-EPI
equation and was considered an estimate of kidney
function. In this study, eGFR was not considered
equivalent to directly measured residual kidney
function in patients receiving PD. Daily peritoneal
dialysis exchanges included 2 to 6 times. Also,
the type of peritoneal dialysis solutions included
types 1.5, 2.5, and 4.25% glucose solutions and
Extraneal solutions.

The last measured values of Serum levels of Ca,
Ph, PTH, ALP, and Vitamin D were considered in
the study. Furthermore, a 24-hour urinalysis test
was used to calculate the patient’s KT/V. Direct
measurements of residual renal clearance and daily
urine output were not systematically available
for all participants and therefore could not be
incorporated into the present analysis.

Statistical Analysis

Descriptive information for variables is expressed
as mean and standard deviation for quantitative
variables and frequency and percentage for
qualitative variables.

One-way analysis of variance was used to
compare the mean of calcium, phosphate, PTH,
ALP, and Vit D in patients according to the type
of peritoneal dialysis solution and the number of
peritoneal dialysis exchanges per day.

In cases in which analysis of variance was

significant, Tukey’s post-test was used to identify
the subgroups whose means were significantly
different as well. Pearson correlation coefficient was
also used to investigate the relationship between
variables and dialysis adequacy and renal function.
The Independent t-test was used to compare the
mean serum levels of calcium and phosphate
depending on the total KT/V < 1.7 and = 1.7. All
statistical operations were performed using SPSS
software at an error level of P <.05.

RESULTS

The average age of participants was (55.91 + 16.45)
years. In this study, about 53% of subjects were
male, and hypertension was the most common cause
of chronic kidney disease. The present study also
showed that 42.4% (36) patients were with total
KT/V < 1.7 and 57.6% (49) subjects = 1.7 (Table 1).

One-way analysis of variance resulted in the
mean serum levels of calcium, phosphate, PTH,
ALP, and vitamin D were not different significantly
depending on the type of peritoneal dialysis solution
(P = .05) (Table 2).

These findings indicate that, within this study
population, the recorded type of PD solution was
not significantly associated with the evaluated
mineral metabolism parameters. However, the
relatively small number of patients in some
solution categories limits the interpretation of
these comparisons.

Also, the one-way analysis of variance resulted
in the mean serum level of calcium being different

Table 1. Descriptive Results of Variables

Variables Categories n (%)
Age (Mean) - 55.91 (16.45)
Sex Male 45 (52.9)

Female 40 (47.1)
Causes Congenital 2(2.4)
DM 19 (22.4)
GN 3(3.5)
HTN 41 (48.23)
Nephrolithiasis 1(1.2)
Neurogenic bladder 1(1.2)
PCKD 2(2.4)
Trauma 2(2.4)
Unknown 9(10.6)
VUR 5(5.9)
KT/V <17 36 (42.4)
217 49 (57.6)
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Table 2. Comparison of Bone Mineral Metabolism Indexes by the Type of Peritoneal Dialysis Solution

Variables PD solutions Mean SE P
Ca 1.5% glucose 9.1944 .28588
1.5 and 2.5% glucose 9.1083 .22001
1.5 and 2.5% glucose & Extraneal 9.0857 16421
1.5% glucose & Extraneal 8.9000 13744 .626
2.5% glucose 9.6000 0
2.5% glucose & Extraneal 9.0357 11749
Extraneal 10.4000 .
Ph 1.5% glucose 4.4294 .23837
1.5 and 2.5% glucose 4.6667 .35018
1.5 and 2.5% glucose & Extraneal 4.7819 .35517
1.5% glucose & Extraneal 5.0278 24466 A79
2.5% glucose 4.5000 0
2.5% glucose & Extraneal 5.7000 30777
Extraneal 5.1000 0
PTH 1.5% glucose 458.1222 106.15942
1.5 and 2.5% glucose 488.6017 120.28541
1.5 and 2.5% glucose & Extraneal 398.8414 125.82693
1.5% glucose & Extraneal 334.0072 63.07728 .961
2.5% glucose 355.0000 0
2.5% glucose & Extraneal 412.2571 107.46337
Extraneal 167.0000 0
ALP 1.5% glucose 275.9444 27.23961
1.5 and 2.5% glucose 291.5833 28.28948
1.5 and 2.5% glucose & Extraneal 313.2381 28.43170
1.5% glucose & Extraneal 303.1667 47.13850 .582
2.5% glucose 529.0000 0
2.5% glucose & Extraneal 385.0714 79.61048
Extraneal 288.0000 0
Vit D 1.5% glucose 26.3833 3.53330
1.5 and 2.5% glucose 32.4558 9.38076
1.5 and 2.5% glucose & Extraneal 31.7714 6.39555
1.5% glucose & Extraneal 27.4617 5.06375 .869
2.5% glucose 18.3000 0
2.5% glucose & Extraneal 21.6286 2.93743
Extraneal 18.9000 0

significantly depending on the number of daily
peritoneal dialysis exchanges (P = .034) (Table 3),
and the mean of phosphate, PTH, ALP, and vitamin
D were not showed different significantly (P = .05)
(Table 3). Tukey’s post-test results indicated that
the calcium-mean-difference between patients
who were on dialysis twice a day and those with
3 times a day, was significant (P = .048), which
was higher in patients who were on dialysis twice
a day (Figure).

Pearson correlation coefficient was done to
evaluate the relationship between variables of
serum levels of calcium, phosphate, PTH, ALP,
and Vit D and the dialysis adequacy (KT/V) and
eGFR. The relationship between calcium and eGFR

was significantly a direct relationship (r = 0.22,
P =.039) (Table 4).

Serum phosphate showed significant inverse
correlations with urea Kt/V (r = -0.242, P = .026)
and eGFR (r = -0.586, P < .001) (Table 5).

The Independent t-test was done to compare
the mean serum levels of calcium and phosphate
depending on the total KT/V < 1.7 and = 1.7
(P = .458). Similarly, the difference in mean serum
phosphate between the two Kt/V groups did not
reach statistical significance (P =.062) (Table 5).

Although serum phosphate was inversely
correlated with Kt/V when Kt/V was analyzed as a
continuous variable, categorization of Kt/V into < 1.7
and = 1.7 did not demonstrate a statistically
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Table 3. Comparison of Bone Mineral Metabolism Indexes by
the Number of Peritoneal Dialysis Exchanges per Day

Table 4. The Relationship Between Bone Mineral Metabolism
Indexes with Dialysis Adequacy and Residual Renal Function

PD

Variables eGFR KTV
Ca
Pearson correlation .224* -.145
P .039 .184
Ph
Pearson correlation -.586* -.242*
P .000 .026
PTH
Pearson correlation -.097 125
P 376 .255
ALP
Pearson correlation .126 -.154
P .251 .160
Vit D
Pearson correlation -.140 -.016
P .202 .885

significant difference in mean phosphate levels.

DISCUSSION

The present study evaluated selected biochemical
parameters of mineral metabolism in patients
undergoing PD and examined their associations with
dialysis adequacy and estimated kidney function.
The main findings were that serum calcium differed

PD EXCHANGE
P value > 0.05

Variables exchanges Mean SE P
Ca 2 10.0333 .59255
3 9.0333 .13978
4 8.9731 .10342 .034
5 9.2000 14720
6 9.5000 .10000
Ph 2 4.5717 40481
3 4.7057 .21691
4 4.9808 .19765 .854
5 5.0250 .61424
6 5.3500 .85000
PTH 2 329.2000 89.91744
3 351.4976 51.01384
4 434.9071 68.92623 .841
5 563.7500 341.05483
6 282.0000 73.00000
ALP 2 367.3333 30.13267
3 260.3714 38.30322
4 313.3308 19.34578 A72
5 466.0000 258.84390
6 440.0000 89.00000
Vit D 2 23.1667 5.61199
3 22.5952 2.84599
4 30.4169 3.74717 719
5 30.4500 7.07124
6 24.4500 6.15000
=
=)
9
3
P value < 0.05
Figure 1.
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Table 5. The Comparison of the Mean Serum Levels of Calcium
and Phosphate, Depending on the Total KT/V < 1.7 and = 1.7

P (independent

KTV Mean STD t-test)
Ca
1.7 A .
< 9.1639 88387 458
217 9.0286 73824
Ph
<17 5.1953 1.42292
.062
217 4.6739 1.11793

according to the number of daily PD exchanges,
serum calcium was positively correlated with eGFR,
and serum phosphate was inversely correlated with
both eGFR and urea Kt/ V. The results revealed that
the mean of serum Ca level was different depend
on the number of dialysis sessions.

However, this finding should be interpreted
cautiously. Although the overall ANOVA was
statistically significant, the only significant pairwise
comparison was between the groups receiving two
and three exchanges per day. PD prescriptions
are individualized according to several clinical
factors, including volume status, solute clearance,
residual kidney function, and patient characteristics.
Therefore, confounding by treatment indication
cannot be excluded.

Although it is not clear whether low levels of
Ca are detrimental, high levels are known to be
associated with a poor prognosis.!®!?
calcification due to a high level of Ca is an
important pathological condition that affects
survival prognosis. Also, the prevalence of aortic
and cardiac valve calcification is much higher
in patients with higher serum adjusted-calcium
levels.!® In the present study, however, clinical
outcomes such as vascular calcification, bone
density, fractures, or cardiovascular events were
not directly evaluated. Therefore, our findings
should be interpreted as associations involving

Vascular

biochemical mineral metabolism parameters rather
than a comprehensive assessment of CKD-MBD.

Chen Z et al. have come to this conclusion that
the combination of low serum PTH and high
serum ALP levels was independently associated
with higher cardiovascular mortality in peritoneal
dialysis patients.!” Doi et al. documented that a
serum calcium level > 8.5 mg/dL at hemodialysis
initiation was associated with poor outcomes one

year after dialysis initiation,?” but only a few other
reports have described similar findings. Thus,
managing of Ca level is more important in the
dialysis process.

The finding of the present cross-sectional study
suggests a direct relationship between eGFR and
serum Ca in men and women selected from a
population sample, but this relationship does
not indicate a cause-and-effect one. Because this
study was cross-sectional, the observed association
does not establish a causal relationship. It cannot
be determined whether lower calcium levels
contribute to declining kidney function or whether
reduced kidney function contributes to alterations
in calcium metabolism.

Therefore, it not simply means that lower serum
Ca levels impair kidney function, or, conversely,
that lower serum Ca levels are a consequence
of a rapid decrease in GFR. A 1-year follow-up
study of a general non-CKD Japanese population,
documented that lower serum Ca levels, even when
they were within a normal physiological range,
were a significant risk factor for a rapid decrease
in GFR, independent of metabolic risk factors
for kidney dysfunction such as blood pressure,
diabetes and dyslipidemia. In the above-mentioned
study, multivariable correlation analysis revealed
serum Ca levels as the best correlated with GFR
variation after adjustment with multiple factors
(B = 0.184, P < .001). It means that serum Ca level
is related to several factors such as serum level
of Vit D and PTH; lower serum Ca level appears
not to be simply a reflection of existing or current
kidney dysfunction but is a reflection of a steady
or rapid decrease in GFR.2! Also, we found an
inverse relationship between serum Ph and eGFR
and peritoneal dialysis adequacy, KT/ V.

The inverse association between serum phosphate
and eGFR is biologically plausible because declining
kidney function reduces renal phosphate excretion
and may lead to phosphate retention.?? The inverse
association between serum phosphate and Kt/V
may reflect the contribution of adequate dialysis to
phosphate removal. Previous studies have reported
associations between phosphate clearance and urea
clearance in patients undergoing PD.?* However,
Kt/V is primarily a measure of small-solute
clearance and does not directly quantify phosphate
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clearance. Serum phosphate is also influenced by
dietary phosphate intake, phosphate binder therapy,
residual kidney function, bone turnover, and other
factors.?2 Therefore, the observed association should
not be interpreted as evidence of a causal effect
of increasing Kt/V on serum phosphate. Serum
phosphate is used to monitor Ph retention that is a
consequence of low glomerular filtration rate and a
determinant of severe metabolic bone disease and
the cardiovascular system of patients with kidney
failure.?* In agree with our findings, John GB et al.
in a prospective cohort analysis including 1492
patients indicated when the glomerular filtration
rate decreases, serum phosphate level increases,
and becomes especially significant in CKD stage
G4.%° Selamet U et al. showed in patients with
GFR of less than 30 mL/min/ 1.73 m? serum
phosphate concentration increased because renal
function decreased.?® An inverse relationship
between kidney function and serum Ph could be
explained by changes in the level of parathyroid
hormone.?”?® Phosphatonins® and active vitamin
D331 secondary to GFR reduction.

To investigate whether dialysate calcium
concentrations were significantly associated with
cardiac function, in a study conducted by Wang
Z et al., a total of 60 PD patients were registered,
with a calcium content of the PD solution of 1.25
mmol/L in 30 patients (low-calcium group) and
1.75 mmol/L in 30 patients (standard-calcium
group). They showed that no significant difference
in calcium, phosphorus, parathyroid hormone
(PTH), blood pressure, etc., have been found
between the two groups after 12-month follow-up.
The same study also showed that residual renal
function, which is associated with left ventricular
diastolic function, was significantly decreased in
the standard-calcium group in comparison with
the low-calcium group (5.64 + 3.23 vs. 9.38 + 3.17;
P =.001). The data collected by the above-mentioned
researchers suggested that low calcium dialysate
treatment is significantly associated with better
left ventricular diastolic function.??

Hence, the limited information on dietary factors
should have played a minor role, if any. Another
possible limitation was the collection of data on
a single ethnic group residing in one town. An
inverse relationship between KT/V and serum Ph

level in this study could be explained by the higher
phosphate clearance that was associated with lower
serum phosphorus. Joana Santos et al. evaluated
if peritoneal phosphate clearance correlates to
urea clearance in patients with peritoneal dialysis,
and regression analysis in this study showed that
phosphate clearance was associated with creatinine
clearance (r = 0.87, P < 0.001) and with urea KT/V
(r=0.74, P <.001), also a negative correlation
between peritoneal phosphate clearance and serum
phosphate (r =-5.19, P <.001) but no correlation
was found to PTH.?® Also similar to the present
study, Malgorzata Debowska et al. found that
in automated peritoneal dialysis patients, the
peritoneal and total phosphate clearances correlated
positively with peritoneal and total urea KT/V,
respectively. Also higher phosphate clearance
was associated with lower serum phosphorus,
but in another study no correlations were found
between KT/V and biochemical outcomes such
as hemoglobin (P = .4922), calcium (P = .650),
phosphate (P =.508), and phosphatase (P =.091)
in hemodialysis patients.*

These findings are consistent with our observation
that phosphate was inversely correlated with Kt/ V.
Nevertheless, differences in study populations,
dialysis prescriptions, residual kidney function,
dietary intake, and medication use should be
considered when comparing these findings.

An important point is that the continuous
correlation between phosphate and Kt/V should
be distinguished from the categorical comparison
according to Kt/V < 1.7 versus = 1.7. In our
study, the continuous correlation was statistically
significant (r = —-0.242, P = .026), whereas the
difference in mean phosphate between the two
Kt/V categories was not statistically significant
(P =.062). Categorization of a continuous variable
can reduce statistical information and statistical
power and may therefore result in different findings.

Regarding PD solution type, dialysate
composition may influence mineral metabolism.
Dialysate calcium concentration can affect calcium
balance and PTH regulation, whereas glucose
concentration influences ultrafiltration and volume
management. Icodextrin-containing solutions may
provide sustained ultrafiltration during long dwell
periods.!!

Research Journal of Critical Care Nephrology, Vol 2, No 4, October 2026 285



Dialysis Adequacy and Kidney Function with Mineral Metabolism in PD—Mortazavi et al

In our study, no significant differences in calcium,
phosphate, PTH, ALP, or vitamin D were observed
according to PD solution type.

This finding should be interpreted cautiously
because some solution categories contained
relatively few patients. In addition, the selection
of PD solution is individualized and may depend
on clinical factors such as fluid status and dialysis
requirements. Therefore, confounding by indication
cannot be excluded.

The underlying cause of kidney disease may also
influence mineral metabolism through differences
in disease duration, comorbidities, nutritional
status, inflammation, residual kidney function,
and treatment patterns. Although the underlying
kidney disease was recorded in our study, the
relatively small sample size and the small number
of patients in several individual disease categories
prevented reliable subgroup analyses. Therefore,
we cannot determine whether the underlying
cause of CKD independently influenced mineral
metabolism parameters.

Limitations

This study has several limitations. First, its cross-
sectional design prevents assessment of temporal
relationships and causal inference. Therefore, the
observed associations between mineral metabolism
parameters, eGFR, and Kt/V should not be
interpreted as causal relationships.

Second, the study was conducted at a single
center and included a relatively small number
of patients. This limits the generalizability of the
findings and reduced the ability to perform reliable
subgroup analyses according to underlying kidney
disease or specific PD prescriptions.

Third, detailed information regarding
medications that may affect mineral metabolism,
including vitamin D analogues, calcium
supplements, phosphate binders, and calcimimetics,
was not systematically available in the dataset.
Consequently, treatment-related confounding
could not be assessed or adjusted for.

forth, detailed information regarding dietary
phosphate intake, nutritional status, inflammatory
markers, and other factors that may affect serum
phosphate and calcium was not comprehensively
available.

Finally, some categories of PD solution type
and exchange frequency included relatively few
patients, which may have limited statistical power
and increased uncertainty in subgroup comparisons.

CONCLUSION

Among patients undergoing peritoneal dialysis,
serum phosphate was inversely associated with both
urea Kt/V and eGFR, while serum calcium showed
a modest positive association with eGFR. Serum
calcium also differed according to the number of
daily PD exchanges.

However, categorization of patients according
to Kt/V < 1.7 versus = 1.7 did not demonstrate
significant differences in serum calcium or
phosphate.

These findings suggest that dialysis adequacy
and estimated kidney function may be associated
with selected biochemical parameters of mineral
metabolism in patients undergoing PD. However,
the cross-sectional design, limited sample size,
and lack of detailed information on medications
and directly measured residual kidney function
limit causal interpretation. Further prospective
studies incorporating residual renal clearance, daily
urine output, medication use, dietary factors, and
longitudinal mineral metabolism measurements
are warrant.
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Introduction. Coronavirus disease 2019 (COVID-19) has placed
considerable strain on healthcare systems worldwide with renal
allograft recipients (RARs) representing a particularly vulnerable
group. Lifelong immunosuppression increases susceptibility to
severe infection and complicates clinical management. Data on
COVID-19 in RARs from South Asia and other resource-limited
settings are limited. This study describes the clinical features,
immunosuppressive adjustments, and outcomes of renal allograft
recipients with COVID-19.

Methods. We analyzed data from 26 adult RARs with moderate-
to-severe COVID-19, confirmed by RT-PCR, who were admitted
to the Department of Nephrology, Continental Hospital PLC
(previous United Hospital Limited) Dhaka, Bangladesh, between
December 2020 and June 2025.

Results. The mean age was 59.6 years (range: 34 to 75 years),
and 73.1% of patients were male. DM (46.2%), glomerulonephritis
(23.1%), and hypertensive nephrosclerosis (19.2%) were the most
common primary renal diseases. The most frequent symptoms
were cough (96.2%) and fever (88.5%). Immunosuppressive
therapy was modified in all patients: antimetabolites were
discontinued, corticosteroids were switched to dexamethasone
or IV methylprednisolone, and CNIs were withheld in 34.6% or
halved in 26.9%. Laboratory results showed elevated inflammatory
markers (CRP 96.4 mg/L, ferritin 854.3 ng/mL, D-dimer 2016.3
ng/mL). Chest CT revealed ground-glass opacities in 76.9% (most
commonly bilateral peripheral, 35%) and consolidation in 61.5%,
with a mean total severity score of 9.6 + 4.9. Acute kidney injury
occurred in 26.9%, among them 23.1%required dialysis and 7.7%
remained dialysis-dependent. Mechanical ventilation was needed
in 23.1%. Overall mortality was 26.9%, while 65.4% of patients
recovered and were discharged.

Conclusion. COVID-19 is associated with significant morbidity
and mortality in RARs. Despite most patients recovering,
mortality remained significant, highlighting the need for careful
immunosuppressive adjustment, aggressive infection control,
and close monitoring in this high-risk population.

Please cite this article as: Mahjabin S, Islam N,
Rahman R, Haque E, Ebne Mobin M. Clinical Profile,
Immunosuppressive Management and Outcome in Adult
% Renal Allograft Recipients with COVID-19 Infection. RICCN.
2026;2(4):289-300.
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INTRODUCTION

The novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which causes
coronavirus disease 2019 (COVID-19), has rapidly
spread across the world, leading the World Health
Organization (WHO) to declare a global pandemic
in March 2020.! Kidney transplant recipients (KTRs)
are among the most vulnerable to this pandemic,
facing a dual threat: chronic immunosuppression
necessary to prevent allograft rejection markedly
increases susceptibility to severe infection, while
the inflammatory cascade triggered by SARS-CoV-2
significantly affects both native and transplant
kidney function.??

Kidney transplant recipients experience
substantially worse outcomes following COVID-19
infection than the general population. Systematic
reviews and meta-analyses have consistently
demonstrated that hospitalized kidney transplant
recipients with COVID-19 face a mortality rate
of 21 to 23%,*° which is markedly higher than
the 1 to 5% typically reported in the general
population.® The risk of critical illness is equally
concerning, with ICU admission reported in 24%
and mechanical ventilation required in 18% of
cases.* Acute kidney injury occurs in up to 48
to 50% of infected transplant recipients, with 12
to 23% requiring renal replacement therapy.3
Several factors drive this vulnerability: older age,
a heavy load of comorbidities such as diabetes and
hypertension, and immunosuppressive medications
that suppress the body’s natural defenses against
viruses.*”

The optimal management of immunosuppressive
therapy in kidney transplant recipients with
COVID-19 remains an area of considerable
uncertainty and ongoing debate. While some
evidence supports the reduction or discontinuation
of antimetabolites (mycophenolate mofetil or
azathioprine) to facilitate viral clearance, findings
across different cohorts have been inconsistent.?
Current expert recommendations suggest
discontinuing mycophenolic acid or mTOR
inhibitors in patients with moderate to severe
disease, reducing calcineurin inhibitor (CNI) doses
by approximately 30 to 50%, and maintaining or
increasing corticosteroid therapy.>? However, these
strategies must be carefully balanced against the risk

of graft rejection, particularly in highly sensitized
patients or those with recent transplantation.?

The clinical presentation of COVID-19 in kidney
transplant recipients closely resembles that of
the general population, with fever, cough, and
dyspnea representing the most common symptoms.®
However, the progression to severe disease appears
to be accelerated in this immunocompromised
group, with acute respiratory distress syndrome
developing in over half of hospitalized patients in
pooled analyses.® Radiological findings frequently
reveal bilateral ground glass opacities (GGO) and
consolidation, with disease severity correlating
strongly with adverse outcomes. Laboratory
abnormalities, including elevated inflammatory
markers (CRP, ferritin, D-dimer), lymphopenia,
and worsening renal function, serve as important
prognostic indicators.”

The morbidity and mortality burden of COVID-19
in RARs extends beyond acute infection: 27 to 30%
of hospitalized patients require ICU admission, and
approximately 22% die, mainly from sepsis, ARDS,
and multiorgan failure.’> Advanced age, diabetes
mellitus, dyspnea at presentation, pneumonia,
and AKI have been identified as independent
predictors of mor’rali’cy.z8 Furthermore, survivors
often experience persistent graft dysfunction,
with a subset progressing to permanent dialysis
dependence.’ The substantial case fatality ratio,
coupled with the high rates of critical illness and
renal complications, highlights the urgent need for
optimized management strategies in this high-risk
population.

Despite the growing body of evidence from
high-income countries, data on COVID-19 in kidney
transplant recipients from South Asia and other
resource-limited settings remain scarce. Differences
in healthcare infrastructure, immunosuppressive
protocols, and patient demographics could shape
outcomes in ways that studies from wealthier settings
simply do not capture. This study describes the
clinical features, immunosuppressive adjustments,
and outcomes of adult renal allograft recipients
with RT-PCR-confirmed COVID-19 admitted
with moderate to severe disease at a tertiary care
center in Dhaka, Bangladesh. By characterizing
this vulnerable population in a resource-limited
South Asian setting, we aim to inform clinical
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management strategies and contribute to the global
understanding of COVID-19 in kidney transplant
recipients.

MATERIALS AND METHODS

We conducted this retrospective study at the
Department of Nephrology, Continental Hospital
PLC,(Previous United Hospital Limited), Dhaka,
Bangladesh, between December 2020 and June
2025, including 26 adult RARs with COVID-19
infection. Patients were selected based on the
following criteria:

Inclusion Criteria
* Adults (= 18 years) with a functioning renal
allograft
e RT-PCR confirmed COVID-19
* Hospitalized with moderate to severe disease
e Complete clinical, laboratory, radiological,
and outcome data available in medical records

Exclusion Criteria

* Age <18 years

* Mild / asymptomatic cases managed as
outpatients

e COVID-19 diagnosed without RT-PCR
confirmation

* History of dialysis after transplantation (graft
failure)

* History of acute graft rejection

* Incomplete medical record

Ethical Issue

This study was conducted using routinely
collected clinical data without any interventional
procedures. Ethical approval was obtained from
the department head and ethics committee prior to
data analysis. This study posed no additional risk to
patients and did not interfere with routine patient
management. All patient data were anonymized
before analysis in accordance with the Declaration
of Helsinki. Informed consent for treatment and
the use of anonymized clinical data for research
purposes was obtained from the patients or their
families.

Data Collection Procedure
This retrospective study included 26 adult renal

transplant recipients with RT-PCR confirmed
COVID-19 at a single tertiary center in Bangladesh.
Demographic, clinical, laboratory, radiological,
treatment, and outcome data were collected. Clinical
data included symptoms, vital signs, oxygen
requirements, and the need for renal replacement
therapy. Laboratory and radiological evaluations
assessed organ function and inflammatory status,
including chest CT findings and Total Severity
Scores (TSS).

Data Analysis

All collected data were entered into Microsoft
Excel and analyzed using SPSS version 25.
Continuous variables were expressed as
mean + standard deviation (SD), and categorical
variables were summarized using frequencies and
percentages.

RESULTS

In this study of 26 Renal Allograft Recipients
(RARs) with COVID-19, demographic characteristics,
initial oxygen saturation, immunosuppressive
modifications, and overall outcomes are summarized
in Table 1.

The baseline characteristics of the 26 kidney
transplant recipients are summarized in Table 2.
The mean age was 59.6 years (range: 34 to 75),
with a male predominance (73%). The median time
since transplantation was 85.7 months. Diabetes
mellitus (46%), glomerulonephritis (23%), and
hypertensive nephrosclerosis (19%) were the
most common primary renal diseases. Common
presenting symptoms included cough (96%), fever
(88%), and dyspnea (46%).

Common presenting symptoms included cough
(96%), fever (88%), and dyspnea (46%).

Immunosuppression was modified in all patients:
antimetabolites were discontinued, steroids were
switched to low-dose dexamethasone (73%) or
IV methylprednisolone (27%), and calcineurin
inhibitors were stopped (35%), reduced by half
(27%), or continued at the same dose (38%).
All patients received LMWH, 88% received
remdesivir and additional therapies included
antibiotics, favipiravir (12%), rivaroxaban (42%),
and tocilizumab (8%).

Biochemical parameters, and radiological features
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Table 1. All Patients Baseline Data (n = 26)

o
AgelSex Duration Of . Saturezltion . Management
No (year / Transplant P.”’“a'y Comorbidities During Immunosjppfessmn Of COVID-19 Overall
Male or Disease LS Modification . Outcome
(months) Admission Pneumonia
Female) o
(%)
1 52/F 76 ADPKD HTN, DM 97 Complete Cessation LMWH, Discharged
of MMF, Steroid Antibiotics
switched to low-dose =~ Remdesivir,
dexamethasone, Rivaroxaban
Continued CNI
2 34 /M 118 IgA NODAT, 96 Complete Cessation LMWH, Discharged
Nephropathy CAN of MMF, Steroid Antibiotics
HTN switched to Low-Dose = Remdesivir
dexamethasone, Rivaroxaban
50% Dose Reduction
of CNI
3 54/ M 48 DM HTN 89 Complete Cessation LMWH, Death due
Post PCI State of MMF, Steroid Antibiotics to Sepsis,
CAN switched to Low-Dose ~ Remdesivir MOF &
Dexamethasone, NSTEMI
Complete Cessation
of CNI (Tacrolimus)
4 55/M 76 DM HTN 84 Complete Cessation LMWH, Discharged
IHD of MMF, Steroid Antibiotics
switched to IV Remdesivir
Methylprednisolone  Rivaroxaban
50% Dose Reduction
of CNI
5 62/F 62 Chronic HTN, DM, 90 Complete Cessation LMWH Death due
Pyelonephritis CAN of MMF, Steroid Antibiotics to
switched to Low-Dose = Remdesivir Sepsis &
Dexamethasone MOF
Complete Cessation
CNI (Tac)
6 70/ M 82 Hypertensive DM, 85 Complete Cessation LMWH Death due
nephrosclerosis IHD of MMF, Steroid Antibiotics to
COPD switched to Steroid Remdesivir Sepsis,
switched to IV MOF &
Methylprednisolone , ARDS
Complete Cessation
of CNI (Tacrolimus)
7 43/ F 122 Presumed GN HTN, 95 Complete Cessation LMWH Discharged
NODAT of MMF, Steroid Antibiotics
Bronchial switched to low-dose Remdesivir
Asthma dexamethasone, Rivaroxaban
CAN Complete Cessation
of CNI (Tacrolimus)
8 55/M 75 DM HTN 85 Complete Cessation LMWH Discharged
of MMF, Steroid Remdesivir
switched to low-dose  Tocilizumab
dexamethasone,
Continued CNI (Tac)
9 75/ M 129 DM HTN 89 Complete Cessation LMWH Discharged
ICM, of MMF, Steroid Antibiotics
COPD switched to Low-Dose = Remdesivir
Dexamethasone, Apixaban
50% Dose Reduction
of CNI
10 55/M 38 Presumed GN HTN, DM 96 Complete Cessation LMWH Discharged
of MMF, Steroid Antibiotics
switched to low-dose Favipiravir

dexamethasone,
Continued CNI (Tac)
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Table 1. Continued

(o)
AgelSex Duration Of . Satur:«zztion . Management
No (year / Transplant P.”’“a'y Comorbidities During Immunogjppfessmn Of COVID-19 Overall
Male or Disease . Modification . Outcome
Female) (months) Adm‘:sswn Pneumonia
(%)
11 48/ F 119 FSGS HTN, 90 Complete Cessation LMWH Death due
NODAT of MMF, Steroid Antibiotics to
CAN switched to low-dose ~ Remdesivir Sepsis &
dexamethasone, MOF
Complete Cessation
of CNI (Tacrolimus)
12 75/ M 87 Presumed Gn HTN, 83 Complete Cessation Antibiotics Discharged
Morbid of MMF, Steroid LMWH
Obesity, switched to low-dose ~ Remdesivir
Post PCTA dexamethasone, Tocilizumab
State, Continued CNI (Tac)  Rivaroxaban
Post-
Transplant
FSGS
13 63 /M 52 DM HTN, 90 Complete Cessation LMWH Discharged
Post PCTA of MMF, Steroid Antibiotics
State switched to low-dose Remdesivir
dexamethasone, Rivaroxaban
Continued CNI (Tac)
14 60/M 134 DM HTN, 95 Complete Cessation LMWH Discharged
of MMF, Steroid Antibiotics
switched to low-dose ~ Remdesivir
dexamethasone, Rivaroxaban
Continued CNI (Tac)
15 66/F 114 Hypertensive NODAT 98 Complete Cessation LMWH Discharged
nephrosclerosis Bronchial of MMF, Steroid Antibiotics
Asthma switched to low-dose Favipiravir
dexamethasone,
Continued CNI (Tac)
16 55/M 79 DM HTN, CABG 88 Complete Cessation LMWH Death due
of MMF, Steroid Antibiotics to
switched to Steroid Remdesivir Sepsis,
switched to IV ARDS,
Methylprednisolone, Secondary
Complete Cessation Bacterial
of CNI Infection
17 51/M 23 Hypertensive DM 98 Complete Cessation LMWH Discharged
Nephrosclerosis Bronchial of Azathioprine, Antibiotics
Asthma Steroid switched Favipiravir
to low-dose
dexamethasone,
Continued CNI (Tac)
18 71/M 115 Obstructive HTN,DM 97 Complete Cessation LMWH Death due
Nephropathy of MMF, Steroid Antibiotics to
switched to low-dose =~ Remdesivir ~ Cardiogenic
dexamethasone, 50% Shock
Dose Reduction of
CNI
19 70/ M 95 DM HTN, 98 Complete Cessation LMWH Discharged
Permanent of MMF, Steroid Antibiotics
Pacemaker switched to low-dose Remdesivir
dexamethasone, Rivaroxaban
Complete Cessation
of CNI (Tacrolimus)
20 61/M 118 DM HTN, 90 Complete Cessation LMWH Discharged
CABG, of MMF, Steroid Antibiotics
COPD switched to low-dose ~ Remdesivir

dexamethasone,
Continued CNI (Tac)
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Table 1. Continued

o
AgelSex Duration Of . Saturezltion . Management
No (year / Transplant P.”’“a'y Comorbidities During Immunosjppfessmn Of COVID-19 Overall
Male or Disease LS Modification . Outcome
Female) (months) Adm(:ssmn Pneumonia
(%)
21 69 /M 84 Hypertensive NODAT 88 Complete Cessation LMWH Discharged
Nephrosclerosis of MMF, Steroid Antibiotics
switched to Steroid Remdesivir
switched to IV Rivaroxaban
Methylprednisolone
low-dose
dexamethasone,
Complete Cessation
of CNI (Tacrolimus)
22 57/F 29 DM DM 92 Complete Cessation LMWH Discharged
of MMF, Steroid Remdesivir
switched to low-dose  Rivaroxaban
dexamethasone, 50%
Dose Reduction of
CNI
23 741 M 104 DM HTN, 85 Complete Cessation LMWH Death
COPD of MMF, Steroid Antibiotics due to
switched to Steroid Remdesivir  Neutropenic
switched to IV Sepsis,
Methylprednisolone Type 2
low-dose Respiratory
dexamethasone failure,
50% Dose Reduction ARDS
of CNI
24 53/M 106 Hypertensive NODAT, 89 Complete Cessation LMWH Discharged
Nephrosclerosis Bronchial of MMF, Steroid Antibiotics
Asthma switched to Steroid Remdesivir
switched to IV
Methylprednisolone,
50% Dose Reduction
of CNI
25 71/ M 89 DM HTN, 78 Complete Cessation LMWH Discharged
Of MMF, Steroid Antibiotics
switched to Steroid Remdesivir
switched to IV
Methylprednisolone ,
Complete Cessation
of CNI (Tacrolimus)
26 51/F 27 Lupus Nephritis HTN, 91 Complete Cessation LMWH Discharged
NODAT of MMF, Steroid Antibiotics
switched to low-dose Remdesivir
dexamethasone, Rivaroxaban

Continued CNI (Tac)

shown in Table 3. Inflammatory markers were
elevated (CRP =96.4 mg/L, procalcitonin = 3.1
ng/mlL, ferritin = 854 ng/mL, D-dimer = 2016 ng/
mL). Chest CT most commonly showed ground-
glass opacities (77%), with bilateral peripheral
distribution (35%) and consolidation (62%), often
with pleural effusion (38%). Six patients (23%)
had normal CT findings. The mean total severity
score was 9.6 = 4.9.

Respiratory profile shown in Table 4. The mean

oxygen saturation was 92%, with respiratory
support ranging from room air (27%) to low-flow
nasal cannula (23%), high-flow nasal cannula (19%),
Bi-PAP (8%), and mechanical ventilation (23%).
Preexisting renal disease included chronic allograft
nephropathy (CAN) (19%) and recurrent UTIs (12%),
with a mean serum creatinine of 1.64 mg/dL.
AKI occurred in 27% of patients, 23% of patients
required renal replacement therapy, and 8%
remained dialysis-dependent. Overall mortality
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Table 2. Baseline Characteristics of Renal Allograft Recipients

Baseline characteristics (n =26) (%)

Table 3. Laboratory, X-ray, and CT Findings of Study Patients at
Baseline (n = 26)

Mean age, y 59.62 + 10.48 (34 to 75) Laboratory Findings Mean £ SD
Gender Hemoglobin, g/dL 11.92 + 1.56
Male 19 73.08 Total count of WBCs, /uL 14307.69 * 7195.37
Female 7 26.92 Neutrophil (%) 77.58 £18.00
Mean time interval between kidney ~ 85.69  40.12 (23 to 134) CRP, mg/L 96.38 + 86.66
transplantation (mo) Procalcitonin, ng/mL 3.10 £ 2.47
Primary Disease - - Serum Ferritin, ng/mL 854.31 + 357.07
DM 12 46.15 Serum Creatinine, mg/dL 1.66 + 0.68
Glomerulonephritis 6 23.07 Serum D-Dimer, ng/mL 2016.25 + 1286.86
IgA nephropathy 1 3.85 X-ray findings
FSGS 1 3.85 Normal 7 26.92
Lupus nephritis 1 3.85 Consolidation (unilateral/bilateral) 11 42.31
Presumed Glomerulonephritis 3 11.54 Consolidation and pleural effusion 4 15.38
(GN) Bilateral patchy opacity 4 15.38
Hypertensive Nephrosclerosis 5 19.23 CT findings
ADPKD 1 3.85 Ground Glass Opacity (GGO) 20 76.92
Obstructive Nephropathy 1 3.85 Bilateral peripheral 7 35.0
Chronic pyelonephritis 1 3.85 Bilateral peripheral + subpleural 3 15.0
Renal abnormality - - GGO
Chronic allograft Nephropathy 5 19.23 Diffuse bilateral GGO 5 25.0
(CAN) Unilateral GGO (left / right) 3 15.0
Post Transplant FSGS 1 3.85 Central GGO 2 10.0
Clinical Features - - Reverse halo sign 2 10.0
Cough 25 96.15 Intralobular septal thickening 3 11.54
Fever 23 88.46 Consolidation 16 61.54
Myalgia 15 57.69 Bilateral consolidation 3 18.8
Dyspnea 12 46.15 Unilateral consolidation (left/right) 3 18.8
Sore throat 15 57.69 Bilateral basal consolidation 3 18.8
Diarrhea 3 11.54 Consolidation with pleural effusion 6 37.5
Immunosuppression modification - - Subpleural bands 3 18.8
Complete cessation of MMF 25 96.15 Normal CT scan 6 23.08
Complete cessation of 1 3.85 Mean Total severity score 9.56 +4.88
Azathioprine
Steroid switched to low-dose 19 73.07
Dexamethasone was 27%, primarily due to sepsis with ARDS,
Steroid switched to IV 7 26.9 multi-organ failure, cardiogenic shock, or type 2
Methylprednisolone respiratory failure.
Complete cessation of CNI 9 34.62
(Tacrolimus)
Continued CNI (Tacrolimus) 10 38.49 DISCUSSION
50% dose reduction of CNI (Tac) 7 26.9 The COVID-19 pandemic has imposed a heavy
Management of COVID-19 - - burden on RARs, who face a higher risk of severe
p[l&t\;{/n:nla % 100.00 infection, AKI, and death due to their impaired
Antibiotics 21 80.77 immune systems and common comorbidities like
Remdesivir 23 88.46 DM, HTN, and ischemic heart disease.*>” This
Rivaroxaban 11 42.31 study evaluated the clinical features, management,
Apixaban ! 3.85 renal outcomes, and mortality of RARs hospitalized
TOC'_“Z_um_ab 2 7.69 with COVID-19 pneumonia.
Favipiravir 3 11.54

Abbreviations: CAN, chronic allograft nephropathy, NODAT; new-
onset diabetes after transplantation; COPD, chronic obstructive
pulmonary disease, CABG; coronary artery bypass grafting, LMWH;
low molecular weight heparin, MMF; mycophenolate mofetil, CNI;
calcineurin inhibitors

Demographics

Our study showed a relatively older age with
a male predominance, a demographic pattern
consistent with international reports of COVID-19
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Table 4. Respiratory Parameters and Renal Outcome Variables
in Renal Allograft Recipients (n = 26)

Respiratory Parameters n P (%)
Mean Oxygen saturation level (%) 92.12+5.32
Respiratory support required
Room air 7 26.92
Low-flow nasal cannula 6 23.08
High flow nasal cannula 5 19.23
BiPAP (Bilevel Positive Airway Pressure) 2 7.69
Mechanical ventilation 6 23.08
Renal outcome parameters
Urine routine examination
NAD 15 57.69
Protein trace 4 15.39
Protein + 3 11.54
Protein ++ 3 11.54
Leucocyte ++ 1 3.85
UTI 4 15.39
Preexisting renal abnormality
Nothing significant 19 73.08
CAN 5 19.23
Recurrent UTI 3 11.54
Serum creatinine at admission, mg/dL 1.66 + 0.68
Serum creatinine after 7 days, mg/dL 3.35+2.64
Renal outcome
Acute Kidney Injury (AKI) 7 26.92
AKI requiring renal replacement therapy 6 23.08
Dialysis dependent 2 7.69
Remain same 17 65.38
Urinary Tract Infection (UTI) 3 11.54
Overall outcome
Discharged (recovered) 17 65.38
Discharged on maintenance 2 7.69
hemodialysis (MHD) 3/week
Death 7 26.92
Death due to sepsis with multiorgan failure 1 14.29
(MOF)
Death due to septic shock 1 14.29
Death due to sepsis with ARDS 3 42.86
Death due to cardiogenic shock 1 14.29
Death due to type 2 respiratory failure with 1 14.29

ARDS and pneumonia

in KTRs. Crespo et al. described an older Spanish
cohort with a mean age of 73.6 years and 75% male
predominance, while Akalin et al. and Alberici et al.
reported younger cohorts with male predominance
ranging from 65 to 80%.”!! Importantly, Nowak et al.
demonstrated that advanced age and male remain
independent predictors of severe disease and
mortality among KTRs with COVID-19, even in
the post-vaccination era, supporting our findings.'?
A large multinational study by the Asian Society
of Transplantation Registry (ASTREGO) reported

outcomes of 87 kidney transplant recipients (KTRs)
with COVID-19 across seven Asian countries. The
relatively young cohort (median age = 43 years)
mostly had mild-to-moderate disease, yet overall
mortality was 23%, with higher deaths among
those needing intensive care. Disease severity at
presentation independently predicted mortality,
highlighting persistently high COVID-19 mortality
in Asian KTRs, especially when healthcare resources
are limited.!?

The interval between transplantation and
COVID-19 diagnosis in our cohort was longer than
that reported by Crespo et al. (49 months) and
Santeusanio et al. (69.6 months), but comparable
to the Asian cohorts reported by Kee et al. and
the ASTREGO registry, suggesting that COVID-19
risk persists well beyond the early post-transplant
period.”!314 Geethanjali et al., similarly reported
that severe COVID-19 can occur at any stage
posttransplant, highlighting the ongoing
vulnerability of long term KTRs in the region.!”

Primary Renal Disease and Comorbidities

DM, glomerulonephritis, and hypertensive
nephrosclerosis were the most common primary
renal diseases, while hypertension, DM, and IHD
were the most common comorbidities. These
findings are consistent with prior reports indicating
that metabolic and cardiovascular comorbidities
substantially increase the risk of severe COVID-19
and mortality in KTRs.”!31> Specifically, DM and
HTN have been consistently associated with higher
rates of hospitalization, ICU admission, and death
among KTRs with COVID-19. Recent multicenter
analyses further confirmed that diabetes and
cardiovascular disease are independent risk factors
for adverse outcomes in this population.*”

Clinical Features

Fever and cough were the most frequent
presenting symptoms among our patients, followed
by dyspnea, while gastrointestinal symptoms were
relatively uncommon. This clinical profile closely
consistent with the findings reported by Akalin et al.,
Jasuja et al., and Jha et al., indicating that the initial
presentation of COVID-19 in KTRs is similar to that
of the general population, although progression

to severe disease is more frequent.!01617
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Radiological Features and Respiratory Severity
The Chest radiography and CT findings in
our cohort were dominated by consolidation and
ground- glass opacities (GGO), predominantly
with bilateral peripheral distribution, indicating
moderate pulmonary involvement. A meaningful
proportion of patients required mechanical
ventilation, while others required high-flow
nasal cannula or noninvasive ventilation. Similar
associations between extensive radiological
involvement, ventilatory support requirements,
and mortality have been reported by Demir et al.,
and Nowak et al., highlighting the prognostic
significance of respiratory severity in KTRs.!18

Immunosuppressive Modification and COVID-19
Treatment

All patients underwent modifications
of immunosuppressive therapy, including
discontinuation of antimetabolites. Maintenance
corticosteroids were adjusted to alternative regimens
according to the disease severity. Patients with mild-
to-moderate oxygen requirements received low-dose
dexamethasone, consistent with the RECOVERY trial
demonstrating a mortality benefit in hospitalized
patients requiring oxygen support.'? In patients with
progressive COVID-19 pneumonia or worsening
inflammatory markers, IV methylprednisolone was
administered to suppress the hyperinflammatory
response. This approach is supported by transplant
cohort experiences, suggesting that short-course
IV methylprednisolone may improve respiratory
outcomes without significantly increasing the risk
of acute rejection when accompanied by appropriate
immunosuppressive adjustments.”1

Calcineurin inhibitors (CNIs) were continued,
dose reduced, or temporarily withheld depending on
illness severity and drug-drug interaction concerns.
This management strategy aligns with international
experience and expert recommendations. Studies
by Akalin et al., Crespo et al., and Demir et al.
emphasized early withdrawal of antimetabolites
and individualized CNI modification as central
to COVID-19 management in kidney transplant
recipients.”1%18 Importantly, Nowak et al. reported
that temporary reduction of immunosuppression
during acute infection was not associated with an

increased risk of acute rejection.!?

Supportive therapy included universal
anticoagulation with low molecular weight
heparin, and the most patients received
remdesivir. Remdesivir was well tolerated, with
no nephrotoxicity observed. Consistent with
multicenter data, its use in KTRs has not been
associated with an increased risk of AKI and may
reduce ICU mortality when administered early.?
Although experience with oral antivirals such as
nirmatrelvir / ritonavir in transplant recipients
remains limited, emerging evidence supports their
feasibility with careful management of drug-drug
interactions, particularly involving CNIs.2!

A small number of patients with progressive
hypoxemia and worsening inflammatory markers
despite corticosteroids received tocilizumab, an
IL-6 receptor antagonist, to attenuate the COVID-19
associated cytokine storm.?? This is supported by the
RECOVERY trial, which showed that tocilizumab
improved 28-day survival in hospitalized
COVID-19 patients with hypoxia and systemic
inflammation when added to standard care.”
Data specific to KTRs are limited but reassuring
on safety: a multicenter cohort of 80 KTRs treated
with tocilizumab reported no drug-related safety
issues, though mortality remained high given the
severity of illness in this subgroup.? Given this
mixed evidence, tocilizumab was reserved for
select patients with severe, progressive disease
unresponsive to corticosteroids alone.

Incidence of Acute Kidney Injury and Need for
Dialysis

A notable proportion of our cohort developed
AKI, of whom a majority required renal replacement
therapy, and a smaller subset remained dialysis-
dependent at last follow-up, indicating significant
graft injury within a portion of the recipients.
Chronic allograft dysfunction was present in a
subset of patients, several of whom subsequently
developed AKI during the course of the illness. This
finding suggests that pre-existing graft dysfunction
may predispose RARs to worsening graft function
during acute viral illness.

AKI is more common and severe in RARs than
in the general population. While AKI occurs in
10 to 15% of hospitalized COVID-19 patients in
the general population, its incidence in RARs
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is markedly higher, ranging from 30 to 57% in
individual studies, with pooled analyses around
40 to 44%.>4%

Our observed AKI rate was lower than that
reported by Geethanjali et al. who documented a
markedly higher incidence of AKI among KTRs
with COVID-19. Their study emphasized the
influence of disease severity and modifications in
immunosuppressive therapy on graft outcomes.
The discrepancy between their findings and
ours may be attributed to differences in patient
characteristics, severity of infection, sample size,
and management protocols.!®

Overall, our results reinforce the existing
evidence that COVID-19 carries a significant
threat to graft function, particularly in recipients
with underlying CAN. Close monitoring of renal
and inflammatory parameters and individualized
adjustment of immunosuppressive therapy are
essential to minimize the risk of irreversible graft
dysfunction.

Mortality

The overall mortality rate in our study, with
most deaths attributable to sepsis complicated
by ARDS, multi-organ failure, and cardiogenic
shock, was consistent with previously reported
mortality rates of 20 to 30% among hospitalized
KTRs.101820 Moreover, recent systematic reviews
and meta-analyses have confirmed that transplant
recipients experience significantly higher mortality
rates than the general hospitalized population.®®
The increased vulnerability reflects the combined
effects of chronic immunosuppression, a high
burden of comorbidities such as diabetes and
cardiovascular disease, and impaired antiviral
immune responses.

Data from the ERACODA (European Renal
Association COVID-19 Database) collaboration
demonstrated higher rates of ICU admission,
mechanical ventilation, and secondary infections
among transplant recipients with COVID-19.% In
a large multicenter cohort study of 250 kidney
transplant recipients from India, Kute and
colleagues reported substantial mortality and
identified AKI as an important predictor of poor
outcome.?® Similarly, Bajpai et al. observed high
mortality rates in patients with severe disease,

particularly among those requiring intensive
care support.”’ Nowak et al. and Geethanjali ef al.
identified advanced age, DM, cardiovascular disease,
severe lung involvement, and AKI as independent
predictors of mortality, with AKI being particularly
significant due to its association with systemic
inflammation, hemodynamic instability and poor
outcomes.!>1°

Taken together, these findings reinforce that KTRs
remain a high-risk population despite advances in
supportive care and antiviral therapy, underscoring
the importance of early risk stratification and
individualized management strategies to improve
survival.

Clinical Implications

This study highlights the persistent vulnerability
of RARs to severe COVID-19. Early modification
of immunosuppression, prompt anti-viral therapy,
close monitoring of clinical, biochemical, respiratory,
and renal parameters, and aggressive supportive
care are essential to improving outcomes. High-risk
patients particularly the elderly and those with
DM, cardiovascular disease, or preexisting CAN
require early hospitalization and a multidisciplinary
approach involving nephrology, infectious disease,
and critical care teams. Individualized treatment
strategies that balance infection control with graft
preservation remain fundamental to optimizing
outcomes in this vulnerable population.

Strengths and Limitations

A Strength of this study is the detailed clinical
and laboratory characterization of RARs during
the pandemic in a tertiary center. However, the
relatively small sample size and single-center design
limit generalizability. The retrospective nature
may also introduce bias in treatment uniformity
and data completeness.

CONCLUSIONS

Renal transplant recipients are highly vulnerable
to adverse outcomes following COVID-19
infection, with clinical severity ranging from mild
symptoms to severe pneumonia and multi-organ
failure. Prompt adjustment of immunosuppressive
therapy, along with supportive care and antiviral
therapy, is critical for preserving graft function
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and improving outcomes. Despite a high rate of
recovery, mortality remains significant, highlighting
the need for intensive monitoring, individualized
management. Further multicentric prospective
studies are warranted to establish standardized
treatment protocols for this high-risk population.
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INTRODUCTION

Yukinobu lkegishi

Introduction. Erythropoiesis-stimulating agent (ESA) hypo-
responsiveness in elderly patients undergoing maintenance
hemodialysis is frequently multifactorial and may be difficult to
distinguish from anemia associated with primary bone marrow
disorders.

Case Report. We report an 89-year-old man with ESA-resistant,
transfusion-dependent anemia. Bone marrow examination
demonstrated dysplastic megakaryocytic changes and isolated loss
of the Y chromosome, raising concern for an underlying clonal
marrow disorder. However, serum copper and ceruloplasmin
levels showed no evidence of copper deficiency, and no zinc
excess was identified. Hematologic improvement occurred during
a period in which pneumonia and volume overload improved;
however, luspatercept had previously been administered while
ESA and intravenous iron therapy were continued, precluding
attribution of the response to any single intervention.
Conclusions. This case highlights the importance of integrating
MDS-like marrow findings with systematic and longitudinal
assessment of potentially reversible contributors to ESA hypo-
responsiveness, because marrow abnormalities and reversible
causes of impaired erythropoiesis may coexist in elderly
hemodialysis patients.

RICCN 2026; 2: 301-6
WWW.IjcCn.org

DOI: 10.61882 /rjccn.2.4.61

The diagnostic process becomes more complex

Erythropoiesis-stimulating agent (ESA) hypo-
responsiveness in patients receiving maintenance
hemodialysis may result from several coexisting
conditions, including iron deficiency or impaired
iron availability, infection and inflammation,
inadequate dialysis, nutritional abnormalities,
secondary hyperparathyroidism, occult blood loss,
and trace-element deficiencies.!? Accordingly,
potentially reversible causes should be systematically
assessed before anemia is attributed to a primary
bone marrow disorder.

in older patients because age-related clonal
hematopoiesis and morphologic dysplasia may be
detected in the bone marrow even in the absence
of definite myelodysplastic syndrome (MDS).389
In addition, acquired metabolic abnormalities,
including copper deficiency, can produce cytopenias
and marrow changes resembling MDS.#° Thus,

Please cite this article as: Ikegishi Y. Diagnostic Challenges
: of ESA-Resistant Anemia with MDS-Like Marrow
21 Abnormalities: The Importance of Excluding Reversible
Causes. RJICCN. 2026;2(4):301-6.
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the presence of marrow dysplasia or an isolated
cytogenetic abnormality does not necessarily
establish that a clonal myeloid disorder is the
principal cause of ESA hypo-responsiveness.

We describe an elderly patient on maintenance
hemodialysis who developed transfusion-dependent
ESA-resistant anemia together with megakaryocytic
dysplasia and isolated loss of the Y chromosome.
Despite these MDS-like findings, the severity of
anemia changed in parallel with inflammatory
activity, iron availability, and volume status. This
case illustrates the importance of integrating bone
marrow findings with a systematic and longitudinal
assessment of potentially reversible contributors
to ESA hypo-responsiveness.

CASE REPORT

An 89-year-old Japanese man with end-stage renal
disease secondary to hypertensive nephrosclerosis
had undergone maintenance HD for approximately
three years. Hemoglobin levels were initially
maintained at 9-10 g/dL with darbepoetin alfa

and intravenous iron.

Approximately 24 months after HD initiation,
anemia progressively worsened despite escalation of
ESA therapy. Laboratory testing demonstrated severe
iron-restricted erythropoiesis with TSAT below 10%
despite intravenous iron supplementation, and the
patient became transfusion dependent.

Bone marrow aspiration performed because
of persistent ESA-resistant anemia demonstrated
normocellular marrow with dysplastic
megakaryocytic changes involving 10-50% of
cells, 0.6% blasts, no ring sideroblasts, and isolated
loss of the Y chromosome in 4 of 20 metaphases.
Serum copper and ceruloplasmin levels showed no
evidence of overt copper deficiency, whereas serum
zinc levels were below the reference range. Upper
gastrointestinal endoscopy showed no evidence of
gastrointestinal bleeding or malabsorption (Table).

Because the cause of persistent transfusion-
dependent ESA hypo-responsiveness remained
uncertain despite extensive evaluation and the
bone marrow findings raised concern for an

Longitudinal Clinical and Laboratory Findings During the Course of ESA Hypo-responsiveness

Reference Range Month 282 Month 32° Month 34¢ Month 364 Month 37¢
WBC, /uL 6,600 to 8,100 4,600 7,000 3500 5900 5900
Hemoglobin, g/dL 13.7 t0 16.8 8.2 7.6 6.9 8.7 9.7
Hematocrit (%) 40.7 to 50.1 27.5 26.2 23.3 28.8 31.8
Platelet, x103/uL 158 to 348 196 90 135 181 180
CRP, mg/dL 0.00to 0.14 0.2 7.2 4.1 0.42 0.1
Ferritin, ng/mL 2110 274 60 59 68 43 112
TSAT (%) > 20 6 9 7 12 22
Reticulocyte (%) 0.1t0 2.6 1.0 2.1 0.9 1.1 2.2
Albumin, g/dL 4.1t05.1 3.1 2.9 2.7 2.9 3.1
Zinc, pg/dL 80 to 130 54 66 44 49 48
Copper, yg/dL 66 to 130 97 132 114 101 96
Ceruloplasmin, mg/dL 21 to 37 25 35 33 28 25
hANP, pg/mL 0to 43 129 292 446 158 76
Folate, ng/mL 3.6t012.9 - 41 - - -
Vitamin B12, pg/mL 233 t0 914 - 297 - - -
AST /ALT, U/L 13 to 30/ 10 to 42 12/8 28/16 25/6 14/3 13/2
y-GTP, U/L 13 to 64 33 36 62 60 42
Fibrinogen, mg/dL 150 to 400 - 248 - - -
PT (%) / aPTT, sec 70to 130/ 24 to 34 - 71/24.8 - - -
Fecal occult blood Negative Negative Negative - - -
Ca/P, mg/dL 8.8 t0 10.1/2.7 to 4.6 8.4/3.6 8.3/4.7 8.1/3.2 8.5/3.5 9.3/3.3
Intact PTH, pg/mL 10 to 65 110 160 93 34 93
Kt/V > 1.2 (target = 1.4) 1.27 1.45 1.52 1.55 1.64

Note: @At progression of transfusion-dependent anemia

bAt admission for pneumonia

°During persistent inflammation after pneumonia

9During recovery from inflammation and volume overload
eAfter improvement of inflammatory activity and iron availability
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underlying clonal myeloid disorder, luspatercept
was introduced and administered four times
between months 28 and 32. During follow-up,
the patient developed pneumonia accompanied
by pleural effusion, elevated C-reactive protein,
thrombocytopenia, and marked elevation of human
atrial natriuretic peptide, suggesting concomitant
inflammation and volume overload. Treatment
with ceftriaxone together with gradual reduction
of dry weight improved inflammatory activity and
fluid status (Figure 1).

Following resolution of pneumonia and
optimization of volume status, hemoglobin increased
to > 9 g/dL without additional transfusion. Platelet
count recovered in parallel with improvement of
inflammation. Because luspatercept had previously
been administered four times between months 28
and 32 while ESA and intravenous iron therapy
were continued, a delayed or contributory effect
of luspatercept on the subsequent hematologic
recovery could not be excluded. Therefore, the
hematologic response could not be attributed to

Darbepoetin alfa, 60 ug / week
Fesin 40 mg once weekly

->80ug / week

8

White blood

(- ulE a7 Ao ANV AW SO N Y
\;I AL 7 \\A

cell x102/uL 6 7 \
4

any single intervention (Figures 1 and 2).

DISCUSSION

This case demonstrates the difficulty of assigning
a single cause to severe ESA hypo-responsiveness in
an older patient receiving maintenance hemodialysis
when abnormalities suggestive of a clonal marrow
disorder are also present. ESA hypo-responsiveness
in dialysis patients may arise from multiple and
frequently overlapping conditions, including
absolute or functional iron deficiency, infection
and inflammation, blood loss, inadequate dialysis,
malnutrition, secondary hyperparathyroidism,
vitamin or trace-element deficiencies, and
hematologic disorders.!? Therefore, identification
of a bone marrow abnormality does not eliminate
the need to assess concurrent and potentially
reversible contributors to anemia.

Bone marrow examination in our patient
demonstrated megakaryocytic dysplasia involving
10-50% of cells and isolated loss of the Y
chromosome (LOY) in 4 of 20 metaphases, with a
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Figure 1. Overall Clinical Course Since Initiation of Dialysis
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Top panel: Trends in hemoglobin (red line), platelet count (green line), and white blood cell count (gray line) are shown. Multiple
transfusions of 2 units of packed red blood cells (red arrows) were administered due to worsening anemia. A shaded purple area
indicates a period of inflammation associated with pneumonia, during which a transient drop in platelet count was observed.
Luspatercept (purple arrows) was administered four times before the period of pneumonia-associated inflammation.

Middle panel: Serum ferritin levels (red bars) and transferrin saturation (TSAT; blue dots) throughout the course.

Bottom panel: Changes in C-reactive protein (CRP; orange line) and human atrial natriuretic peptide (hANP; blue line) are shown.
Elevation of CRP and hANP was observed in parallel with the onset of pneumonia-related inflammation.
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Figure 2. Clinical Course After 24 Months Since Initiation of Dialysis [A) Hemoglobin levels (red line), serum ferritin (gray bars),

and transferrin saturation (TSAT, blue dots) are shown. Hemoglobin levels generally paralleled changes in TSAT values during the
clinical course. The shaded area indicates the period of pneumonia-associated inflammation, during which anemia progression

and thrombocytopenia were observed; B) Treatment course, including the administration of darbepoetin alfa (80 pg/week), Fesin
(iron formulation) once or three times weekly, and four administrations of luspatercept between months 28 and 32 (purple arrows).
Intravenous ceftriaxone (1 g/d) was administered during pneumonia; C) C-reactive protein (CRP, red line) and human atrial natriuretic
peptide (hANP, blue line) levels. CRP elevation was followed by hospitalization due to pneumonia (shaded area); D) Serum levels of

copper (Cu, blue line), ceruloplasmin (green line), and zinc (Zn, orange

bars). Copper and ceruloplasmin levels showed no evidence of

copper deficiency during the clinical course despite progressive anemia, whereas zinc levels gradually decreased]

low blast percentage (0.6%). These findings raised
the possibility of an underlying clonal myeloid
disorder. However, isolated LOY is increasingly
recognized with advancing age, and its clinical
significance depends partly on the proportion
of affected metaphases and the accompanying
morphologic and molecular findings.>®° In the
present case, LOY was detected in only 20% of
analyzed metaphases. Thus, the cytogenetic finding
alone was insufficient to determine whether the
patient’s severe anemia was primarily attributable
to MDS. Importantly, molecular testing for MDS-
associated somatic mutations was not performed.
An underlying clonal myeloid disorder therefore
cannot be definitively excluded, and this represents
an important limitation of the diagnostic evaluation.

The longitudinal clinical course provided
additional information regarding the factors

304

contributing to the severity of anemia. During
pneumonia, the patient developed increased
inflammatory activity, marked elevation of human
atrial natriuretic peptide, worsening anemia,
thrombocytopenia, and persistently low transferrin
saturation. Following antibiotic treatment
and adjustment of dry weight, inflammatory
and volume-related abnormalities improved,
accompanied by recovery of the platelet count and
increases in hemoglobin and TSAT. Inflammation
can impair iron availability and erythropoiesis
and is a well-recognized contributor to ESA hypo-
responsiveness in dialysis patients.!”? The parallel
changes observed in this patient therefore support
contributions from inflammation, functional iron
restriction, and altered volume status to the severity
of anemia. These observations do not exclude an
underlying clonal marrow disorder; rather, they
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indicate that the hematologic phenotype was likely
multifactorial.

Copper deficiency was specifically considered
because it can cause cytopenias and marrow
dysplasia resembling MDS and has been reported
as a reversible cause of severe ESA hypo-
responsiveness in dialysis patients.*” In our
patient, however, serum copper and ceruloplasmin
showed no evidence of overt copper deficiency
during the period of progressive anemia, and
hematologic improvement occurred without copper
supplementation. Copper deficiency was therefore
unlikely to be the principal explanation for the
observed marrow abnormalities and ESA hypo-
responsiveness. Our previous reports demonstrated
that copper deficiency can represent one reversible
contributor to severe ESA hypo-responsiveness and
MDS-like hematologic abnormalities in dialysis
patients.®” In contrast, the present case suggests
that a similar hematologic phenotype may emerge
in the absence of copper deficiency through a
different combination of physiological and clinical
stressors. This distinction is important because
MDS-like marrow findings in dialysis patients
may occur in heterogeneous clinical settings and
should be interpreted together with biochemical
findings and the longitudinal clinical course.

More broadly, these observations may be viewed
within a framework of hematologic vulnerability in
older dialysis patients. Age-related or clonal marrow
abnormalities may coexist with dynamic disturbances
in erythropoiesis related to inflammation, impaired
iron availability, nutritional status, volume
overload, or trace-element abnormalities. Additional
physiological stress may therefore accentuate
anemia in a patient with limited hematopoietic
reserve, without implying that any single factor
fully accounts for the hematologic phenotype. In this
context, clonal marrow abnormalities and potentially
reversible contributors should not necessarily be
regarded as mutually exclusive explanations for
ESA hypo-responsiveness.

Interpretation of the hematologic recovery
is complicated by the sequential and partially
overlapping use of several interventions.
Luspatercept was administered four times between
months 28 and 32 while the patient continued to
receive ESA and intravenous iron. Luspatercept,

an activin receptor ligand trap that promotes late-
stage erythroid maturation, has previously been
considered as a potential therapeutic approach for
anemia in CKD; however, its clinical development
has primarily focused on indications other than
CKD.!? These doses were administered before
the subsequent development of prominent
inflammatory and volume-related abnormalities.
Therefore, a delayed or contributory effect of
luspatercept on the later increase in hemoglobin
cannot be excluded.

During the subsequent clinical course, pneumonia
was treated with antibiotics and volume status
was managed by adjustment of dry weight, while
changes in inflammatory activity, iron availability,
ESA treatment, and intravenous iron administration
also occurred. Because these factors changed
within the same overall period, the hematologic
recovery cannot be attributed to luspatercept,
treatment of infection, volume optimization, ESA,
or intravenous iron alone. Accordingly, we do not
interpret the improvement as evidence against an
underlying clonal marrow disorder or as evidence
of a specific treatment effect. Rather, the parallel
changes in inflammatory activity, volume-related
parameters, iron availability, platelet count, and
hemoglobin support a multifactorial interpretation
of the hematologic course.

This case also underscores the importance of
the sequence of diagnostic evaluation in ESA
hypo-responsiveness. Common and treatable
causes—including iron deficiency or impaired iron
utilization, infection and inflammation, inadequate
dialysis, blood loss, nutritional deficiencies,
secondary hyperparathyroidism, and relevant trace-
element abnormalities—should be systematically
assessed before proceeding to invasive evaluation
for a primary marrow disorder. When persistent
unexplained cytopenia or other clinical findings
warrant bone marrow examination, the resulting
morphologic and cytogenetic abnormalities should
subsequently be interpreted in the context of the
entire clinical course rather than in isolation. In
the present patient, the available findings did not
permit definitive exclusion of MDS, but neither
did they establish that a clonal marrow disorder
was the predominant cause of the transfusion-
dependent anemia.
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The principal message of this case is therefore not
that reversible causes of ESA hypo-responsiveness
are newly recognized, but that their contribution
may remain clinically important even after MDS-
like marrow abnormalities have been identified. The
distinctive aspect of this case is the coexistence of
marrow abnormalities suggestive of a clonal disorder
with dynamically changing and potentially reversible
contributors to impaired erythropoiesis. In older
dialysis patients, these processes may coexist and
interact rather than represent mutually exclusive
diagnoses. A longitudinal approach integrating
marrow morphology, cytogenetic and, when
available, molecular findings with dialysis adequacy,
inflammation, iron availability, nutritional status,
trace-element status, and volume status may help
distinguish the presence of a marrow abnormality
from its actual contribution to the severity of anemia.

This framework is hypothesis-generating rather
than diagnostic and requires further investigation
in larger populations.
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