Reviews in
Cardiovascular Medicine A o,
Review

Role of Estimated Glomerular Filtration Rate in Clinical Research:
The Never-Ending Matter

Chiara Abenavolit%, Michele Provenzano'2f, Sara H. Ksiazek?, Lilio Hu!:2, Vania Cunal-2,
Gaetano La Manna'-?, Giorgia Comail»?*, Olga Baraldi!

INephrology, Dialysis and Renal Transplant Unit, IRCCS-Azienda Ospedaliero-Universitaria di Bologna, 40138 Bologna, Italy
2Department of Medical and Surgical Sciences (DIMEC), Alma Mater Studiorum University of Bologna, 40138 Bologna, Italy
3Department of Medicine VI with Nephrology and Dialysis, Clinic Ottakring, 1170 Vienna, Austria
*Correspondence: giorgia.comai@aosp.bo.it (Giorgia Comai)
T These authors contributed equally.

Academic Editors: Giuseppe Boriani and Alessandro Cataliotti

Submitted: 12 April 2023  Revised: 19 September 2023  Accepted: 28 September 2023  Published: 4 January 2024

Abstract

Background: Chronic kidney disease (CKD) burden is crucial both on a global scale and at individual patient level, affecting morbidity
and mortality directly and through its effect on both cardiovascular damage and CKD progression to end-stage-kidney-disease (ESKD).
Unfortunately, the awareness of CKD is poor, with few CKD patients conscious of the severity of their health status. The principal
biomarker of kidney function is estimated glomerular filtration rate (¢GFR). Methods: We searched the literature and present a review
article with the aim of summarizing the role of e€GFR in clinical research. In particular, we report the eGFR role as a prognostic, enrichment
and endpoint biomarker and its role in the early detection of CKD. Results: ¢GFR has a major role as a biomarker in clinical research. As
a prognostic marker, eGFR reduction is associated with cardiovascular events, ESKD and mortality. As an enrichment biomarker, eGFR
values are pivotal for selecting patients to be included in randomized and observational studies; it helps to test a pre-defined drug in early
CKD or in more advanced CKD allowing also to avoid screening failures and to shorten the duration of clinical trials. Moreover, eGFR
decline (expressed as a percentage of reduction from baseline or continuous slope) can be considered a good endpoint in clinic trials
overcoming delays whilst waiting for hard endpoints to develop. Conclusions: eGFR is a strong clinical measure for both observational
and intervention studies. It is also helpful in screening the general population for kidney disease and, in particular, to increase awareness
of CKD.
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1. Introduction 2016, respectively [4]. These data gain significance if con-
sidering that the awareness of CKD is poor, with only a
few CKD patients, less than half, conscious of the sever-
ity of their health status [5]. In addition to the epidemio-
logical perspective, it is important to remark that the pres-
ence of CKD is, per se, associated with an increased risk for
CV events, all-cause death and kidney disease progression
[6,7]. All these data are alarming and prompt the need for
further effort in the attempt of preventing, or at least relent-
ing, the future trend, and improving individual prognosis.
To this aim, the principal strategy that has been advocated
is to intensify research in terms of detection of CKD, risk
stratification of CKD patients and improving care of these
patients [8]. The principal biomarker of kidney function
level is represented by the eGFR. The acronym GFR refers
to a measure of the sum of the filtration rates of all func-
tioning nephrons, which can be measured or estimated, and
which is used in clinical practice to diagnose chronic kidney
disease, determine its degree of severity, and establish the
prognosis of a patient with CKD, which is also helpful for
therapeutic decisions [9]. Similarly, eGFR is widely used in
clinical research to select patients to include in clinical tri-

Chronic kidney disease (CKD) is defined as abnor-
malities of kidney structure or function, present for at least
3 months, with implications for health. Chronic kidney
disease is classified based on cause, estimated glomerular
filtration rate (¢GFR) category (G1-G5), and albuminuria
category (A1-A3) [1]. Incidence and prevalence of CKD
vary among countries and are mainly influenced by ethnic-
ity and socioeconomic status. The worldwide prevalence
of CKD is 13.4% (11.7-15.1%), with thousands of patients
(range between 4.902 and 7.083 million) requiring renal
replacement therapy (RRT, or also known as end-stage-
kidney-disease, ESKD) [2]. Projections from the Global
Health Observatory suggest that mortality due to CKD will
reach an impressive rate of 14 per 100,000 people by 2030
[3]. The burden of CKD is relevant on a global scale but
also at from the perspective of individual patientss, affect-
ing morbidity and mortality directly, and through its effect
on both cardiovascular (CV) damage and CKD progression
to ESKD. Moreover, the epidemiology trend showed that
CKD prevalence and incidence have doubled in the past
three decades, increasing by 87% and 89% from 1990 to
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als (enrichment biomarker), to monitor the treatment effect
(endpoint biomarker), to predict the progression to ESKD
in observational studies (prognostic biomarker). Herein, we
present a narrative review, which summarizes the clinical
and research contexts in which eGFR is used. With respect
to clinical use, we will also present a brief discussion of the
central role of eGFR in screening patients with CKD.

2. eGFR: Measures and Estimations

The article search for this review was performed in
PubMed and was according to author knowledge and expe-
rience on the specific field of eGFR. The glomeruli filters
approximately 180 liters (L) of plasma per day which cor-
responds to 125 milliliters/minute (mL/min) of glomerular
filtration. Normal GFR values, which are related to age,
sex, and body size, are approximately 130 mL/min/1.73 m?
in young men and 120 mL/min/1.73 m? in young women
[10]. The GFR can be measured through the clearance
of exogenous or endogenous markers. An ideal filtration
marker must have some key characteristics: it is freely fil-
tered through the glomeruli, neither reabsorbed nor secreted
by the renal tubule and is not metabolized. Furthermore, it
must not be toxic. Historically, inulin was considered the
ideal filtration marker for measuring GFR; however, the
measurement of inulin clearance is difficult and invasive,
so not practical for daily GFR measurements [11]. Alterna-
tively, urine clearance of iothalamate or plasma clearance of
iohexol, both with a great correlation with clearance of in-
ulin, can be used for GFR measurement which also requires
the injection of the exogenous marker as well as multiple
either urine or blood samples at different times [11]. The
measured GFR can be used in usual practice when impor-
tant decisions require knowledge of the exact level of kid-
ney function, such as the planning of vascular access ahead
of dialysis, evaluation of patients with symptoms of uremia,
use of contrast media or for kidney donation purposes [12].
As this is often not realistic in daily clinical practice, several
equations have been developed over time to estimate (rather
than measure) the GFR using plasma levels of endogenous
markers such as creatinine and Cystatin C. The blood levels
of endogenous markers are however influenced by factors
such as the rate of synthesis of the marker, its tubular se-
cretion and/or reabsorption, or the extra-renal elimination.
The equations that provide an estimate of the GFR, consider
clinical-demographic variables that can modify the GFR it-
self and are generally acceptable to follow the patient in
the clinical practice. The initial approach in evaluating the
eGFR is based on creatinine, which is also the most used
marker in clinical practice [13]. However, creatinine is not
an ideal marker since it can be modified by several factors,
including muscle mass, certain medications, as well as diet
[14]. Cystatin C is used in clinical practice as a secondary
confirmation approach, as it is more reliable in this regard.
Studies have shown that Cystatin C is less affected by age,
race, diet or muscle mass and may also be used to deter-

mine mild changes in eGFR (between 60—90 mL/min/1.73
m?) [15]. Nevertheless, although Cystatin C is considered
a more reliable marker than creatinine, there is still little
information regarding factors that influence this parame-
ter and the costs of measuring Cystatin C are considerably
higher [15,16].

In recent years other biomarkers like [(-trace pro-
tein (BTP), neutrophil gelatinase-associated lipoprotein
(NGAL) or kidney injury molecule-1 (KIM-1) have been
discovered as markers for CKD progression but are not yet
ready to be widely used in clinical practice and need fur-
ther investigation [17]. There was a study by Inker et al.
[18] where an equation using creatinine, Cystatin C, BTP
as well as 8-2-microglubulin was more accurate than a Cys-
tatin C-based eGFR and as accurate as the eGFR based on
creatinine and Cystatin C together however further studies
are needed to confirm these findings.

The main equations used to estimate eGFR through
creatinine levels are the modification of diet in renal disease
(MDRD) and the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation.

The MDRD equation estimates eGFR adjusted for the
body surface, age, gender, serum creatinine and race. The
estimation equation is GFR = 186 x (serum creatinine
[Scr]) — 1.154 x (age) — 0.203 x 0.742 (if the subject is
awoman) or x 1.212 (if the subject is black). The equation
was reformulated in 2005 to use a standardized dosage of
serum creatinine (lower values of 5%): GFR =175 x (stan-
dardized Sc) —1.154 x (age)—0.203 x 0.742 (if the subject
is female) or x 1.212 (if the subject is black) [9].

The major limit of the MDRD equation is to underesti-
mate the GFR at higher ranges of kidney function [19]. The
2009 CKD-EPI equation, also based on serum creatinine,
was developed with the aim of formulating an equation as
accurate as the MDRD at GFR less than 60 mL/min/1.73
m?, whilst being more accurate at a higher GFR [20]. The
CKD-EPI equation quickly replaced the use of other esti-
mated formulas.

Both the MDRD and the 2009 CKD-EPI place impor-
tance on the Black race because previous studies indicated
a higher average serum creatinine level for the same mea-
sured GFR level in Black participants than in non-Black
ones [21]. However, it has been shown that the difference
in terms of race has more of a cultural basis than a biological
one [22]. From these assumptions, a new CKD-EPI equa-
tion was reformulated in 2021 and did not include race in
the GFR assessment [23,24]. The new estimated equation
is eGFRcr = 142 x min (Scr/k, 1)@ x max (Scr/x, 1)~1-200
x 0.99384€ x 1.012 [if female], where & is 0.7 (females)
or 0.9 (males), v is —0.241 (female) or —0.302 (male), min
(Scr/k, 1) is the minimum of Scr/x or 1.0 and max (Scr/k,
1) is the maximum of Scr/x or 1.0. The National Kidney
Foundation recommends using the CKD-EPI 2021 equa-
tion in clinical practice [25]. Other equations to estimate
GFR have been reported but are less used in clinical prac-
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Fig. 1. Rate of fatal and non-fatal cardiovascular events (myocardial infarction, stroke, heart failure, peripheral vascular disease)

in chronic kidney disease patients stratified by stage [32].

tice. To estimate clearance of creatinine, the Cockcroft-
Gault formula (CG) was created, based on 4 parameters
namely serum creatinine, age, body weight and sex. Albeit
such an equation has been widely used since its introduc-
tion in 1976, it has two main limitations: it is unprecise in
obese patients, needing a body weight adjustment and it has
been computed by using not standardized creatinine values
in the original cohort [26]. However, it should be also high-
lighted that several drug dose adjustments for kidney func-
tion, in clinical practice, are reported using the CG formula.
The CKD-EPI also proposed other two equations which
include Cystatin C values, namely the CKD-EPI Cystatin
(cys) equation and the CKD-EPI Cystatin-creatinine (cys-
creat) equation. Although Cystatin C should be used to con-
firm data based on creatinine, it has been shown that CKD-
EPIcys-creat equation is able to correctly reclassify patients
being more strictly associated with measured GFR namely
the standard of care GFR measurement [27]. The Schwartz-
equation, the updated chronic kidney disease in children
(CKiD) and the CKiD Under 25 years (CKiDU25) equation
were instead developed to estimate eGFR in young/young
adult populations [28-30].

3. Association between eGFR and CV Risk

Historically, the association between CKD and in-
creased CV risk has been related to the presence of comor-
bidities such as hypertension and diabetes, which are per se
traditional CV risk factors. Furthermore, the combination
of electrolyte abnormalities, anemia, as well as the increase
of blood urea are some of the additional factors that con-
tribute to the CV burden in these high- risk patients.
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However, several studies have demonstrated that
eGFR acts as a strong predictor of CV events (mainly coro-
nary heart disease, chronic heart failure, stroke, peripheral
vascular diseases, CV death), regardless of the presence of
any other comorbidities and clinical or demographic vari-
ables such as age or gender. Moreover, such an association
is present in patients with already assessed CKD, namely
those already under the care of a nephrologist, but also in
subjects derived from the general population [6]. Large
studies including CKD patients showed that considering
100 mL/min as a reference point for a low eGFR , the risk of
CV fatal and non-fatal events was almost doubled [31]. In
a cohort of CKD patients followed up by nephrologists in
40 Italian centers, the incident rate of fatal and non-fatal
events over time was progressively higher moving from
CKD stage 1-2 to 5, with a relative risk of 48% moving
from one stage to the next more severe stage (Fig. 1) [32].

In a recent meta-analysis which enrolled around
10,000 individuals from the general population, the inde-
pendent association between eGFR reduction and future
CV events, regardless of previous history of CV disease
was demonstrated. Particularly, a higher risk of CV death
is evident in patients with eGFR level <60 mL/min/1.73
m? compared to people with normal kidney function, with
this risk being two-fold higher with a eGFR value of 30-45
mL/min/1.73 m? [33]. CV risk associated with CKD is also
independent of the presence of diabetes and hypertension as
well [34].

From a prognostic perspective, the current risk scores
including traditional risk factors only (age, blood pressure,
low density lipoprotein (LDL) cholesterol, smoking habit
and gender) underestimate CV risk in CKD cohorts [35].
Overall, the inclusion of the two “kidney measures”, eGFR
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and albuminuria, significantly improve CV risk prediction
both in the general population and in high risk patients such
as CKD patients [35]. Besides the traditional risk factors,
inactivity may also be an important predictor of mortality as
there have been studies linking CKD with low exercise lev-
els as well as improved hazard ratios in patients who did ex-
ercise [36,37]. The Gruppo di Lavoro Italiano Sarcopenia-
Trattamento E Nutrizione (GLISTEN) study highlighted
the connection between eGFR and mortality in older pa-
tients, with the highest being in patients with an eGFR
<35.32 mL/min/1.73 m? and a Short Portable Status Mental
Questionaire (SPMSQ) >5 (hazard ratio (HR): 5.49, 95%
confidence interval (CI): 3.04-9.94) [38].

Unfortunately, the exact mechanism by which eGFR
decline increases risk of CV risk is only partially under-
stood.

Several factors may play a crucial role. For instance,
the imbalances in matrix metalloproteinases (MMPs) in
CKD patients have been associated with profibrotic and
pro-inflammatory mechanisms with subsequent structural
changes that lead to atherosclerotic plaque maturation along
with arterial remodeling [39]. This results in an increased
risk of arterial wall pathologies in CKD patients such as
aneurism complications and atherosclerotic disease. Fur-
thermore, the eGFR reduction in CKD patients is associ-
ated with a persistent, low-grade inflammation which cor-
relates with increased CV risk. Different factors such as
the decreased elimination of cytokines, metabolic acidosis,
as well as the oxidative stress and the recurrence of infec-
tions contribute to the inflammatory status that character-
izes CKD patients [40]. Moreover, studies have shown that
these changes contribute to the development of heart fail-
ure with preserved ejection fraction (HFpEF) in patients
with CKD [41]. It was also possible to detect a specific
set of biomarkers which predict all-cause and CV mortal-
ity with more accuracy than other biomarkers: increased
values of interleukine (IL)-6 are a stronger predictor than
other cytokines such as tumor necrosis factor (TNF)-a, IL-
15 and IL-18 [42]. The link between eGFR and CV risk
has been confirmed in autopsy studies that showed how
the grade of kidney impairment correlated with the severity
of coronary atherosclerosis, even in patients without pre-
vious CV disease. A Japanese cross-sectional study, in
which 126 individuals were randomly selected from 844
autopsy samples, showed that advanced atherosclerotic le-
sions were inversely correlated with eGFR value: their
frequency increased as eGFR decreased (33.6%, 41.7%,
52.3%, and 52.8% for eGFRs > or = 60, 45-59, 30-44, and
<30 mL/min/1.73 m?, respectively; p for trend = 0.006).
Even calcified lesions of coronary arteries rose gradually
with lower eGFR values (p for trend = 0.02) [43]. Other
studies have also highlighted the relationship between CKD
and coronary artery disease as well as with atrial fibrilla-
tion (AF), with CKD being an independent risk factor of
AF [44-46].

Further investigations are needed to better understand
the link between eGFR decline and the increased CV risk.

4. CV and CKD Progression Risk Reduction
Associated with Novel Nephroprotective
Treatments

The evaluation of kidney function is also important
from an interventional perspective, namely when consider-
ing eGFR decline as a modifiable (by therapies) risk factor.
Different interventional studies such as those aiming to re-
duce blood pressure levels have shown benefits in terms of
both renal and CV risk due to a slower rate of eGFR decline.
This is the case with renin-angiotensin-aldosterone-system
inhibitors (RAAS-I): these drugs warranted a reduction in
relative risk of CV events of 22% in the ramipril-treated
group, compared to the placebo-treated group, in the heart
outcomes protection evaluation (HOPE) study [47].

In the past few decades, new promising drugs have
been developed and approved for CV risk reduction in CKD
patients, particularly the sodium-glucose cotransporter 2 in-
hibitors (SGLT2-is) and novel non-steroidal mineralocorti-
coid receptor antagonists (MRAs). The SGLT2-is act by
reducing the reabsorption of glucose in the renal proximal
tubule [48-50]. The Canagliflozin Cardiovascular Assess-
ment Study (CANVAS) reported the significant benefit of
the SGLT2-i canagliflozin, in reducing the composite out-
come (CV death, nonfatal myocardial infarction or stroke)
by about 15% in patients suffering from type 2 diabetes
(DM2) with elevated CV risk both for primary and sec-
ondary prevention [51].

Another paramount study is the EMPA-REG OUT-
COME trial (Empagliflozin Cardiovascular Outcome Event
Trial in Type 2 Diabetes Mellitus Patients) where SGLT2-i
empagliflozin was shown to reduce CV morbidity and mor-
tality in DM2 patients with eGFR >30 mL/min. In pa-
tients with worse kidney impairment at the baseline, em-
pagliflozin reduced risk for CV death, all-cause mortality
and hospitalization for heart failure by 29%, 24% and 39%,
respectively [52].

A recent meta-analysis of the Empagliflozin Out-
come Trial in Patients With Chronic Heart Failure With
Reduced Ejection Fraction (EMPEROR)-reduced and the
Dapagliflozin and Prevention of Adverse Outcomes in
Heart Failure (DAPA-HF) trials showed that SGLT2-1 em-
pagliflozin and dapagliflozin respectively, are associated
with a 14% reduction in CV death in patients with reduced
ejection fraction with or without diabetes (pooled HR: 0.86,
95% CI: 0.76-0.98; p = 0.027). Moreover, SGLT2-i treat-
ment was associated with a 26% relative risk reduction of
the combined outcome of CV death or first hospitalization
for heart failure, and with a 25% decline of the compos-
ite outcome of recurrent hospitalizations for heart failure or
CV death. Therisk of the composite renal endpoint was also
reduced (HR: 0.62, 95% CI: 0.43-0.90; p = 0.013) [53].
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The novel MRAs have also been shown to improve
CV prognosis in CKD patients. Mineralocorticoid recep-
tor (MR) is overactivated in both CKD and heat failure
(HF) with a subsequent increased expression of inflamma-
tion and fibrotic pathways, which lead to organ injury [54].
As a protagonist of two important studies, Finerenone in
Reducing Kidney Failure and Disease Progression in Di-
abetic Kidney Disease (FIDELIO) and Finerenone in Re-
ducing Cardiovascular Mortality and Morbidity in Diabetic
Kidney Disease (FIGARO), as well as their combined anal-
ysis (FIDELITY), the novel MRA finerenone has shown,
in patients with CKD and DM2, not only to improve re-
nal function but also to reduce CV risk, with lower inci-
dence of hyperkalemia, as compared to steroidal MRA, al-
beit confirming pro-inflammatory and profibrogenic path-
ways [55-57]. The Finerenone in Reducing Kidney Fail-
ure and Disease Progression in Diabetic Kidney Disease
(FIDELIO-DKD) double-blind trial, which included 5734
patients with both DM2 and CKD, showed a significant
effect of finerenone in reducing the progression of CKD
and CV event rate [58]. Moreover, in the Finerenone in
Reducing Cardiovascular Mortality and Morbidity in Dia-
betic Kidney Disease (FIGARO-DKD) trial, treatment with
finerenone, compared to placebo, was shown to reduce
new-onset HF (1.9% versus 2.8%; HR: 0.68, 95% CI: 0.50—
0.93; p =0.0162) and to ameliorate HF outcomes in patients
with DM2 and CKD, regardless a previous history of HF
[59]. The crucial point of discussion is that the CV risk re-
duction in almost all these studies was present, especially in
patients who showed a lower eGFR decline after the com-
mencement of treatment.

5. Estimated GFR as Prognostic Biomarker

Besides the association of eGFR with CV risk previ-
ously discussed, this marker also has a pivotal role in pre-
dicting other important outcomes such as CKD progression
and all-cause mortality [6]. The association between in-
creased mortality risk and reduced renal function may also
in part be explained by the inflammatory milieu of CKD,
characterized by oxidative stress, vascular damage and en-
dothelial dysfunction which lead to an increase in global
mortality risk and progression of kidney damage [60,61].
An even more interesting finding is the association be-
tween increased eGFR variability and mortality rate, es-
pecially when compared to a stable kidney function. In
this regard, Turin et al. [62] demonstrated that mortality
rates were highest for people with an increase in eGFR of
5 mL/min/1.73 m? per year or more and for those with a
decline in eGFR of less than or equal to 5 mL/min/1.73
m? per year. Similar results were obtained for increasing
and declining percentage changes in eGFR [62]. The CKD
Prognosis Consortium represents one of the major studies
of CKD populations that highlights the importance of both
declining eGFR , together with the increase in albuminuria,
as independent factors correlating with ESKD and mortality
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[31]. All the analyzed studies showed a positive association
between a reduction in eGFR and mortality. In particular, 7
out of 8 studies revealed a significant HR for eGFR values
of 1529 mL/min/1.73 m? compared to 45-74 mL/min/1.73
m?. Analysis of studies related to the association between
eGFR reduction and progression to ESKD showed that of
the 11 studies analyzed, 9 had a significantly higher HR
for an eGFR of 30-44 mL/min/1.73 m? compared to 45—
74 mL/min/1.73 m?, while all 11 studies had a substan-
tially elevated HR for an eGFR of 1529 mL/min/1.73 m?
compared to 4574 mL/min/1.73 m?. The association be-
tween eGFR reduction and poor prognosis in terms of mor-
tality and renal risk was shown in the general population,
in high-risk patients such as individuals with hypertension
and diabetes as well as in CKD patients already referred to
nephrologists and who are for consequently better treated
to prevent future events [63]. A meta-analysis conducted
on more than 100,000 subjects from the general popula-
tion whose albumin-to-creatinine ratio (ACR) values were
available, showed that both eGFR and albuminuria values
are associated with all-cause death and mortality indepen-
dently of each other and from other risk factors. An ex-
ponential increase in the risk of death from low eGFR lev-
els was observed. The risk becomes statistically significant
from eGFR values of approximately 60 mL/min/1.73 m?
and becomes 2-fold greater for eGFR values of approxi-
mately 30-45 mL/min/1.73 m? when compared to optimal
eGFR levels, regardless of the values of albuminuria. These
results refute the notion that mild or moderate reductions in
eGFR are not associated with adverse clinical consequences
[6]. Moreover, an annual decline in eGFR of more than
3 mL/min/1.73 m? has been associated with an increased
risk of all-cause and mortality, compared with a reduction
of less than 3 mL/min/1.73 m?2, even after adjustment for
confounders [64]. Similarly, a decline of at least 20% in
eGFR over an 18 month period has been demonstrated to
be predictive of a 1.5 fold higher risk of all-cause mortal-
ity (adjusted HR: 1.45; 95% CI: 1.13—-1.86) at 15 years in
comparison with any decline in eGFR [65]. The reasons un-
derlying these negative associations are multiple and only
partially explained. From a pathophysiological perspective,
low eGFR means an increase in the burden of uremic toxins,
inflammation and pro-atherosclerotic factors such as imbal-
ances in matrix metalloproteinase expression (Fig. 2) [66].
Autopsy studies in patients without traditional risk factors
of CKD have shown that the severity of CKD itself is re-
sponsible for a sensitive increase in vascular atherosclerotic
damage [67]. A certain amount of cardiorenal risk is re-
lated to the comorbidities of CKD which normally appear as
eGFR declines such as hyperkalemia, hyperparathyroidism,
increased serum phosphate levels, dyslipidemia, metabolic
acidosis and hyperuricemia [68].
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Fig. 2. Estimated estimated glomerular filtration rate (¢GFR) and its association with several pathophysiologic mechanisms. Es-
timated GFR reduction is associated with the development of several comorbidities (increase in blood toxin levels, electrolyte imbalances

such hyperkalaemia and hyposodiemia, inflammation, arterial hypertension and anemia) that, taken together, dramatically increase the

risk for future events.

6. eGFR as Enrichment Biomarker

The selection of patients to be included in randomized
studies is a challenging topic since clinical trials with novel
drugs may in one sense reflect the clinical practice world
and be applicable in such direction. Normally, one strategy
to select patient is based on the levels of certain biomarkers,
the so-called biomarker enrichment [67]. Levels of kidney
function are detrimental to select patients to be included
in randomized studies. The first big trials demonstrating
the protective effect of RAAS inhibitors on CKD progres-
sion, such as the Reduction of Endpoints in NIDDM (non-
insulin-dependent diabetes mellitus) with the Angiotensin
II Antagonist Losartan (RENAAL) and Irbesartan Diabetic
Nephropathy Trial (IDNT) studies, used serum creatinine
as enrichment biomarker [68]. Subsequently, creatinine has
been replaced by eGFR levels to the same aim, which may
help to account for differences in gender, as the eGFR for-
mulas have a correction factor for gender. Moreover, when

using eGFR, a pre-defined drug can be tested in early CKD
(e.g., e<GFR >60 mL/min with albuminuria) or in more ad-
vanced CKD (e.g., eGFR 30—60 mL/min). One further rel-
evant step forward was the discovery as well as application
in practice that a large range of eGFR may help to avoid
screening failures and to shorten the duration of the clini-
cal trial [69,70]. Furthermore, one recent hypothesis that
is gaining momentum is that the eGFR slope (trajectory
over time based on at least three €GFR measurements) may
represent a proper inclusion criterion for randomized stud-
ies. Based on a post-hoc analysis of the Study of diabetic
Nephropathy with Atrasentan (SONAR) trial, it was iden-
tified that the treatment effect of nephron-protective thera-
pies may depend on the rapidity of CKD progression over
time [71]. These important findings are going to influence
the design of future trials. The PRIME-CKD study (https://
cordis.europa.eu/project/id/101095146), which will test the
individual response of CKD patients to drugs with different
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mechanisms of action, reports among inclusion criteria a
pre-trial slope of at least 1 mL/min per year. Owing these
evidence, we can assert that eGFR has a main role as en-
richment biomarker in clinical trials and that further studies
may reveal how to use this measure in the most appropriate
way.

7. eGFR as Endpoint Biomarker

An endpoint of a specific study is a measure (also
called event) that registers a significant change in the qual-
ity of life or, in most negative and unfortunate scenarios,
the end of life. A sufficient number of endpoints is manda-
tory to have a good study power and answer the study ques-
tion appropriately, in both observational and interventional
studies. In this context, eGFR is considered a measure of
kidney function decline over time and therefore works as an
endpoint, modeled in different mathematic forms. In obser-
vational studies, using eGFR as an endpoint is commonly
reported as the percentage of eGFR decline from baseline
evaluation (e.g., 30%, 40%, 57% eGFR decline) or con-
tinuous eGFR slope. In both cases, eGFR endpoints are a
surrogate of another major end-point, namely ESKD. The
advantage of using eGFR decline as an endpoint is the fact
that hard endpoints such as mortality, CV events and ESKD
need many years, often decades, to develop. Hence, having
more events in a brief period of a certain endpoint which
can be considered a surrogate of these other major events
is instrumental in clinical research. Several previous stud-
ies showed that reductions of less than 57% in eGFR values
over time can be used as alternative endpoints for evaluat-
ing the progression of CKD. A study conducted on individ-
ual meta-analysis data of 1.7 million participants from 35
cohorts in the Chronic Renal Failure Prognosis Consortium
evaluated the possibility of using less than 57% reductions
in eGFR values over a period of two years to predict the de-
velopment of ESKD [72]. Furthermore, since many CKD
patients die before reaching ESKD, the associated mortal-
ity risk has also been assessed. The hazard ratios of ESKD
and mortality were higher for larger reductions in eGFR.
The 10-year mean risk of ESKD was also calculated in pa-
tients with a baseline eGFR value of 35 mL/min/1.73 m?
resulting in 99% for 57% reductions in eGFR, 83% for a
reduction of 40% in eGFR values, 64% for decreasing of
30% in eGFR and 18% for constant eGFR values. The cor-
responding mortality risk was 77%, 60%, 50% and 32% re-
spectively, showing a similar but weaker trend. This study
showed that a 30% reduction in eGFR values over a two-
year period is associated with a 5 times greater risk of ESKD
and a 2 times greater risk of mortality [72]. Furthermore, it
is important to consider that various risk factors play a fun-
damental role in the progression of CKD, some of which are
time-dependent. A study conducted on 701 patients with
CKD has shown how a reduction of 30% in eGFR over a
two-year period is associated with the highest HR values
of 31.6 for ESKD, whereas the addition of baseline val-
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ues of eGFR, proteinuria, serum albumin and haemoglobin
led to a more accurate prediction model [73]. Nowadays,
many observational studies report a prognostic model using
an eGFR reduction of 30 or 40% as an endpoint combined
with ESKD [73,74]. The eGFR annual slope, with at least
three measures over time, is also frequently predicted as the
endpoint in observational studies [75]. This measure is ex-
tremely helpful to evaluate the prognosis of CKD patients
in the first years of observation. A problem related to the
study based on the eGFR slope is also represented by the
heterogeneity of the data available for individual patients,
which could affect the interpretation and validity of the re-
sults. To homogenize these data, a useful approach is the
analysis of the slope of the eGFR over time delivering a po-
tential alternative in terms of endpoints in clinical studies.

Several landmark studies in the field of nephrology
from recent years have used both the percentage eGFR re-
duction as well as continuous eGFR slope to demonstrate
the response to nephron-protective therapies. In a detailed
analysis of the EMPA-REG-OUTCOME trial, the presented
eGFR slope showed that empagliflozin has the potential to
slow the decline of eGFR after treatment for around three
years, even in patients at higher risk of worsening CKD
[76]. Another work that has supported the eGFR slope as
a possible future endpoint in chronic kidney disease pro-
gression studies is a study conducted in patients with DM2
being treated with Canagliflozin [77]. Most of the novel
trials, testing the efficacy of endothelin receptor antago-
nists, mineralocorticoid receptor antagonists or SGLT2 in-
hibitors reported the analysis of treatment effect on eGFR
slope [72,78,79]. The percentage of eGFR decline has been
also evaluated as an outcome of interventional studies. 40%
and 57% eGFR reduction from baseline (start of treatment
visit) are considered good endpoints of response to treat-
ment, even in clinical scenarios of a rapid, yet only func-
tional, eGFR decline immediately after the treatment initi-
ation [71,79]. Interestingly, data from the FIGARO-DKD
study suggests caution in interpreting the 40% eGFR de-
cline. In fact, the effect of finerenone in this trial was sig-
nificant when tested on 57% eGFR reduction and not sig-
nificant (borderline confidence interval) on 40% eGFR de-
cline suggesting that potentially in some occasions, more
powerful (and not more frequent!) events may reveal treat-
ment effects more clearly. These alternative endpoints are
also useful in randomized studies for enrolling patients at
early stages of kidney disease, where hard endpoints oc-
cur after many years and therefore surrogate endpoints are
needed. On the other hand, testing the efficacy of nephro-
protection at an early stage of CKD is the main aim of clin-
ical research. The role of eGFR for clinical and research
purposes has been already developed in several review ar-
ticles as reported in Table 1 [9,80-87], whereas the main
contents and novelties of the present review are repored in
Table 2 (Ref. [6,60,62—64,68]).
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Table 1. Principal review articles describing the role of estimated glomerular filtration rate.

Article

First author

Main concept

Assessment of Glomerular Filtration Rate in Health and Disease:
A State of the Art Review [80]

A.S. Levey & L.A. Inker

GFR is the main index of kidney function. It has a paramount role in the kidney disease care and in drug dosing.
GFR should be estimated using the most accurate GFR estimating equation, particularly the CKD-EPI based on

creatinine or Cystatin C.

Evaluating the Performance of GFR Estimating Equations [81]

L. A. Stevens

Estimated GFR represent a valid tool in the management of CKD. Despite the limitations related to the lack of a
single eGFR equation that applies to all people, eGFR equations are crucial in clinical research and healthy
policy related to CKD.

GFR Estimation: From Physiology to Public Health [82]

A.S. Levey

eGFR equations are less subjected to risk of bias when used in CKD patients compared to the general population.
Further improvement in eGFR equations are needed in order to better represent differences in populations, to use
multiple filtration markers, and to use statistical techniques to compare eGFR to measured GFR.

Measured and estimated glomerular filtration rate: current status
and future directions [83]

A.S. Levey

GFR is considered the main marker of kidney function. Estimated GFR (eGFR) and measured GFR (mGFR) are
both associated with errors compared to the actual GFR (measured GFR, mGFR). While further adjustment of
the GFR calculation equations is required, eGFR is recommended for initial filtrate assessment, with mGFR
generally considered an important confirmation test.

Measurement and Estimation of GFR for Use in Clinical Practice:
Core Curriculum 2021 [9]

L.A. Inker & S. Titan

The GFR is used in clinical practice and research as the main tool for diagnosing, staging and managing CKD as
well as for defining CKD-related prognosis and mortality risk. GFR is estimated using equations using the serum
creatinine level. However accurate, GFR estimation may require confirmatory tests of which currently available
include equations based on Cystatin C, urinary or plasma clearance of markers of exogenous filtration or urinary

creatinine clearance.

New and old GFR equations: a European perspective [84]

P. Delanaye

GFR is considered a cornerstone tool in CKD. However, all the equations available for calculating GFR give a
rough estimate rather than the actual value. A precise measurement of GFR in specific populations and/or
specific clinical situations might be required.

Determining the Glomerular Filtration Rate—An Overview [85]

E. Schaeffner

The GFR determination is crucial in clinical practice as it helps, among other things, in therapeutic decisions.
GFR can be calculated or more commonly estimated using several formulas. The most used filtration marker to
date is creatinine, although recently Cystatin C is taking on an increasingly important role. Furthermore, new

formulas for GFR evaluation, applicable to all ages, are emerging.

Estimated Glomerular Filtration Rate in Chronic Kidney Disease:
A Critical Review of Estimate-Based Predictions of Individual
Outcomes in Kidney Disease [86]

L. Zsom

GFR assessment is a useful tool in clinical practice being also used as a prognostic indicator of chronic kidney
disease progression. However, it should be considered as an initial screening tool, since its reduction over time

should be evaluated overall together with the general clinical context.

o)

2,

(i

4

Estimating glomerular filtration rate: is it good enough? And is it
time to move on? [87]

D. P. Murphy

The evaluation of GFR is fundamental in daily clinical practice. Several studies have demonstrated the
non-superiority of GFR measurement compared to its estimation using formulas in predicting renal outcome.

Ss3id NI

(e)GFR, (estimated) glomerular filtration rate; CKD, chronic kidney disease; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration.
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Table 2. Summary of the main concepts derived from this study.

eGFR as Key-concepts

- The eGFR variability is associated with higher risk of all-cause death and CV events [62].
Estimated GFR decline is a strong predictor of CKD progression (particularly ESKD), CV events and

Prognostic biomarker .
mortality [60].

- Even mild or moderate reductions in eGFR have potentially important clinical sequelae [6].

- The cardiorenal risk related to eGFR declines is impaired by the presence of CKD comorbities such as

hyperkalemia, hyperparathyroidism, increased serum phosphate levels, dyslipidemia, metabolic acidosis and hy-

peruricemia [68].

- Kidney function values are detrimental to select patients to be included in randomized and observaitonal

Enrichment biomarker  studies [64].

- The evaluation of eGFR values not only allows a pre-defined drug to be tested in early CKD or in more

advanced CKD but also it helps to avoid screening failures and to shorten the clinical trials duration [63].

- The eGFR trajectory before study initiation (pre-trial eGFR slope) may inform about the treatment effect

and thus it can be considered an important enrichment criterion in future research.

- Estimated GFR decline (expressed as percentage of reduction from baseline or continuous slope) can be

Endpoint biomarker

considered a good endpoint in clinic trials.

- The advantage of using eGFR decline as endpoint is the fact that the hard endpoints need many years, often

decades, to develop.

- The continuous eGFR slope is considered an accurate measure of eGFR changes over time since it encom-

passes severel eGFR values over time and it also may account for the presence of other confounding variables.

(e)GFR, (estimated) glomerular filtration rate; CKD, chronic kidney disease; ESKD, end-stage-kidney-disease; CV, cardiovascular.

8. Awareness of CKD: The Pivotal Role of
eGFR

More than 850 million people worldwide have CKD
and by 2040 CKD is predicted to be the fifth most prevalent
chronic condition in the world [88,89]. Although the num-
ber of individuals affected by CKD is so high, only one in
three patients with CKD get diagnosed [90]. This can be at-
tributed to the fact that CKD, especially in early stages is a
silent disease, meaning most patients remain asymptomatic
until the disease progresses to advanced stages [91]. An-
other important factor is that there is no standardized sys-
tematic screening and treatment strategy for CKD. More-
over, CKD is often viewed as a complication of diabetes
mellitus or hypertension but not as a disease itself. As
all of this leads to CKD being underdiagnosed, the refer-
ral to a nephrologist often does not happen until it is too
late and CKD advances to the later stages, where the initia-
tion of dialysis remains inevitable [92]. Further prompting
the need to diagnose CKD earlier and prevent disease pro-
gression is the established fact that dialysis, although im-
provement has been made in the last decades, is still asso-
ciated with incredibly high mortality rates of 10 to 20 times
greater than the general population and consumes 5-7% of
total health care budgets [86].

The Kidney Disease: Improving Global Outcomes
(KDIGO) guidelines define CKD as a decreased eGFR
(<60 mL/min per 1.73 m?) and albuminuria for a duration
of at least 3 months [1]. However, the most common first
pathological finding leading to a CKD diagnosis is solely
a decreased eGFR. In most middle- to high-income coun-
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tries, the eGFR gets calculated automatically when order-
ing a creatinine blood test and therefore already easily pro-
vides the means for the screening of CKD [93]. It must be
noted though, that the use of the CKD-EPI eGFR formula-
tion is being recommended by the KDIGO guidelines 2012
but some laboratories may still use MDRD for eGFR cal-
culation [94]. The KDIGO controversies conference 2021
also states that CKD diagnosis must consist of a dual assess-
ment of eGFR and albuminuria and that an accurate GFR
estimation includes the use of both creatinine and Cystatin
C measurement, if the latter is available in middle- to high-
income countries [95]. Especially in low-income countries
where ACR is not affordable, urine dipstick tests as well
as calculation of ACR from protein-to-creatinine ratio PCR
measurements can be used as a less accurate alternative to
ACR measurement [96].

According to the WHO, principles for screening of a
disease include the disease being an important public health
problem affecting a large group of individuals, availabil-
ity of a suitable test or examination as well as treatment
options [97]. All those criteria are met with CKD as it
is even sometimes described as a global epidemic, eGFR
and albuminuria testing is cost effective and treatment op-
tions are available [98—100]. Especially in the last couple
of years, with the results from large scale studies showing
that SGLT?2 inhibitors or nonsteroidal mineralocorticoid re-
ceptor antagonists (nsMRA) additional to the already es-
tablished angiotensin-converting enzyme inhibitors (ACEi)
and sartans can reduce mortality and slow progression of
CKD, the focus in nephrology has shifted from replacing
the kidney via dialysis to actually preventing ESKD [99].
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In order to fulfill this goal and to increase the number
of patients diagnosed with CKD, the awareness of CKD as a
global burden has to rise [100]. The first question that must
be answered in this context is, which individuals should be
screened for CKD. The KDIGO guidelines on CKD from
2012 omit the screening for CKD completely, which is why
in 2021 a KDIGO controversies conference was held to help
answer that question [90]. In this conference, risk groups
were defined which should be screened by general practi-
tioners or doctors from other specialities, as screening for
CKD seldom happens by a nephrologist. The defined risk
groups primarily included patients with diabetes, hyperten-
sion, or CV disease as well as patients with obesity, family
history of renal disease, acute kidney injury (AKI) in pa-
tient history, older age, and other high-risk comorbidities.
As stated above, in those individuals an assessment of the
glomerular filtration by eGFR calculation as well as an as-
sessment of the kidney injury by ACR measurement should
be performed. The eGFR together with the ACR are used
to stage the patient according to the KDIGO heat map from
the 2012 guidelines [69]. This staging allows for risk strati-
fication which is crucial to determine the prognosis of CKD
as well as adopt therapy. Another important aspect of risk
stratification is to determine high-risk patients who should
be referred to a nephrologist [90]. A tool that can be used
is the kidney failure risk equation (KFRE) by Tangri et al.
[100] which provides a 2- and 5-year risk of ESKD by using
four variables: eGFR, sex, age and albuminuria. The KFRE
was developed in the Canadian population but has been ex-
ternally validated in 31 multinational cohorts and is there-
fore applicable worldwide [101]. In the KDIGO controver-
sies conference the use of risk equations like the KFRE is
encouraged to stratify CKD patients [90]. The National In-
stitute for Health and Care Excellence (NICE) guidelines
2021 on CKD diagnosis and management even defined a
S-year risk of having ESKD >5% calculated by the KFRE
as a referral criterion to a nephrologist and the new KDIGO
CKD guidelines, which are in public reviewing by the time
of writing this article use a 5-year ESKD risk of 3-5% as
referral criteria [1,102].

How often a patient should be screened remains an in-
dividual decision, based on the risk stratification and can
range from 1 to 10 years [90].

In order to achieve a comprehensive early identifica-
tion of CKD and lessen the global burden awareness of
CKD has to rise. The new KDIGO CKD guidelines, which
are to be published in 2023, finally provide a chapter on
CKD screening, but further measures must be undertaken
on a global and national level [1]. This most importantly
includes education of general practitioners and enabling
joint efforts of nephrologists, general practitioners as well
as doctors from other specialities to identify and treat CKD.
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9. Conclusions

To our knowledge, this is the first manuscript that re-
ports a discussion about eGFR in agreement with the stan-
dard of clinical research tools, namely its role as a prog-
nostic biomarker, treatment response predictive biomarker
and endpoint biomarker itself. Considered together, these
points offer a uniform and complete discussion on the topic
and better integrate with future perspectives. Moreover, we
also reported, in keeping with the need to continue work-
ing on this, the role of eGFR in the awareness of CKD,
which is gaining momentum among nephrologists and the
public health community. We may contend that eGFR is
a strong clinical measure for nephrologists and physicians.
It significantly helps to refine risk stratification of patients,
to include patients in clinical studies and to assess the re-
sponse to nephro- and cardioprotective treatments. More-
over, eGFR is a useful and very cheap tool, combined with
urine examinations, to screen the general population for
kidney disease and, thus, to increase awareness of CKD
overall. Future studies are needed to implement the use of
eGFR in clinical research and practice.
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