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Current kidney function assessment primarily relies on estimation of glomerular filtration rate (GFR),
which fails to capture the full spectrum of kidney functions and may limit accurate disease classification
and targeted treatments. To propose innovative strategies to comprehensively assess kidney functions,
aiming to improve our capacity to uncover pathophysiologic mechanisms and delineate novel disease
subgroups, the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) convened a
workshop titled “Re-imagining Kidney Function Assessment.” This workshop brought together experts to
discuss current limitations and potential advancements in kidney function evaluation. Key themes
emerged, including the following: (i) the need for standardized protocols for measured GFR using exog-
enous filtration markers, (ii) the potential of kidney functional reserve (KFR) and stress tests to reveal
subclinical kidney dysfunction, (iii) the importance of assessing tubular secretion alongside glomerular
filtration, (iv) the value of glomerular permselectivity measurements in predicting disease progression;
and (v) the promise of integrating molecular profiling with functional assessments for precision medicine
in nephrology. The workshop highlighted the critical need for a more comprehensive approach to kidney
function assessment. Integrating diverse kidney function measures into tailored, individual-level assess-
ments could lead to more accurate disease classification, targeted interventions, ability to track response
to therapies, and improved patient outcomes. Future research should focus on developing and validating
these novel assessment strategies to advance precision medicine in nephrology.
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Limitations of Current Kidney Function Assessment
idney function assessment is a critical aspect of
diagnosing, managing, and treating kidney dis-

eases. The kidneys play a vital role in maintaining

overall health and homeostasis, extending far beyond
the commonly assessed GFR or proteinuria as markers
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of kidney damage. These remarkable organs are
responsible for a wide range of essential functions,
including filtration and excretion of waste products
and toxins; as well as regulation of extracellular fluid
volume, blood pH, ionic composition, osmolality, and
blood pressure. They also serve important endocrine
functions, producing hormones such as erythropoietin,
renin, calcitriol, and klotho, and contribute to glucose
metabolism. Impairment in any of these domains can
result in clinically significant complications that are not
captured by assessing GFR or proteinuria alone. For
example, declines in erythropoietin or calcitriol pro-
duction can contribute to anemia and mineral and bone
disorders, respectively. Moreover, current approaches
do not account for the kidneys’ intrinsic compensatory
capacity, in which 1 kidney can preserve overall
function for extended periods even when the other
kidney is injured or loses function. This compensation
can delay the detection of early or localized pathology,
potentially underestimating the true burden of kidney
disease. In selected cases, kidney biopsy provides
complementary structural information that can help
clarify these limitations. Although it is an invasive
procedure, biopsy offers direct visualization of
glomerular, tubular, and interstitial compartments and
can uncover abnormalities not evident through func-
tional markers alone. Discrepancies are not uncommon;
for example, some individuals may have significant
histologic fibrosis despite preserved GFR, reflecting
compensatory hyperfiltration by unaffected nephrons.
These observations reinforce the need to integrate
structural and functional assessments to better capture
the full spectrum of kidney dysfunction.

A more comprehensive assessment of kidney func-
tions is needed to open new avenues for discovery in
research and clinical care. This includes the develop-
ment of novel biomarkers and imaging modalities,
alongside refinement and standardization of existing
methodologies. In this context, standardization refers
to the establishment of consensus protocols for mea-
surement techniques, reference ranges, and reporting
criteria to ensure consistency, reproducibility, and
comparability across studies and clinical settings. This
will enable comparative analyses and generate more
reliable data that might yield novel insights into kid-
ney disease pathogenesis, with applications to differ-
ential  diagnosis, monitoring, treatment, and
subclassification of diseases to promote individualized
therapies.

Case Examples Illustrating Shortcomings of Current
Kidney Function Assessments

In contrast to nephrology, other medical specialties
have embraced comprehensive functional assessments
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to guide clinical decision-making and advance patient
care. For example, cardiology routinely uses stress
tests, echocardiograms, cardiac magnetic resonance
imaging (MRI), and biomarkers such as B-type natri-
uretic peptide and cardiac troponin to evaluate cardiac
function and direct therapy. Similarly, hepatology
employs liver function tests to assess liver health by
examining inflammation, synthetic capacity, and bile
secretion, whereas pulmonology uses measurements of
oxygen and carbon dioxide exchange alongside eval-
uations of parenchymal integrity. These multifunc-
tional approaches have facilitated the identification of
disease subgroups and the development of targeted
treatment strategies.

To illustrate the shortcomings of our current
approach, consider a 45-year-old male with no signifi-
cant medical or family history, a body mass index of
28 kg/m?, and a blood pressure of 132/85 mm Hg, who
underwent routine laboratory testing, which revealed a
serum creatinine concentration of 1.2 mg/dl. Subse-
quent evaluations showed an estimated GFR (eGFR) of
75 ml/min per 1.73 m® and a urine albumin-to-
creatinine ratio (WACR) of 70 mg/g. Current kidney
function assessments are unable to clearly determine
whether these findings reflect intrinsic kidney disease,
previous or ongoing kidney injury, or are attributable
to other factors. Even with directly measured GFR,
early kidney disease may go undetected because of
compensatory hyperfiltration by noninjured glomeruli.
In addition, although the uACR is diagnostically
informative at very low (< 30 mg/g) or high (> 300 mg/g)
values, it is less conclusive within the intermediate
range of 30 to 300 mg/g. Similarly, a 45-year-old male
with well-controlled hypertension and a 10-year history
of type 2 diabetes presents with the same kidney
function metrics: an eGFR of 75 ml/min per 1.73 m? and
a UACR of 70 mg/g. These cases underscore several
limitations of eGFR and uACR, including the diagnostic
challenges in determining whether the patient has dia-
betic kidney disease or an alternative kidney disease
etiology. Furthermore, eGFR and uACR provide limited
information for disease subclassification or identifying
the specific nephron compartments affected. These
measures cannot differentiate between glomerular and
tubulointerstitial injury, and they do not assess func-
tional impairments such as disturbances in permse-
lectivity, tubular reabsorption, erythropoiesis control,
renin-angiotensin-aldosterone system (RAAS) regula-
tion, or calcium/phosphorus/calcitriol and klotho
regulation.

These examples underscore the limitations of current
kidney function assessments, which often lack the
sensitivity to detect early kidney injury and provide an
incomplete characterization of kidney dysfunction. The
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reliance on eGFR and uACR as primary biomarkers
presents diagnostic challenges, particularly in cases
where their diagnostic interpretation remains uncer-
tain, making it difficult to determine the presence and
etiology of kidney disease. This uncertainty compli-
cates the ability to differentiate between distinct forms
of kidney injury and to ascertain which kidney
compartment is primarily affected. Addressing these
challenges necessitates the development of more
advanced diagnostic ~methodologies capable of
providing a comprehensive evaluation of kidney
function. These approaches should encompass assess-
ments of key physiological processes, including acid-
base and electrolyte regulation, volume homeostasis
under physiological stress, responsiveness to renopro-
tective therapies, and intrinsic kidney reserve capacity.
The integration of these functional assessments with
molecular profiling and genetic testing has the poten-
tial to refine disease classification by elucidating
distinct pathophysiological and causal mechanisms
across the spectrum of kidney disease, ultimately
facilitating the advancement of clinical application and
targeted therapeutic strategies.

In sum, the kidneys play a pivotal role in main-
taining health and homeostasis. However, the totality
of these life-sustaining functions are not captured
through GFR, and the extent of the damage is not
assessed through uACR. The NIDDK workshop on “Re-
imagining Kidney Function Assessment,” led by Afshin
Parsa et al.,’ (recorded webinar is openly available at:
Reimagining Kidney Function Assessment Workshop -
2024 - NIDDK) aimed to address the challenge of
modernizing and expanding the assessment of kidney
function. In the following sections, we delve into
specific aspects of kidney function assessment that
were discussed during the workshop, including
measuring GFR, assessing tubular functions, assessing
KFR, evaluating the kidney’s inherent physiologic
response to stressors, and characterizing glomerular
permselectivity. By exploring these facets of kidney
function in detail, we aimed to provide a more
comprehensive understanding of the challenges and
opportunities in advancing kidney function assessment
and ultimately improving patient care.

Measuring GFR in Clinical and Research
Settings

Evaluation of the GFR in patients is generally consid-
ered the best single overall assessment of kidney
health, even though it does not capture all critical renal
functions.” In clinical practice, the GFR is estimated
using endogenous biomarkers.”" There are clinical
situations in which the GFR should be measured
(mGFR) instead of estimated to provide a more accurate
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assessment of the patient’'s GFR.” The GFR can be
measured by exogenous filtration
markers and following their clearance either through
urinary clearance or plasma disappearance protocols.””
Several of the historical filtration markers employed to
perform mGFR studies, such as inulin and nonradio-
active iothalamate, are currently unavailable for pur-
chase. GLOFIL-125, a radioactive iothalamate, is still
available for purchase and has a documented clinical
protocol.” However, most institutions prefer to use
nonradioactive exogenous markers to reduce radioac-
tive waste and limit patient exposure to radioactive
compounds. This leaves iohexol as one of the most
widely available and researched exogenous filtration
markers currently employed for research and clinical
mGFR studies.'’ Plasma disappearance protocols for
mGFR involve an i.v. infusion of the filtration marker
and carry the benefit of only sampling a patient’s
plasma'’ either through a single blood collection sam-
pling or multiple blood collections.'”"” Single time
point for plasma iohexol clearance appears to be suffi-
cient to estimate GFR in individuals with normal GFR;
however, it has decreased accuracy in patient pop-
ulations with lower levels of GFR. Some studies have
shown that multiple time points, including a 24-hour
sample, are required for accurate measurement of GFR
in chronic kidney disease (CKD) stage 4 or 5./" Lab-
oratory analysis of iohexol specimens typically em-
ploys the wuse of high-performance liquid
chromatography or liquid chromatography tandem
mass spectrometry.'® Analytical accuracy and precision
of iohexol measurement at performance laboratories are
essential for an accurate GFR measurement.'” There is
an external proficiency program that laboratories can
subscribe to in order to assess accuracy, called
EQUALIS, which assists in keeping laboratory mea-
surement procedures on calibration.”’

A recent international consensus from the European
Kidney Function Consortium has provided practical,
evidence-based guidance for the implementation of
iohexol plasma clearance protocols.”’ Importantly, this
consensus highlights the need for methodological
flexibility within a standardized framework, acknowl-
edging that institutional differences in staffing, sample
collection logistics, and analytical capacity may require
tailored approaches. The objective is not to mandate a
single uniform procedure, but to ensure that varied
protocols can produce consistent and reliable results
across clinical and research settings. However, signifi-
cant barriers persist; for example, in the United States
there is no current procedural terminology code or
established reimbursement model for nonradioactive
mGFR testing. In the absence of a defined payment
structure, broad clinical adoption remains limited,

administering
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Figure 1. Factors influencing true, measured, and estimated glomerular filtration rate.

regardless of feasibility or clinical value. To support
more reliable capture of mGFR, coordinated efforts are
needed to strengthen protocol alignment while
addressing policy and reimbursement challenges.
Expanding the clinical utility of GFR measurement will
require not only technical innovation, such as rapid
mGFR approaches,”” but also the creation of accessible
and sustainable implementation pathways.

Difference in mGFR Versus eGFR Versus True
GFR

True GFR is a physiological property which cannot be
measured directly. It is assessed using measured uri-
nary or plasma clearance of exogenous filtration
markers (mGFR) and estimated (eGFR) from serum
concentrations of endogenous filtration markers.”’
mGFR differs from true GFR because of errors in
clearance methods, nonideal filtration marker proper-
ties, errors in filtration marker assays, and biological
variability (Figure 1).” Thus, observed differences in
mGFR from one day to another may be due to true
biological variation in GFR, including day-to-day
variation, or to errors secondary to analytical errors
in the assay or the clearance procedure.”’ Causes of
biological variation include factors that influence the
determinants of GFR, such as changes in renal blood
flow, intraglomerular pressure, filtration coefficient,
hydraulic pressure, and oncotic pressure. These de-
terminants may be affected by extracellular fluid
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volume, blood pressure, exercise, obesity, and dietary
protein intake. Furthermore, many of the kidney
physiological functions display circadian rhythms,
which contribute to variation within a day.”””'
dence for diurnal variation in GFR in healthy in-
dividuals in highly controlled environments with 33%
daily variability has been demonstrated, with less
consistent evidence for diurnal variation in patients
with CKD.”

In addition, eGFR differs from mGFR and true GFR
due to non-GFR determinants of filtration markers
including, generation, tubular reabsorption and secre-
tion, extrarenal elimination, and measurement errors in
filtration marker assays.””** Consequently, discrep-
ancies between eGFR and true GFR may arise from
inherent inaccuracies related to these eGFR-associated
factors or from variability and limitations in mGFR
measurements themselves.”” Further, eGFR estimated
using serum creatinine versus using cystatin C can give
discordant values, prompting the question of which
estimate is to be trusted and whether 1 or both are
influenced by the non-GFR determinants specific to
each marker (Table 1).36’38 These differences in mGFR,
true GFR, and the distinction between immediate and
average GFR are often underappreciated factors that
limit the development of more reliable eGFR equations.
These factors may in part explain findings from the
Chronic Renal Insufficiency Cohort study, which found
that mGFR may not necessarily provide a better

Evi-
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Table 1. Effects of non-GFR determinants on creatinine and cystatin C as endogenous filtration markers

Factor Creatinine Mechanism of change Cystatin C Mechanism of Change
Increasing age l Decreased muscle mass ! Decreased fotal body cell mass
Female sex | Less muscle mass compared to males | Lower cell mass compared fo males
African American ethnicity T Higher average muscle mass compared to other = =
ethnicities
Inflammation - - 1 Increased cystatin C production
Hyperthyroidism - - 1 Increased cystatin C production
Hypothyroidism - - | Decreased cystatin C production
Smoking - - 1 Increased cystatfin C production due fo inflammation
Vegetarian diet | Reduced creatinine production - -
Consumption of meat or creatinine supplements T Increased creatinine production (in some cases may - -
show no change due fo fransient GFR increase)
Body builders or individuals with high muscle mass T Increased creatinine production or from high protein - -
infake
Low muscle mass (e.g., limb amputation) | Decreased creatinine production - -
Malnutrition or muscle wasting due fo chronic illness l Decreased creatinine production or reduced protein 1 Increased cystatin C production due fo inflammation
intake
Obesity - - 1 Increased cystatin C production due fo higher fat
mass
Trimethoprim, cimetidine, fibric acid derivatives T Inhibit tubular secretion of creatinine No data No datfa
(except gemfibrozil)
Ketoacids and some cephalosporins 1 Inferfere with creatinine measurement by alkaline No data No data

picrate assay

1, increase; |, decrease; -, no change; GFR, glomerular filtration rate.

prediction of outcomes in individuals with CKD.” A
further challenge lies in the application of eGFR
equations across diverse populations. Many commonly
used equations were developed in cohorts with limited
racial, ethnic, age, or clinical heterogeneity, and may
perform suboptimally in individuals with differing
body composition, comorbid conditions, or socioeco-
nomic backgrounds.40 These limitations underscore the
need for broader external validation, the use of more
inclusive reference populations, and the development
of approaches that reduce reliance on any single
biomarker.

The ultimate goal is an accurate, precise, and reliable
assessment of GFR that is easy and inexpensive with
fast turnaround. Ongoing studies are evaluating panels
of endogenous filtration markers that may attenuate the
impact of non-GFR determinants of any single
marker.*! Ideally, such markers are able to detect short-
term changes in GFR, such as when assessing in-
dividuals with acute kidney injury (AKI), or can cap-
ture average GFR over several days. Realistic and
immediate goals for mGFR include clear indicators,
when to use; standardized protocols with reliable data
on accuracy, and how accuracy varies by individual
characteristics, ensure stable supply chain for the
filtration markers, and payment systems to encourage
more widespread use.

The Dual Mechanisms of Kidney Clearance:
Glomerular Filtration and Tubular Secretion
The human kidneys clear endogenous solutes and
medications from the circulation by 2 mechanisms:
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glomerular filtration and tubular secretion. Filtration is
the primary mechanism for eliminating freely circu-
lating solutes that can readily traverse the glomerular
basement membrane (GBM). Although only approxi-
mately 20% of renal plasma flow is filtered through the
glomeruli, this process is highly effective because of
the substantial volume of plasma delivered to the
kidneys. Humans accomplish this task by routing
approximately 20% of the total cardiac output to the
kidneys. For an average-sized person with intravas-
cular plasma volume of 5 L and a “normal” GFR of
120 ml/min, the entirety of the plasma volume is
filtered through the kidneys every 42 minutes.

In contrast, the remaining approximately 80% of
renal plasma flow that is not filtered at the
glomerulus is directed to the proximal tubules,
where specific transporters actively secrete retained
solutes and drugs into the urine (Figure 2).*’
Tubular secretion is a highly efficient mechanism
for solute clearance and represents the primary
route of elimination for protein-bound substances
that are minimally filtered due to size and charge
specificity of the GBM. Many candidate uremic
solutes are known substrates of secretory trans-
porters, for example indoxyl sulfate, and indole-
acetic acid.””* Tubular secretion is also the
primary kidney mechanism for eliminating hun-
dreds of commonly prescribed drugs, including
antibiotics, diuretics, antidiabetes medications,
antiviral agents, chemotherapies.45 While
secretion accounts for a smaller overall fraction of
total solute clearance than filtration, it is essential

and
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Figure 2. The dual mechanisms of kidney clearance. The kidneys clear endogenous solutes and medications via two main mechanisms:
glomerular filtration, which removes freely circulating solutes that can cross the glomerular basement membrane, and tubular secretion, which
actively transports solutes and drugs into the urine. Only about 20% of renal plasma flow is filtered, necessitating a high plasma delivery—
roughly 20% of the cardiac output—to achieve effective clearance. The remaining 80% of renal plasma flow reaches the proximal tubules,
where specialized transporters efficiently eliminate protein-bound and other solutes poorly filtered at the glomerulus. This robust secretion
pathway is essential for excreting toxic substances and is the primary route for eliminating many commonly prescribed drugs (e.g., antibiotics,

diuretics, antiviral agents, and chemotherapies).

for the removal of specific compounds not effi-
ciently handled by glomerular filtration, especially
in settings of reduced GFR.

The development of accurate measurements of
tubular secretory clearance could expand the assess-
ment of kidney functions beyond prevailing measure-
ments of GFR and albuminuria. Filtration and secretion
occur via distinct physiologic mechanisms: glomerular
filtration is primarily a passive process dependent on
hemodynamics and effective surface area, whereas
secretion requires the coordinated actions of basolateral
and apical transporters coupled with cellular energy,
suggesting potential contrasts across individuals and
disease processes. The loss of tubular secretory clear-
ance relative to GFR may suggest the presence of dis-
orders that preferentially involve the tubules and
interstitium, including ischemic and toxic causes of
AKI. Measures of secretory clearance may provide new
opportunities for the early detection of kidney disease,
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in which GFR is often preserved because of some de-
gree of compensatory hyperfiltration. The central role
of tubular secretory clearance in kidney drug elimi-
nation suggests further potential for improving drug
dosing strategies, which are currently based exclu-
sively on estimates of eGFR."

Despite its central physiological importance as an
essential intrinsic kidney function, tubular secretory
clearance is rarely assessed in clinical or research set-
tings. Conceptually, secretory clearance can be esti-
mated based on the kidney clearance of endogenous or
exogenous markers that have high specificity for
tubular solute transporters, for example, p-amino-
hippurate. Kestenbaum et al. have developed an assay
to measure a set of endogenous substrates of tubular
organic anion transporters. They have used the timed
kidney clearances of these markers to demonstrate the
following: that (i) lower estimated tubular secretory
clearance is associated with the progression of CKD,

Kidney International Reports (2025) 10, 2919-2936
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cognitive decline, and mortality after adjustment for
GFR and albuminuria; and (ii) measures of tubular

. . .. . 47-49
secretory clearance predict kidney drug elimination.
Further interdisciplinary research across clinical, trans-
lational, and laboratory medicine is needed to improve
the estimation of this vital intrinsic kidney function and
understand its clinical implications.

Renal Stress Tests - Using the Kidney’s Inherent
Physiologic Response to Assess Function

Using the kidney’s inherent physiologic response to a
known stressor or stimuli may provide clues into pre-
vious or ongoing acute or chronic injuries. The renal
literature has several examples of how tracking kidney
response may help in the prognostication or diagnosis
of certain disease states.’’ Although this section high-
lights selected examples, it is important to note that a
wide array of physiologic stress tests can also reveal
important insights into kidney function.

A physiologic stress test in AKI, the furosemide
stress test, assesses renal tubular integrity and prog-
nosticates outcomes in patients with hypervolemic and
euvolemic stage 1 and 2 AKIL.’'"’? Furosemide is nearly
completely bound to plasma albumin and negligibly
filtered. Its actions within the kidneys require active
secretion via an intact proximal tubule (organic anion
transporters) and subsequent interaction with the
functional thick ascending limb of the loop of Henle,
and functional distal nephron to have its maximal ef-
fect.”>>* In 2013, Chawla and colleagues showed that in
early AKI, the inability to increase urine output > 200
ml within 2 hours of the i.v. administration of 1.0 to
1.5 mg/kg furosemide predicts progression to stage 3
AKI across a variety of clinical settings.’' Since then,
the furosemide stress test has been validated across a
variety of cohorts, prospective and retrospective, and
across different settings of AKI.””””’ More recently, the
furosemide stress test has been combined with other
tools (biochemical biomarkers and AKI risk scores) to
provide a multimodal approach to assessing tubular
function and AKI risk.”®”’

In addition to assessing the response to furosemide
in the setting of AKI, others have investigated how
furosemide affects kidney oxygen consumption as a
method to study CKD progression. Quantifying oxygen
availability using blood oxygen level-dependent MRI
before and after i.v. furosemide administration, has
permitted the estimation of oxygen consumption, a test
termed furosemide suppressible oxygen consumption.
Furosemide suppressible oxygen consumption has
differentiated ischemic kidneys (from renal artery ste-
nosis) from those with tubular injury.”®'

In the setting of CKD, there is a predictable physi-
ologic response to RAAS antagonism. Initiating any

Kidney International Reports (2025) 10, 2919-2936
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RAAS inhibitor, irrespective of class, leads to a
decrease in intraglomerular pressure through re-
ductions in efferent arteriolar resistance. This attenu-
ates intraglomerular pressure and lowers GFR.”” In a
post hoc analysis of the SOLVD trial, which investigated
the role of enalapril on survival in patients with
impaired left ventricular function and established heart
failure, Testani et al.®’ examined outcomes stratified by
RAAS inhibitor use and whether participants experi-
enced a decline in eGFR. Those patients who developed
a 20% decrease in GFR within 14 days of starting
enalapril, had the best long-term survival; and not
surprisingly, those who had a similar decrease in GFR
while getting placebo (essentially AKI) had the worst
prognosis.”” Therefore, in the setting of congestive
heart failure, those patients who displayed intact
glomerular hemodynamic function were the ones to
experience the best outcomes. However, not all studies
have confirmed these findings when studied in larger
and more heterogeneous populations.”® Future in-
vestigations should help determine the role and impact
of the changes in glomerular hemodynamic across
various patient populations.

Similar data exist around starting spironolactone in
patients with proteinuria and CKD; those with an im-
mediate reduction in GFR developed the largest
decrease in their chronic proteinuria.ﬁ5 However,
studies examining the initiation of RAAS inhibitors
across the general population (i.e., not specific to
congestive heart failure or CKD) have not shown the
same benefits, with some studies documenting that
across the general population, the greater the increase
in serum creatinine, the greater the risk of adverse
outcomes.®® In the near future, we would anticipate
applying this same stress test to other medications to
treat CKD. Do patients who start a sodium-glucose
cotransporter 2 inhibitor or newer nonsteroidal
mineralocorticoid receptor antagonists (e.g., finer-
enone) do better if they have the anticipated increase in
serum creatinine or decrease in eGFR from drug initi-
ation? Some of the existing data support this notion;
however, future studies should investigate whether
those patients who do not exhibit the expected changes
from these medications still derive a benefit compared
with those who do not receive the medication.”’

In the setting of a dietary acid load, the kidney will
normally produce ammonia and other buffers (e.g.,
sulfates and phosphates) to bind the excess hydrogen
ions. However, in the setting of CKD, these compen-
satory mechanisms are impaired, leading to the net
retention of hydrogen ions, reduced urinary citrate
excretion, and the development of metabolic acidosis.’’
Several cohorts have demonstrated that patients who
are not able to buffer a dietary acid load in the setting
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of kidney disease are more likely to experience CKD
progression and the development of end-stage dis-
ease.”® In the future, protocolized acid loads combined
with timed urine collections may be developed to help
identify those patients at higher risk for CKD pro-
gression who may benefit from therapeutic in-
terventions to prevent the development of metabolic
acidosis and ESKD. Other physiological measures such
as water restriction, water loading, and sodium MRI to
assess urine concentrating ability, bicarbonate admin-
istration to evaluate acid base regulatory capacity, and
measurement of the tubular maximum for specific sol-
utes may also provide insight into tubular function and
kidney health.”””’

Measuring KFR

Consistently adapting to physiological and pathological
stimuli, glomerular filtration is a dynamic rather than
static process. For example, black bears exhibit a
reduction in GFR by 70% during hibernation.”
Although humans display less pronounced fluctua-
tions in GFR, there is still notable variability. Human

P Bjornstad et al.: Reimagining Kidney Function Evaluation

GFR can adjust in response to dietary intake, hydration
status, and medications, underscoring the kidney’s
adaptive role in maintaining homeostasis. The increase
in serum creatinine as a marker of kidney dysfunction
often becomes clinically evident only when there is a
significant loss of kidney mass, which at times in
certain circumstances, may not become evident until =
50% of the nephrons are compromised.””’® This
threshold highlights the concept of KFR, which mea-
sures the capacity of the kidneys to augment GFR in
response to increased demands or stress (Figure 3).
Importantly, the assessment of KFR provides insight
not only into subclinical nephron loss but also into the
interpretation of elevated GFR, particularly in hyper-
filtration states. Hyperfiltration may occur through an
increase in single-nephron GFR across structurally
intact kidneys or as a compensatory response in kid-
neys with reduced nephron number. Although this
response may be initially physiologic, such as during
pregnancy or after unilateral nephrectomy, persistent
hyperfiltration is often maladaptive and has been
implicated in the progression of kidney injury,
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Figure 3. Kidney functional reserve (KFR) and factors influencing its decline. KFR represents the difference between the baseline GFR and the
maximum GFR. Under conditions where the nephron mass is functioning at 100%, the maximum GFR may increase to as much as 180 ml/min per
1.73 m% Factors such as aging,”” pregnancy,’® baseline glomerular hyperfiltration states,’® and CKD,% can lead to a attenuated in kidney
functional reserve. CKD, chronic kidney disease; GFR, glomerular filtration rate.
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particularly in conditions such as obesity and diabetes.
In individuals with elevated baseline GFR, a blunted or
absent increase in GFR following a standardized stress
test suggests that the kidneys are already functioning
near their maximal capacity, indicating a loss of
reserve. Impaired KFR has been documented in diverse
clinical contexts, including aging,”” pregnancy,”
hyperfiltration states,”” and CKD®’ (Figure 3).

One common method to measure KFR involves
administering a protein load, typically in the form of a
meat meal or amino acid infusion and observing the
subsequent increase in GFR. Several mechanisms have
been proposed to explain the changes in GFR that occur
in response to a protein load. Notably, the resetting of
tubuloglomerular feedback has been demonstrated in
animal models. For instance, studies using lithium
clearance methods in dogs have shown that an i.v.
infusion of amino acids can enhance proximal tubular
transport through the sodium amino acid cotransport
system.”’ This leads to reduced sodium chloride de-
livery to the distal tubule, effectively deactivating
tubuloglomerular feedback and resulting in an increase
in GFR. Furthermore, these physiological responses are
often accompanied by changes in renal blood flow, as
consistently observed in animal studies following pro-
tein ingestion. In addition, the release of various hu-
moral factors during protein consumption is believed to
play a role in the observed increase in GFR.*”

Recently, the potential of KFR to predict outcomes
such as AKI or CKD progression has been explored. In a
study of adult patients with preserved baseline GFR
undergoing elective cardiac surgery, preoperative KFR
was documented to be significantly lower in those who
developed AKI postoperatively than in those who did
not.”” Specifically, an KFR value < 15 ml/min per 1.73
m?® was associated with an 11.8-fold increased likeli-
hood of developing AKI. The quantification of KFR
before high-risk kidney events, such as cardiopulmo-
nary bypass, nephrotoxin exposure, or kidney trans-
plantation, is emerging as a promising tool in the early
detection of subclinical kidney disease. Assessing KFR
may enable clinicians to identify patients who might
benefit from preemptive therapeutic interventions,
potentially preventing the onset of AKI as demon-
strated in recent clinical study.® In addition, KFR
assessment could be valuable for monitoring kidney
recovery following AKI.

Glomerular Filtration and the Pathogenesis of
Albuminuria

Despite decades of research on the glomerular filtration
barrier, a biophysical model to explain how the kidney
filter allows extensive fluid filtration while restricting
the passage of macromolecules was lacking until
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relatively recently.”” The glomerular filtration barrier
consists of the following 3 layers: (i) a specialized and
fenestrated endothelium that lines the luminal side of
the capillary wall; (ii) an extracellular matrix—based
GBM that contains type IV collagen, laminin-521, and
nidogen, as well as sulfated proteoglycans; and (iii)
podocytes that cover the outer surface of the GBM.
Podocytes, which are terminally differentiated cells
with a limited capacity for self-renewal and regenera-
tion, closely envelope the glomerular capillaries
through extensions (foot processes) that interdigitate
with those of adjacent podocytes. They are connected
by a membrane-like cell junction that allows the for-
mation of an extended filtration slit and serves as a hub
for podocyte signaling.®* The remarkable luminal
pressure in the capillaries required for fluid filtration
exerts physical forces on the capillary wall that are
counteracted by the GBM and podocytes.”” Interdigi-
tating podocyte foot processes serve as buttresses
against the physical forces of hydrostatic pressure in
the glomerular capillaries, compressing the gel-like
structure of the GBM. With these adaptive biophysi-
cal properties, the GBM acts as a permselective filter
and restricts the permeability to macromolecules
transported by diffusion and bulk flow.®” When
podocytes are injured, they take on a more simplified
architecture, and the slit-diaphragm length is much
reduced, resulting in a reduction in the filtration slit
area and a decline in the GFR of water and small sol-
utes. Concomitantly, the buttressing force of podocytes
is lost and the compressive force of the GBM is
reduced, which increases the permeability to albumin
and explains early changes that cause albuminuria.”’
New evidence suggests that at more advanced stages
in disease development, shear forces exerted by
extensive fluid filtration over a shortened filtration slit
may then cause podocytes to detach.*® Loss of podo-
cytes then allows free passage of macromolecules of all
sizes in denuded areas. To best withstand shear forces,
podocytes can orient the filtration slit in a preferred
direction along the axis of the capillary. This orienta-
tion is lost in podocyte disease, further predisposing to
podocyte loss and progressive kidney disease.”””
Taken together, these underscore the importance of
preserving podocyte integrity and slit diaphragm
orientation, highlighting the need for comprehensive
assessments of glomerular permselectivity and struc-
tural integrity to improve early detection and man-
agement of kidney diseases.

Glomerular Permselectivity and Loss of Kidney
Function

Proteinuria is a canonical indicator of glomerular injury
and a predictor of loss of kidney function. The selective
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Table 2. Summary of functional imaging modalities used in kidney assessment

Imaging modality

BOLD MRI

Principle

Measures paramagnetic effects of deoxyhemoglobin
to assess fissue oxygenation

Diffusion-weighted imaging (DWI) Measures Brownian motion of water molecules
MRI reflecting fissue microstructure

T1 Mapping (magnetic resonance
relaxometry)

Arterial spin labeling (ASL) MRI

Quantifies longitudinal relaxation time to evaluate
fissue composition and fibrosis

Uses magnetically labeled blood water as an
endogenous fracer fo quantify perfusion

Uses radioactive tracers to measure renal blood flow,
oxygen consumption, and metabolism

Positron emission fomography
(PET)

Contrast-enhanced ultrasound
(CEUS)

Uses microbubble contrast agents fo visualize real-
time blood flow in microvasculature

Measurement Interpretation of parameters
Transverse relaxation rate (R2*) e TR2*  tdeoxyhemoglobin and |fissue
oxygenation
e |R2*:  |deoxyhemoglobin and tfissue
oxygenation

Apparent diffusion coefficient
(ADC)

1ADC: increased diffusion, normal fissue
LADC: restricted water diffusion indicating
fibrosis or inflammation

Longitudinal relaxation time (T1)

1T1: increased fibrosis and edema
L T1: normal tissue structure

Renal blood flow 1 Perfusion: normal or increased flow

| Perfusion: impaired renal blood flow

Tracer uptake rate, renal metabolic o Altered tracer uptake indicates changes in
rate perfusion or metabolic activity
Alfered tracer uptake indicates changes in
perfusion or mefabolic activity
Renal blood flow tracers (e.g. '°0-H,0, ''C-
acefate): tuptake: 1 renal blood flow;
luptake: | renal blood flow
« Oxygen consumption fracers (e.g. ''C-ace-
tate): kinetics of ' 'C-acefate (K): 1K: 1 oxygen
consumption/ 1 metfabolic activity; | K:
| oxygen consumption/ | metabolic acfivity

Decreased contrast intensity or altered time-intensity
patterns reflect reduced perfusion

Contrast infensity, fime-intensity
curves

1, increase; |, decrease; BOLD, blood oxygen level-dependent; MRI, magnetic resonance imaging.

permeability of the glomerulus to proteins (permse-
lectivity) can be quantitatively characterized based on
the kidney’s handling of (exogenous) test macromole-
cules (e.g., dextrans) covering a range of molecular
sizes. So-called dextran sieving curves have been used
for decades to characterize changes in glomerular
permselectivity in human kidney disease. These curves
may be modeled in terms of a small number of pa-
rameters, including the shunt magnitude, W, the
fraction of the total glomerular filtrate that passes
through parts of the filtration barrier with essentially
no restriction to the passage of large molecules.”’ A
recent long-term (median: 17.7 years) follow-up study
of a population of American Indians with type 2 dia-
betes and a high risk of developing diabetic kidney
disease, showed that the shunt magnitude measured at
baseline, when proteinuria was modest and kidney
function essentially normal, was a strong predictor of
eventual loss of kidney function.”” The hazard ratio
(adjusted for potential confounding factors) was 1.55
for each SD increment in ,. Although dextran sieving
could represent a powerful risk assessment tool, it is
invasive, time-consuming, and not currently feasible
for routine clinical use.

An alternative approach, more practical in clinical
setting, is the selectivity index, which was initially
explored in the 1960s.”” This test was based on the
glomerular handling of a small number of endogenous
proteins covering a range of molecular sizes, in some
ways analogous to dextran sieving. The slope (angle) of
the linear regression line to the (log-log) plot of urine/
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serum protein ratio against molecular size strongly
predicted, among other things, responsiveness of the
individual patient to steroid therapy. It was suggested
at the workshop that the selectivity index might be a
reasonable surrogate (inverse) predictor of w,. It was
also proposed that a physical interpretation of the
permselective shunt may reflect initially transient
detachment of podocyte foot processes from the filtra-
tion surface. Of note in this regard is that in an earlier
study,” W, did not exceed the normal range until the
uACR was nearly in the nephrotic range, suggesting
that different mechanisms are responsible for lower-
grade and nephrotic-range albuminuria, with the
latter reflecting podocyte “stress” or loss. This may
explain why in focal segmental glomerular sclerosis, a
treatment response urine  protein-to-
creatinine ratio to < 1.5 g/g, approximately the point
at which , started to increase in diabetes, was
essentially as protective against eventual kidney failure
as achieving complete remission,”” possibly reflecting
protection from podocyte loss. Standardization,
broader use, and further study of the selectivity index
(as a predictor of W) has the potential to identify early
pathogenesis and clinically meaningful subtypes of
proteinuria, as well as refine the assessment of treat-
ment response.

lowering

Functional Imaging Techniques

Advances in functional imaging have provided valu-
able tools that enhance our understanding of kidney
physiology and pathology, complementing traditional

Kidney International Reports (2025) 10, 2919-2936
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Table 3. Summary of established and emerging urine biomarkers

Biomarker

Urinary transferrin (TRF)

Urine 1gG

Urine a.2-macroglobulin
(A2M)

Ferritin

Beta-2-microglobulin (B2M)

Retinol-binding protein (RBP)

N-acetyl-B-D-glucosaminidase
(NAG)

Alpha-T1-microglobulin
(ATMG)

Urinary cystatin C

Neutrophil gelatinase-
associated lipocalin (NGAL)

Kidney injury molecule-1
(KIM-1)

Interleukin-18 (IL-18)

Tissue inhibitor of
mefalloprotease-2 (TIMP-2)
and insulin-like growth
factor binding profein 7
(IGFBP7)

Na*/H* exchanger isoform 3
(NHE3)

Associated condition

Glomerular injury or
dysfunction

Glomerular injury or
dysfunction

Glomerular injury or

dysfunction

Glomerular and tubular injury
or dysfunction

Tubular injury or dysfunction

Tubular injury or dysfunction

Tubular injury or dysfunction

Tubular injury or dysfunction

Tubular injury or dysfunction

AKI

AKI

AKI

AKI

AKI

Primary implications/ clinical association

Early glomerular charge barrier damage

Severe GBM damage

Diabetic nephropathy progression

o Lupus nephritis (LN) activity
o Tubulointerstitial lesions

Proximal tubular damage/ dysfunction

Proximal tubular injury or dysfunction (early
marker)

Active renal tubular injury

Tubular damage or reabsorptive defects (drug-
induced kidney damage)

Tubular reabsorption defects (acufe fubular
damage)

Early tubular injury, AKI prediction/severity

Specific proximal fubule injury

Diagnosing ATN, AKI duration/mortality

AKI risk assessment (critically ill patients)

Differentiating AKI types

Physiological basis/ mechanism

Glycoprotein
Less negative charge than albumin
Leaks earlier with charge barrier damage

High MW profein
Indicates nonselective proteinuria

Plasma proteinase inhibitor
Involved in tissue repair & fibrosis

Large soluble protein
Urinary presence indicates renal tubular epithelial cell origin

Low MW protein
Filtered & extensively reabsorbed

Low MW protein
Filtered & extensively reabsorbed

Lysosomal enzyme from proximal tubular cells
Large MW prevents glomerular filtration

Glycoprofein
Filtered & extensively reabsorbed by fubules

Low MW protein
Freely filtered
Completely reabsorbed and mefabolized by proximal tubule

Earliest and most robustly induced gene/protein in kidney following

ischemic/nephrotoxic injury

Transmembrane protein
Elevated in proximal tubular cells following ischemic/nephro-
foxic AKI

Proinflammatory cytokine
Induced and cleaved in proximal fubule following AKI

Proteins involved in G1 cell cycle arrest
Released during tubular epithelial cell stress

Sodium transporter in proximal fubule and thick ascending
limb
Liberated info urine upon injury

Key limitations

Requires further clinical validation beyond early DKD studies

Reflects severe damage
Not for early, subtle changes of glomerular or tubulointer-
stitial injury

Requires further validation for routine clinical use

Primarily studied in LN
Broader utility needs more research

Unstable in acidic urine (pH < 6)

Suboptimal specificity (affected by protfeinuria, chronic
fubulopathies)

Poor for severe AKI prediction

Suboptimal specificity (affected by profeinuria, chronic
fubulopathies)

Suboptimal specificity for AKI in some settings (e.g. CKD,

diabetes, and hypertension)

Can increase without clinical AKI

Suboptimal specificity (affected by protfeinuria, chronic
tubulopathies)

Suboptimal specificity (affected by profeinuria, chronic
fubulopathies)

Reduced specificity in systemic inflammation
No sfandard cutoffs

Influenced by CKD, and urinary tract infection

Varies by collection timing
Affected by inflammatory diseases

Nonkidney-specific elevations possible

Limited studies

(Continued on following page)

uonenjeAg uonouny Asupry BuiuiBewray e 18 peisulolg 4

=
m
m
=
=
(1)
=)
m
ol
o}
=)
i




MEETING REPORT

2930

Table 3. (Continued) Summary of established and emerging urine biomarkers

Key limitations

Physiological basis/ mechanism

Associated condition Primary implications/ clinical association

Biomarker

Still under investigation

Primarily expressed in kidney’s proximal tubular epithelial cells

« Proximal fubular damage

« DKD progression

AKI & CKD

Liver-type fatty acid-binding

protein (L-FABP)
Trefoil factor 3 (TFF3)

Still under investigation

« Exfensively produced in renal tubules
« Altered levels in disease states

« CKD progression

CKD Progression

« Kidney fransplant function monitoring

Needs further validation

« Reflects maladaptive repair

« Tubular injury

CKD Progression

Monocyte chemoattractant

« Recruits monocytes to inflammation/injury sifes

« Kidney function decline

profein-1 (MCP-1)
Chitinase-3-like protfein-1

Association with eGFR decline lost after albuminuria adjustment

Glycoprotein involved in inflammation and tissue remodeling

o Tubular injury

CKD Progression

« Kidney function decline (adaptive repair)

(YKL-40)
Dickkopf-related protein 3

Needs further validation

« Secreted glycoprofein from sfressed fubular epithelia

« Implicated in Wnt signaling

« Tubulointerstitial fibrosis

« CKD progression

CKD Progression

(DKK-3)
Uromodulin (UMOD) / Tamm-

Needs further validation

« Most prevalent profein in healthy urine

o Integrity of Henle’s loop

CKD Progression

« Exclusively expressed by thick ascending limb cells

« Tubuloinferstitial fibrosis

Horsfall profein

Needs further validation

« Indicates rafe of collagen production
» Associated with ECM remodeling

Renal fibrosis progression

CKD Progression

Procollagen type Il N-terminal

propeptide (PIIINP)

AKI, acute kidney injury; CKD, chronic kidney disease; DKD, diabetic kidney disease; ECM, extracellular matrix; eGFR, estimated glomerular filtration rate; GBM, glomerular basement membrane; MW, molecular weight.
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measures of kidney function. A summary of the func-
tional imaging modalities commonly used for kidney
assessment is presented in Table 2. MRI with special-
ized sequences offers critical insights into key pro-
cesses affecting kidney health, including perfusion,
oxygenation, and fibrosis. Blood oxygen level-
dependent MRI noninvasively assesses kidney tissue
oxygenation by quantifying the transverse relaxation
rate (R2*), which reflects local deoxyhemoglobin
levels.”” Changes in tissue oxygenation indicate im-
balances between oxygen supply and demand, serving
as early markers of kidney injury and functional
impairment. Diffusion-weighted imaging MRI evalu-
ates water molecule movement within the renal pa-
renchyma, providing surrogate markers such as the
apparent diffusion coefficient that reflect microstruc-
tural alterations such as fibrosis and inflammation
linked to kidney damage and disease progression.”’
Magnetic resonance relaxometry, including T1 map-
ping, measures tissue longitudinal relaxation time (T1),
which correlates with fibrosis and edema, offering a
sensitive indicator of tissue remodeling and injury.”
Arterial spin labeling MRI quantifies renal blood flow
without contrast agents, capturing a fundamental
aspect of kidney function as perfusion supports filtra-
tion and tubular processes.”” However, MRI techniques
are limited by variability in platforms, protocols, and
image analysis.

Positron emission tomography employs targeted
radiotracers to measure renal perfusion, oxygen con-
sumption, metabolism, inflammation and fibrosis, with
parameters such as tracer uptake rate and renal
metabolic rate, offering detailed mechanistic insights
into kidney physiology and pathology'*'"'; howev-
er, its clinical use is restricted by ionizing radiation
exposure, high cost, and limited accessibility. When
MRI or positron emission tomography are contra-
indicated or wunavailable, contrast-enhanced ultra-
sound (CEUS) provides real-time evaluation of renal
microvascular perfusion by analyzing contrast in-
tensity and time-intensity curves, serving as a prac-
tical bedside option.'”” However, its use may be
limited by operator dependency and reduced image
quality in patients with high body mass index or
challenging anatomy. Collectively, these modalities
expand the scope of kidney assessment by providing
detailed physiological and structural information that
supports earlier diagnosis, improved risk stratifica-
tion, and more precise monitoring of disease progres-
sion and therapeutic response. When integrated with
clinical parameters, functional imaging can enhance
decision-making and help avoid unnecessary or non-
beneficial procedures, particularly in patients with
advanced or irreversible kidney damage. Further

Kidney International Reports (2025) 10, 2919-2936
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Key Research Questions

e How can standardizing iohexol plasma disappearance protocols improve the accuracy and reliability of measured

GFRin clinical and research settings?

¢ How can eGFR assessment be improved by addressing variability, and identifying biomarkers to better reflect true

GFR across clinical scenarios?

e How can kidney functional reserve (KFR) be quantified and applied to predict and prevent adverse kidney outcomes

like AKI and CKD progression?

e How can advanced functional imaging modalities be combined with clinical data to reliably assess kidney function,
improve early detection, risk stratification, therapy monitoring, and guide clinical decisions while addressing

challenges related to accessibility and variability?

e How can tubular secretory clearance measurements enhance kidney function assessment, early detection of tubular

disorders, and optimization of drug dosing?

* How can the kidney's responses to stressors, such as RAAS inhibition and dietary acid loads, be used to evaluate
kidney health, identify functional limitations and affected compartments, determine disease subtypes, predict

disease progression, and guide treatment?

¢ How can the glomerular selectivity index and permselective shunt parameter (w,) predict kidney disease
progression, assess treatment efficacy, and evaluate podocyte health?

¢ How can use of various kidney function measures, tailored to the clinical scenario, help identify affected kidney
compartments, disease subtypes and treatment responses, as needed to implement precision medicine practices?

¢ How can urine biomarkers improve kidney function assessment and be integrated with traditional measures to
enhance non-invasive evaluation of kidney health and disease progression?

Figure 4. Key research questions. CKD, chronic kidney disease; eGFR, estimated GFR; GFR, glomerular filtration rate.

research and standardization are essential to optimize
their clinical implementation.

Urine Biomarkers for Kidney Function
Assessment

Urine biomarkers provide a noninvasive and sensi-
tive means to evaluate kidney health by detecting
specific physiological changes and injury patterns
within the nephron. The stablished and emerging
urine biomarkers relevant to kidney function
assessment are summarized in Table 3. Biomarkers of
glomerular integrity include urinary transferrin,
immunoglobulin G, 02-macroglobulin,  and
ferritin.'”’ Markers of tubular injury and reabsorp-
tion defects comprise beta-2-microglobulin, retinol-
binding  protein, N-acetyl-B-D-glucosaminidase,
alpha-1-microglobulin, and urinary cystatin C.'**'"”
Although these markers offer valuable insights,
their clinical interpretation requires consideration of
the inherent trade-offs between sensitivity and
specificity. In AKI, early tubular damage can be
identified by biomarkers such as neutrophil
gelatinase—associated  lipocalin, kidney injury
molecule-1, interleukin-18, and the US Food and
Drug  Administration—approved = TIMP-2/IGFBP7
assay.'’® For CKD, biomarkers, including trefoil fac-
tor 3, monocyte chemoattractant protein-1, chitinase-
3-like  protein-1, dickkopf-related protein 3,

Kidney International Reports (2025) 10, 2919-2936

uromodulin, and procollagen type III N-terminal
propeptide, reflecting inflammation and fibrotic
remodeling reveal ongoing disease progression.107
Collectively, these clinically established and investi-
gational urine biomarkers complement traditional
filtration markers and proteinuria, expanding the
scope of kidney function assessment. Despite ongoing
challenges in validation and standardization, inte-
grating multimarker panels with advanced analytic
approaches holds promise for advancing precision
nephrology and enabling individualized patient care.

Conclusion

The NIDDK workshop on “Re-imagining Kidney
Function Assessment” highlighted the pressing need to
transcend current evaluation methods, such as GFR and
proteinuria, which inadequately capture the multifac-
eted nature of kidney physiology and pathology. Key
research questions identified by the workshop are
summarized in Figure 4. The workshop emphasized
returning to fundamental physiological principles,
advocating for capturing diverse measures of kidney
function, and standardizing protocols, such as those for
measured GFR using exogenous filtration markers like
iohexol, to mitigate variability and enhance reliability.
In addition, the development of KFR and stress tests
was identified as pivotal for unveiling subclinical
dysfunction and predicting clinical outcomes. When
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Standardized measured
GFR protocols

Ensures consistent and reliable
kidney function measurements

Explore potential of glomerular

permselectivity measurements
Predicts disease progression and
treatment response

Multldlsmplmary coIIaboratlons

Kidney function assessment in care and

trials through multidisciplinary teamwork,

with nephrologists increasingly involved
in kidney imaging

P Bjornstad et al.: Reimagining Kidney Function Evaluation

Conducting large-scale,

multicenter studies
Validate novel kidney function
assessment techniques across

diverse patient population

/

Development and validation of kidney

functional reserve and stress tests
Uncover subclinical kidney dysfunction and
predict outcomes in various clinical scenarios

Figure 5. Key innovations and strategies for advancing kidney function assessment. GFR, glomerular filtration rate.

integrated with tubular secretion assessments, these
advancements promise a more comprehensive and
nuanced understanding of kidney function.

The workshop further emphasized the potential of
glomerular permselectivity and molecular profiling as
cornerstones of precision nephrology. These ap-
proaches enable more refined disease classification, the
elucidation of distinct pathophysiological pathways,
and the development of targeted therapeutic strategies.
Although these approaches hold considerable promise
for advancing early detection, prognostication, identi-
fication of disease subgroups, and personalized treat-
ment, several challenges remain. Validation through
large-scale, multicenter studies, cost-effectiveness ana-
lyses, and specialized training will be critical to their
successful implementation. Standardized clinical pro-
tocols are imperative to ensure these methods can be
seamlessly integrated into clinical practice.

Achieving this integration will require robust inter-
disciplinary collaboration involving nephrology, radi-
ology, laboratory medicine, and related specialties

2932

(these key innovations and strategies are summarized in
Figure 5). By embracing these strategies, the nephrology
community is well-positioned to redefine kidney func-
tional assessment and advance the field through more
precise, patient-centered approaches. Moving beyond
traditional paradigms to a more comprehensive, multi-
faceted framework for kidney function evaluation will
help reclassify kidney health and disease states,
fostering innovations that ultimately improve the lives
of individuals affected by kidney disease.
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