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Introduction
Chronic kidney disease (CKD) is a global health problem 
given that reduced glomerular filtration rate (eGFR) increases 
the risk of progressive renal decline, multi-organ complica-
tions, major cardiovascular events and all-cause mortality.1

Accurately predicting which patients will experience dete-
riorating renal function is an important tenet to CKD care. 
Being able to determine the likely future eGFR trajectory 
would help to instigate timely treatment, potentially reduce the 
burden of adverse outcomes and optimise provision and plan-
ning for renal replacement therapy in patients at high-risk of 
progression. To meet the clinical need of better risk prediction 
tools, there has been significant interest in discovering novel 
biomarkers that could aid risk stratification, as well as provide 
new insights into unravelling CKD pathophysiology.2

A plethora of studies have investigated a wide range of bio-
markers, including those derived from proteomics,3-5 metabo-
lomics6 and genomics7 that may help identify patients at risk of 
CKD progression. These studies, however, are heterogeneous in 
their study population, follow-up time and their definition of 
progression. Some define progression based on clinical end-
points such as progression to end-stage renal disease, whilst 
others characterise patients based on an eGFR trajectory: either 
stable non-progressors or those with varying rates of progres-
sion determined by the change in eGFR over time. Different 
biomarkers have been shown to be associated with different 
endpoints8 and so it is important to make this distinction clear.

In studies where CKD progression is defined by a change in 
eGFR over time, efforts to accurately define rates of progres-
sion face a number of challenges. For instance, changes in renal 
function may reflect episodes of acute kidney injury as opposed 
to true progression, and it is recognised that deterioration can 
be non-linear and episodic, with phases of stability interrupted 
by periods of eGFR decline. In addition, various interventions 
such as initiation or up-titration of prognostically beneficial 
reno-protective agents that block the renin-angiotensin system 
can cause the eGFR to reduce acutely but this may equate to 
slower renal decline in the long-term.

Recognising these limitations, guidelines from Kidney 
Disease Improving Global Outcomes (KDIGO) suggest 2 
strategies to define a rate of CKD progression based on clinical 
utility.9 The first is to assess the absolute change in renal func-
tion, requiring a change in GFR category with at least a 25% 
drop in eGFR from baseline. Alternative endpoints of dou-
bling of creatinine or ⩾30% decline in eGFR have also been 
proposed.10 The second approach is to calculate the rate of 
eGFR change per year with a slope analysis. Both these meth-
ods, however, are still beset by 2 limiting factors: the number of 
available eGFR readings and the duration of a patient’s follow-
up. Indeed, some biomarker studies are prone to significant 
limitation by defining CKD progression based on only 2 eGFR 
measurements – 1 at baseline and 1 at follow-up.11,12 This 
approach is limited by the problem of regression to the mean 
and raises 2 additional concerns: one, it assumes linear 
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progression has occurred between 2 time points and, secondly, 
that if an acute change in eGFR has occurred, that it is non-
reversible. It is conceivable that a biomarker discovered in this 
methodological construct may simply reflect an acute injury as 
opposed to being associated with genuine, long-term progres-
sive decline (Figure 1).

Figure 1 illustrates 4 different patients’ modes of progression 
from point A to point B and beyond. The red line is indicative 
of progressive linear decline. The blue line highlights that point 
B was reached following an acute decline and thereafter the 
renal trajectory is one of a slower rate of decline. The green line 
shows different rates of decline between points A and B, fol-
lowed by a phase of stability. The grey line shows an initial 
acute decline but renal function is recovering when point B is 
reached and continues to do so beyond this point.

If a biomarker is tested at point A for all 4 patients and a 
repeat eGFR was performed at point B, the biomarker signal at 
point A may be perceived to be associated with true CKD pro-
gression. However, it cannot accurately characterise changes in 
renal trajectory between points A and B and equally fails to take 
account of future CKD progression, limiting its clinical utility.

It is therefore important that efforts invested in biomarker pro-
filing are matched equally by a rigorous approach to determining 
patients’ phenotypic pattern of progression beforehand. Herein, we 
propose a new paradigm that overcomes methodological limita-
tions in biomarker studies concerned with CKD progression 
(Figure 2). This paradigm relies upon harnessing data from estab-
lished CKD cohorts, which provide an invaluable resource to iden-
tify patients in whom the pattern and rate of CKD progression can 
be accurately characterised using validated techniques, and which 
provides the means to undertake biomarker analysis in bio-banked 
samples during the course of patients’ CKD progression.

Towards a better paradigm
Rates and patterns of CKD progression
Large, prospective CKD cohorts around the world (such as the 
Salford Kidney Study,13 the German CKD Study14 or the 

Chronic Renal Insufficiency Cohort Study15) afford access to 
patients who have already undergone multiple eGFR measure-
ments over many years of follow-up. This permits a retrospec-
tive assessment of detecting true CKD progression: the greater 
the number of measurements over a longer period of time, the 
greater the ability to define patients’ eGFR trajectories. 
Although current recommendations suggest acquiring 4 eGFR 
measurements over 2 years,10 our own experience would advo-
cate for a greater number of measurements over a longer period 
of time. Quantifying the rate of progression accurately is then 
achieved by applying validated analytic methods to define the 
rate of eGFR change over time ('eGFR, ml/min/1.73 m2/yr). 
Some studies have relied upon an absolute change in eGFR or 
the percentage change in eGFR over time,5 but these methods 
assume linearity in kidney function. Indeed, previous studies 
have highlighted that patients progress in a variety of different 
patterns and trajectories.16-18 For instance, O’Hare et  al18 
showed 4 unique patterns of CKD progression in 5606 patients 
in the 2 years prior to initiation of dialysis, including slowly 
progressive patients with persistently low eGFR of <30ml/
min/1.73m2, progressive loss of eGFR from approximately 
30-59ml/min/1.73m2, accelerated eGFR decline in those with 
eGFR >60ml/min/1.73m2, and those with catastrophic loss in 
function ⩽6 months from eGFR levels >60ml/min/1.73m2. 
Given renal trajectory can be heterogeneous, more sophisti-
cated methods of characterising CKD trajectory ought to be 
employed including generalised estimation equations or linear 
mixed regression models, which can better handle non-linear 
trajectories, by taking account of the variability in the eGFR 
values, and the variable number of eGFR measurements and 
follow-up duration patients have.19,20

Nonetheless, work by Weldegiorgis et  al,21 who analysed 
data from 6 randomised controlled trials that included diabetic 
and non-diabetic patients with CKD, showed that the majority 
of the 3523 pooled patients in fact followed a linear pattern of 
eGFR decline. If patients with a linear pattern of progression 
are the focus of interest, especially given biomarker signals in 
these patients may have a stronger and more accurate associa-
tion with progression than in patients with non-linear progres-
sion, then a more systematic approach to determine eGFR 
trajectory may be required. In such cases, ordinary least squares 
linear regression can be first applied to all measured eGFR val-
ues for a patient to quantify the 'eGFR. This should then be 
allied with a visual inspection of the eGFR-time graphs to help 
unmask those with non-linear progression. This latter step can 
be supplemented further by determining the 95% confidence 
interval (CI) of the 'eGFR calculation, which can help indi-
cate linearity – the smaller the CI, by definition, the greater the 
degree of linearity.22

Fundamentally, having the 'eGFR calculated using a robust 
methodological approach provides the foundations to mean-
ingfully evaluate whether or not a distinct biomarker pattern 
exists in specific forms of CKD progression, and such 
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Figure 1. The limitation of biomarker testing to predict CKD progression 
using 2 eGFR samples (points A and B).
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information may provide insight into pathophysiological 
mechanisms driving progression. Patterns of progression could 
be defined by a combination of descriptive terms such as linear 
or non-linear, slow progressive or exponential decline (in paral-
lel with patterns described by O’Hare et  al) or simply rapid 
progressors, stable non-progressors or those with positively 
improving eGFR.23 Categorisation of patients as a rapid pro-
gressor or a stable patient is based on pre-defined 'eGFR cut-
off values. KDIGO recommend defining rapid progression as 
those with a 'eGFR of <−5ml/min/1.73m2/yr (ie, losing more 
than 5ml/min/1.73m2/yr)9, but adverse clinical outcomes have 
been shown to be associated with rates of <−3ml/min/1.73m2/
yr24, 25 and this ought to be the lowest threshold for 'eGFR to 
define rapid progression. A 'eGFR of −0.5 to +0.5ml/
min/1.73m2/yr can define stable patients, where stability is 
reflected in a 'eGFR that centres on zero (ie, no change in 
eGFR over time). More positive 'eGFR values (for instance, a 
'eGFR >+0.5ml/min/1.73m2/yr) could define those with 
improving renal function.

Existing cohorts offer a potential treasure trove for 
biomarker discovery
The paradigm relies on a retrospective method to select 
patients for future biomarker work, which specifically has 2 
key advantages. Firstly, biomarkers can be tested in bio-
banked samples in appropriately selected patients whose 

functional outcome is already known, enabling the question 
of whether the biomarker is associated with a specific pattern 
of CKD progression to be answered more confidently. 
Secondly, bio-banked samples also create enhanced opportu-
nities for biomarker research, such as the serial testing of a 
biomarker, especially at points of renal decline, where possi-
ble. This would overcome the limitation of attempting to 
attribute significance to biomarkers measured at baseline 
being associated with patients who have variable, non-linear 
progression. This approach therefore provides the means for 
further exploratory research: firstly, in assessing whether 
repeated biomarker measurements remain consistently pre-
sent in those with linear forms of progression; secondly, 
whether a biomarker quantitatively changes with worsening 
renal function in those with rapid progression; and thirdly, in 
assessing if biomarker signals change when a patient experi-
ences a change in renal trajectory. Biomarkers discovered in 
this retrospective manner would then ideally be validated by 
examining them in patients in future prospective studies to 
ascertain whether they are able to predict different rates of 
CKD progression.

Whilst there may be specific biomarkers that cannot be 
measured in this retrospective manner, and which may require 
evaluation with new studies, we would advocate for collabora-
tive efforts to harness and uncover the potential treasure trove 
of biomarker discovery from the analysis of stored samples in 
existing cohorts. As a corollary, we would recommend for the 

Established observational CKD cohort

Retrospectively characterise patients’ rate of progression (ΔeGFR) 
using appropriate analytic methods

Access to patient data with multiple eGFR 
measurements over a long duration of time

Regression modelling of eGFR trajectory

Accurately categorise patients’ progression based on the ΔeGFR
and pattern of progression

Utilise bio-banked samples

Undertake biomarker analysis to determine associations between a 
biomarker and a phenotypic pattern of progression

Future validation in prospective studies
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Figure 2. A paradigm for discovering biomarkers associated with CKD progression.
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routine ongoing collection and storage of bio-banked samples 
in ongoing studies to afford the means to accomplish future 
research using this paradigm.

We illustrate aspects of the paradigm concepts using illustra-
tive examples of eGFR-time graphs in Figure 3. Each eGFR-
time graph shows the changes in renal function over time for an 
individual patient within the Salford Kidney Study (SKS). The 
SKS is a prospective observational cohort study that has been 
recruiting non-dialysis dependent CKD patients since 2002. 
Any patient referred to the renal services at Salford Royal NHS 
Foundation Trust (a tertiary renal centre in the United Kingdom 
with a catchment population of 1.55 million) and is over 18 years 
old with an eGFR of <60ml/min/1.73m2 is eligible for recruit-
ment. Blood and urine sampling for routine clinical tests is per-
formed at baseline and at subsequent clinic visits and is available 
throughout the patient journey via laboratory linkage to the elec-
tronic patient record. Further samples including EDTA whole 
blood, serum and citrate plasma are collected, centrifuged and 
bio-banked at −80oC for future research. We present cases in 
Figure 3 where a consistent linear pattern of progression is 
sought in patients and how bio-banked samples at various time-
points in these patients’ follow-up allow important biomarker 
evaluation to be undertaken.

In each case, the 'eGFR has been calculated with linear 
regression with the specific aim of identifying patients with a 
linear, consistent pattern of progression, be it either stable or 
rapid (defined in this instance as a 'eGFR of <-4mlml/
min/1.73m2/yr) in nature. A linear regression line has been 
applied to all graphs. (A) The linear 'eGFR is −6.5ml/min/1.73 
m2/yr (95% CI −6.7 to −6.2). Linear progression is clearly seen 
on the eGFR-time graph. Note also the small CI of 0.5 ml/
min/1.73m2/yr, reflecting a strong degree of linearity of the 
eGFR values. (B) The linear 'eGFR is −0.2ml/min/1.73m2/yr 
(95% CI −0.3 to −0.1) and stability is seen throughout follow-
up. This patient could be defined as a ‘stable patient’. Bio-
banked samples in both patients A and patient B at various 
times (highlighted by arrows) would provide the means to eval-
uate the differences in biomarkers between these 2 patients. 
Additionally, the opportunity to undertake longitudinal assess-
ment of biomarkers within each patient (at each arrow) would 
provide valuable insight into whether changes occur to bio-
markers over time. (C) The linear 'eGFR for this patient was 
−3.2ml/min/1.73m2/yr (95% CI −4.6 to −1.8) but the graph 
reveals a fluctuating course in renal function. This patient would 
not be suitable for a study focused on linear progression specifi-
cally. (D) The 'eGFR is +0.15ml/min/1.72m2/yr (95% CI 

Figure 3. Illustrative eGFR-time graphs of individual patients to demonstrate the selection of patients with linear CKD progression into biomarker studies. 
Panels (A) to (D) highlight the eGFR-time graphs for 4 individual patients in the Salford Kidney Study.
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−1.2 to +1.5), but similar to graph C, the eGFR varies widely 
over the follow-up period. Thus, the panels show how eGFR-
time graphs can help visually substantiate the linear 'eGFR or 
unmask non-linear progression.

Conclusion
Studies involved in CKD progression that define their out-
come based on a change in renal function share a number of 
important limitations, especially a weak and imprecise charac-
terisation of eGFR trajectory. There is a pressing need for more 
robust work with improved patient phenotype identification to 
help determine whether biomarkers offer clinical value. To that 
end, we recommend utilisation of currently established CKD 
cohorts that not only provides a means to accurately character-
ise a patient’s eGFR trajectory but also offer new avenues in 
biomarker research using bio-banked samples at different 
points in a patient’s CKD progression timeline.

Author contributions
IA and PAK conceived the idea. IA undertook data analysis and pre-
pared the initial draft. RC and STI supported in data analysis. DG, 
MT, TDW and PAK critically revised the article for important intel-
lectual content. All authors approved the final version.

ORCID iDs
Ibrahim Ali  https://orcid.org/0000-0001-7328-2529
Sara T Ibrahim  https://orcid.org/0000-0001-7442-7902

REFERENCES
 1. Levey AS, de Jong PE, Coresh J, et al. #e definition, classification, and progno-

sis of chronic kidney disease: a KDIGO controversies conference report. Kidney 
Int. 2011;80:17-28.

 2. Ali I, Kalra P. Risk prediction in chronic kidney disease. Curr Opin Nephrol 
Hypertens. 2019;28:513-518.

 3. Bolignano D, Lacquaniti A, Coppolino G, et al. Neutrophil gelatinase-associ-
ated lipocalin (NGAL) and progression of chronic kidney disease. Clin J Am Soc 
Nephrol. 2009;4:337-344.

 4. Peralta CA, Katz R, Bonventre JV, et al. Associations of urinary levels of kidney 
injury molecule 1 (KIM-1) and neutrophil gelatinase-associated lipocalin 
(NGAL) with kidney function decline in the Multi-Ethnic Study of Atheroscle-
rosis (MESA). Am J Kidney Dis. 2012;60:904-911.

 5. Rodríguez-Ortiz ME, Pontillo C, Rodríguez M, Zürbig P, Mischak H, Ortiz 
A. Novel urinary biomarkers for improved prediction of progressive eGFR loss in 

early chronic kidney disease stages and in high risk individuals without chronic 
kidney disease. Sci Reps. 2018;8:15940.

 6. Zacharias HU, Altenbuchinger M, Schultheiss UT, et al. A novel metabolic sig-
nature to predict the requirement of dialysis or renal transplantation in patients 
with chronic kidney disease. J Proteome Res. 2019;18:1796-1805.

 7. Lin BM, Nadkarni GN, Tao R, et al. Genetics of chronic kidney disease stages 
across ancestries: the PAGE study. Front Genet. 2019;10:494.

 8. Agarwal R, Duffin K, Laska DA, Voelker JR, Breyer MD, Mitchell PG. A pro-
spective study of multiple protein biomarkers to predict progression in diabetic 
chronic kidney disease. Nephrol Dial Transplant. 2014;29:2293-2302.

 9. KDIGO Working Group. Chapter 2: Definition, identification, and prediction 
of CKD progression. Kidney Int. 2013;3:63-72.

 10. Levey AS, Inker LA, Matsushita K, et al. GFR Decline as an end point for clini-
cal trials in CKD: a scientific workshop sponsored by the National Kidney Foun-
dation and the US Food and Drug Administration. Am J Kidney Dis. 
2014;64:821-835.

 11. Carlsson AC, Ingelsson E, Sundström J, et al. Use of proteomics to investigate 
kidney function decline over 5 years. Clin J Am Soc Nephrol. 2017;12:1226-1235.

 12. Nkuipou-Kenfack E, Duranton F, Gayrard N, et al. Assessment of metabolomic 
and proteomic biomarkers in detection and prognosis of progression of renal 
function in chronic kidney disease. PLoS ONE. 2014;9:e96955.

 13. NHS Health Research Authority. Salford Kidney Study. Accessed August 4, 
2020. https://www.hra.nhs.uk/planning-and-improving-research/application-
summaries/research-summaries/salford-kidney-study/

 14. Eckardt K, Bärthlein B, Baid-Agrawal S, et al. #e German Chronic Kidney 
Disease. (GCKD) study: design and methods. Nephrol Dial Transplant. 
2012;27:1454-1460.

 15. National Institute of Diabetes and Digestive and Kidney Diseases. Chronic 
Renal Insufficiency Cohort Study. Accessed August 4, 2020. https://repository.
niddk.nih.gov/studies/cric/

 16. Li L, Astor BC, Lewis L, et al. Longitudinal progression trajectory of GFR 
among patients with CKD. Am J Kidney Dis. 2012;59:504-512.

 17. Caravaca-Fontán F, Azevedo L, Luna E, Caravaca F. Patterns of progression of 
chronic kidney disease at later stages. Clin Kidney J. 2018;11:246-253.

 18. O’Hare AM, Batten A, Burrows NR, et al. Trajectories of kidney function 
decline in the 2 years before initiation of long-term dialysis. Am J Kidney Dis. 
2012;59:513-522.

 19. Boucquemont J, Heinze G, Jager KJ, Oberbauer R, Leffondre K. Regression 
methods for investigating risk factors of chronic kidney disease outcomes: the 
state of the art. BMC Nephrol. 2014;15:45.

 20. Sumida K, Kovesdy CP. Disease trajectories before ESRD: implications for clin-
ical management. Semin Nephrol. 2017;37:132-143.

 21. Weldegiorgis M, de Zeeuw D, Li L, et al. Longitudinal estimated GFR trajec-
tories in patients with and without type 2 diabetes and nephropathy. Am J Kidney 
Dis. 2018;71:91-101.

 22. Ali I, Chinnadurai R, Ibrahim ST, Green D, Kalra PA. Predictive factors of 
rapid linear renal progression and mortality in patients with chronic kidney dis-
ease. BMC Nephrol. 2020;21:345.

 23. Collister D, Ferguson T, Komenda P, Tangri N. #e patterns, risk factors, and 
prediction of progression in chronic kidney disease: a narrative review. Semin 
Nephrol. 2016;36:273-282.

 24. Shlipak MG, Katz R, Kestenbaum B, et al. Rapid decline of kidney function 
increases cardiovascular risk in the elderly. J Am Soc Nephrol. 2009;20:2625-2630.

 25. Matsushita K, Selvin E, Bash LD, Franceschini N, Astor BC, Coresh J. Change 
in estimated GFR associates with coronary heart disease and mortality. Clin J Am 
Soc Nephrol. 2009;20:2617-2624.

https://orcid.org/0000-0001-7328-2529
https://orcid.org/0000-0001-7442-7902
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/salford-kidney-study/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/salford-kidney-study/
https://repository.niddk.nih.gov/studies/cric/
https://repository.niddk.nih.gov/studies/cric/

