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Abstract

Background: The Kidney Failure Risk Equation (KFRE) predicts the 2- and 5-year risk of end-stage renal disease
(ESRD) in patients with chronic kidney disease (CKD) stages 3a-5. Its predictive performance in advanced CKD and
in specific disease aetiologies requires further exploration. This study validates the 4- and 8-variable KFREs in an
advanced CKD population in the United Kingdom by evaluating discrimination, calibration and clinical utility.

Methods: Patients enrolled in the Salford Kidney Study who were referred to the Advanced Kidney Care Service
(AKCS) clinic at Salford Royal NHS Foundation Trust between 2011 and 2018 were included. The 4- and 8-variable
KFREs were calculated on the first AKCS visit and the observed events of ESRD (dialysis or pre-emptive
transplantation) within 2- and 5-years were the primary outcome. The area under the receiver operator
characteristic curve (AUC) and calibration plots were used to evaluate discrimination and calibration respectively in
the whole cohort and in specific disease aetiologies: diabetic nephropathy, hypertensive nephropathy,
glomerulonephritis, autosomal dominant polycystic kidney disease (ADPKD) and other diseases. Clinical utility was
assessed with decision curve analyses, comparing the net benefit of using the KFREs against estimated glomerular
filtration rate (eGFR) cut-offs of < 20 ml/min/1.73m? and < 15 ml/min/1.73m? to guide further treatment.

Results: A total of 743 patients comprised the 2-year analysis and 613 patients were in the 5-year analysis. Discrimination
was good in the whole cohort: the 4-variable KFRE had an AUC of 0.796 (95% confidence interval [Cl] 0.762-0.831) for
predicting ESRD at 2-years and 0.773 (95% CI 0.736-0.810) at 5-years, and there was good-to-excellent discrimination
across disease aetiologies. Calibration plots revealed underestimation of risk at 2-years and overestimation of risk at 5-
years, especially in high-risk patients. There was, however, underestimation of risk in patients with ADPKD for all KFRE
calculations. The predictive accuracy was similar between the 4- and 8-variable KFREs. Finally, compared to eGFR-based
thresholds, the KFRE was the optimal tool to guide further care based on decision curve analyses.

* Correspondence: ibrahim.ali@srft.nhs.uk

'Department of renal medicine, Salford Royal NHS Foundation Trust, Stott
Lane, Salford M6 8HD, UK

“Division of Cardiovascular Sciences, University of Manchester, Manchester
M13 9PL, UK

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12882-021-02402-1&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:ibrahim.ali@srft.nhs.uk

Ali et al. BMIC Nephrology (2021) 22:194

Page 2 of 13

decision-making.

analysis, End-stage renal disease

Conclusions: The 4- and 8-variable KFREs demonstrate adequate discrimination and calibration for predicting ESRD in an
advanced CKD population and, importantly, can provide better clinical utility than using an eGFR-based strategy to inform

Keywords: Kidney failure risk equation, Risk prediction, Chronic kidney disease, Discrimination, Calibration, Decision curve

Introduction

Chronic kidney disease (CKD) is not a benign condition
given worsening kidney function is an independent risk
factor for progression to end-stage renal disease (ESRD),
cardiovascular events and all-cause mortality [1]. Accur-
ately predicting ESRD is a cornerstone of optimal CKD
care as it enables targeted treatment in high-risk pa-
tients, including supporting better risk communication
with patients and appropriate prioritisation of treatment
pathways that include education regarding renal replace-
ment therapies (RRT), especially the benefits of pre-emptive
living donor kidney transplantation [2—4].

To date, the Kidney Failure Risk Equation (KFRE)
remains the most well-validated risk prediction tool, pre-
dicting the 2- and 5-year risk of progression to ESRD in
patients with CKD stages 3a-5 [5]. The 4-variable KFRE
requires age, sex, estimated glomerular filtration rate
(eGFR) and albuminuria, whilst the 8-variable KFRE in-
corporates the additional parameters of serum calcium,
phosphate, albumin and bicarbonate. Not only has the
KFRE been shown to be accurate for risk prediction but
absolute risk thresholds have been implemented into
clinical care systems, such as a 2-year ESRD risk of
>40% to guide dialysis access planning in patients who
have chosen future dialysis [6].

Whilst the KFRE appears a promising aid to decision-
making, there is a lack of evidence regarding its ability
to risk predict in more advanced CKD and in specific
disease aetiologies, which are known to progress at
different trajectories. Thus far, the only study to have
explored this was by Hundemer et al. [7], who validated
the 4-variable KFRE in a Canadian cohort of patients re-
ferred to a multi-disciplinary pre-dialysis clinic. They
showed the KFRE adequately predicted ESRD in this co-
hort with a median eGFR of 15 ml/min/1.73m? (inter-
quartile range: 12-19 ml/min/1.73m?), irrespective of
whether patients had diabetic nephropathy, hypertensive
nephropathy, glomerulonephritis, autosomal dominant
polycystic kidney disease (ADPKD) or other conditions.
However, the authors did not validate the predictive
performance of the 8-variable KFRE, which may be of
particular relevance in advanced CKD given the poten-
tial prognostic importance for mineral-bone disease,
acidosis and inflammation at CKD stages 4-5, and
which are captured by the extra parameters of the 8-
variable KFRE. Furthermore, whilst statistical measures

of model performance were reported, such as discrimin-
ation and calibration, the clinical utility of the KFRE was
not evaluated. However, measures of utility are recog-
nised as a useful marker of prediction model perform-
ance [8].

In light of the work by Hundemar et al. [7], and to ad-
dress gaps in the literature, we undertook a validation
study of the KFRE in order to 1) provide insight, to the
best of our knowledge for the first time, on the predict-
ive accuracy of both the 4- and 8-variable KFRE in an
advanced CKD cohort, stratified to disease aetiology, in
the United Kingdom (UK); and 2) determine whether
the KFREs could offer clinical utility, and thus provide
evidence to develop a risk-based strategy to deliver care
as opposed to one that relies on eGFR thresholds.

Methods

Study population and setting

A retrospective analysis was undertaken in patients in
the Salford Kidney Study (SKS). The SKS is an ongoing
observational study, which since 2002 has focused on
recruiting patients with non-dialysis CKD. Patients
referred to the renal services at Salford Royal NHS
Foundation Trust (SRFT), a tertiary renal centre in the
UK, who are aged 18 years or older with an eGFR< 60
ml/min/1.73m? are eligible for enrolment. This study
focused on patients in the SKS who were referred to the
advanced kidney care service (AKCS) clinic in SRFT, a
multidisciplinary clinic comprising doctors, specialist
nurses and dieticians that provides holistic care for pa-
tients with advanced CKD. Patients are typically referred
to the AKCS clinic once they reach an eGFR of <20 ml/
min/1.73m” or if they have an eGFR of 20-30 ml/min/
1.73m? but are deemed to be rapidly progressing by the
referring clinician. Emphasis in the AKCS clinic is placed
on treating complications of CKD (such as anaemia,
fluid retention and mineral bone disease) and educating
patients about potential future treatment options. Op-
portunities for pre-emptive transplant are optimised
by early discussion about living kidney donation, as-
sessment of suitability for transplant at the first clinic
visit and prompt referral to a dedicated one-stop
transplant work-up clinic. The frequency of clinic
visits and monitoring is largely guided by changes in
patients’ symptoms and eGFR values and is at the
discretion of the clinician in clinic.
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Data variables

The 4-variable KFRE requires age, sex, eGFR and uACR,
whilst the 8-variable KFRE comprises these four
variables along with serum calcium, phosphate, albumin
and bicarbonate [4]. The eGFR was determined using
the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation. The following unit conversions
were made to align measurements in the SKS to the
original KFRE study: calcium, measured in mmol/L, was
converted to mg/dL by multiplying values by 4;
phosphate, measured in mmol/L, was converted to mg/
dL by multiplying by 3.1; albumin, measured in g/L, was
converted to g/dL by dividing values by 10. The urine
protein:creatinine ratio (uPCR) units of mg/mmol were
converted to mg/g by multiplying values by 8.84. The
UACR was then derived from the uPCR for all patients
using a validated conversion formula that has been
shown to provide good discrimination when used with
the KFRE (Additional file 1) [9]. All variables used in this
present analysis were taken on each patient’s first at-
tendance in the AKCS clinic.

Cohort assembly

Patients with an eGFR< 30 ml/min/1.73m* who attended
their first AKCS clinic from 1st September 2011 to 31st
October 2018 were included in order to enable a mini-
mum 2-year follow-up in all subjects, and this comprised
the whole study cohort. To permit calculation of the 5-
year risk of ESRD, only patients from within the whole
cohort who had their first AKCS clinic visit from 1st
September 2011 up until 31st October 2015 were in-
cluded in the 5-year analysis. Patients were excluded if
they were referred out of the AKCS clinic or transferred
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to other hospitals for ongoing care as the primary ESRD
outcomes for these patients could not be determined.
No patients were excluded due to missing data in our
cohort (Fig. 1).

Patients were subdivided into five disease categories:
diabetic  nephropathy, hypertensive = nephropathy,
glomerulonephritis, autosomal dominant adult polycystic
kidney disease (ADPKD), and all other causes. The diag-
nosis of diabetic or hypertensive nephropathy was based
on either histological data or clinical judgement by the
patient’s lead clinician. Patients were diagnosed with
glomerulonephritis based on histology and those with
ADPKD met international diagnostic guidelines.

Study outcomes

The death-censored events of ESRD at 2- and 5-years,
calculated using the calibrated non-North American 4-
and 8-variable KFREs (Additional file 1), were the
primary outcomes. ESRD was defined as initiation of
haemodialysis, peritoneal dialysis, conservative care or
receiving a pre-emptive renal transplant. A death-
censored analysis was undertaken as this is in keeping
with the original KFRE development study [4] but a sen-
sitivity analysis that considered death prior to ESRD as a
competing event was undertaken. Outcome data was
evaluated until 1st November 2020.

Statistical analysis

For baseline characteristics, continuous data is presented
as median with interquartile ranges and categorical data
as absolute numbers with percentages. The predictive per-
formance of the 4- and 8-variable KFREs at 2- and 5-years
were evaluated using discrimination and calibration

N = 3299

Patients recruited into SKS up until 31%' October 2018

!

Patients in SKS attending their first AKCS clinic from
1% September 2011 to 31 October 2018

N =776 33 patients excluded:
[ 13 with eGFR230ml/min/1.73m?
v 15 transferred to another clinic
Final cohort with CKD stages 4-5 5 transferred to another hospital
N =743
T R 0 patients excluded due to
v g missing data

Patient included in 2-year KFRE analysis
(1% September 2011 to 31* October 2018)

N =743

Patients included in 5-year KFRE analysis
(1% September 2011 to 31 October 2015)

N=613

Fig. 1 Study cohort assembly. Abbreviations: SKS (Salford Kidney Study); AKCS (Advanced Kidney Care Service); uPCR (urine protein:creatinine ratio);
UACR (urine albumin:creatinine ratio); CKD (chronic kidney disease); eGFR (estimated glomerular filtration rate); KFRE (Kidney Failure Risk Equation)
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metrics for the whole cohort and for patients in the five
disease categories.

Discrimination, which is the extent a model can differ-
entiate patients with or without the study outcome based
on the risk score, was defined by the area under the curve
(AUC) of a receiver operator characteristic curve (ROC),
along with 95% confidence intervals [CI] [10]. Perfect dis-
crimination amounts to an AUC of 1.0. We defined ac-
ceptable discrimination by an AUC of 0.6-0.7, good
discrimination as an AUC of 0.7-0.8, whilst values > 0.8
represented excellent discrimination [11]. Pairwise com-
parisons of the AUCs were undertaken using DeLong’s
method [12] to assess for differences in discrimination
performance between the 4- and 8-variable KFREs in the
whole cohort and between each disease group separately.

Calibration, the extent the predicted risk scores accur-
ately estimate the observed values, was visually assessed by
a calibration plot. Here, the predicted risk scores are plotted
against the observed outcome of ESRD, which is treated as
a binary outcome, and a smoothing function is then applied
[13]. Perfect agreement between the predicted risks and ob-
served events produces a calibration line of 45°.

Whilst discrimination and calibration provide statis-
tical measures of performance, both fail to adequately
describe the clinical utility of a model. To address this, a
decision curve analysis can be undertaken that illustrates
the impact of a risk model in supporting decision-
making at various threshold probabilities [8, 14]. The
threshold probabilities, plotted on the x-axis, represent
the range of appropriate risk probabilities (identified be-
forehand) at which a model could guide treatment when
compared to the default strategies of ‘treatment for all’
and ‘treatment for no-one’. For our study, the upper risk
limit for the 2-year KFRE analysis was set at 40%, a
criterion proposed as a suitable cut-off for deciding
upon planning for dialysis access and transplantation
[5, 6]. For the 5-year KFRE analysis, the upper limit
was set at 50% [5]. A treatment can refer to a variety
of measures including further investigations or initi-
ation of a therapy. In our study, we denote treatment
as increased frequency of monitoring and prioritisa-
tion of referral for kidney transplant or timely dialy-
sis access planning. The net benefit, plotted on the
y-axis of a decision curve analysis, takes account of
the relationship between the number of true positive
and false positive cases within the sample population
across the pre-defined range of threshold probabil-
ities and is given by the following equation:

Net benefit, represented as true positive cases, can also
be expressed as the number of unnecessary interventions

True positive False positive
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avoided in a population by simply focusing on true nega-
tive cases. For our study, unnecessary interventions
translate as identifying patients who would suit less in-
tensive monitoring and for whom referral for transplant-
ation or dialysis access planning could be delayed.

When comparing different prediction methods, the
model with the highest net benefit on the y-axis across
the range of threshold probabilities would be deemed to
be of optimal value [14]. In this study, the utility of the
4- and 8-variable KFREs for risk prediction at 2- and 5-
years was compared against an eGFR-based strategy to
guide further treatment using cut-off values of an
eGFR< 20 ml/min/1.73m? and < 15 ml/min/1.73m> In
addition, the median time-to-ESRD was calculated for
the optimal model to provide information on the appro-
priate timeframe for when dialysis access formation
should be undertaken.

Sensitivity analysis

Survival curves for the 4-variable KFREs were produced
to compare the differences in outcome between a death-
censored analysis and an analysis in which death prior to
ESRD is handled as a competing event.

All statistical analyses were conducted using R, version
4.0.2 (The R Foundation for Statistical Computing Plat-
form). A p-value of <0.05 was considered statistically
significant.

Ethical approval

The SKS received ethical approval from the North West
Greater Manchester South Research Ethics Committee
(REC15/NW/0818). Written informed consent was ob-
tained from all patients. The methods described herein
were carried out in accordance with relevant guidelines
and regulations of the SKS.

The reporting of this validation study complies with
the TRIPOD (Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis)
statement [15] (Additional file 2).

Results

Baseline characteristics

A total of 743 patients were included in the 2-year
analysis of the 4- and 8-variable KFREs (Table 1). In this
cohort, the median age was 68.5 years (56.9-77.1 years),
and the majority of patients were male (62%) and was
almost exclusively Caucasian (94%). The vast majority
had a co-morbid diagnosis of hypertension (97%) and
40% of patients had diabetes. The most common
disease-specific aetiology was diabetic nephropathy

Net benefit = (

Threshold probability >]

Total sample size) - {(Toml sample size) x <1—threshold probability
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(24%). The median eGFR was 16 m/min/1.73m? (13-18
ml/min/1.73m?),

which was similar across the disease categories, and
the median uACR was 409 mg/g (85-1356 mg/g), which
was comparatively higher in patients with glomerulo-
nephritis and diabetic nephropathy than in patients with
hypertensive nephropathy and ADPKD. All these charac-
teristics were similar in the cohort of 613 patients, which
comprised the 5-year analysis of the 4- and 8-variable
KFREs (Additional file 3). A comparison of the base-
line characteristics of the 2-year cohort with the ori-
ginal KFRE development cohort [4] is provided in
Additional file 4.

KFRE risk scores and outcome data

In the 2-year analysis, the median 2-year risk score for
the 4- and 8-variable KFREs were similar at 24% (95%
CI 11-42%) and 20% (95% CI 10-39%) respectively
(Table 1), with the highest risk scores seen in patients
with glomerulonephritis, followed by those with diabetic
nephropathy. In the 5-year analysis cohort (Additional
file 3), the median 4- and 8-variable 5-year risk scores
were both 65% (95% CI of 36-88% for the 4-variable
KFRE and 36-83% for the 8-variable KFRE). As per the
2-year analysis, the highest disease-specific 5-year risks
for both the 4- and 8-variable KFREs were produced in
those with glomerulonephritis followed by those with
diabetic nephropathy.

Table 2 provides the outcome data for ESRD and
death prior to ESRD in the whole cohort and across dis-
ease categories. For the 2-year analysis, 257 patients
(35%) reached ESRD within 2-years, whilst 101 patients
(14%) died prior to ESRD. In the 5-year analysis, 331 pa-
tients (54%) reached ERSD within 5-years and there
were 164 deaths (27%) prior to ESRD.

KFRE discrimination performance

Figure 2 shows the ROC curves for the 4- and 8-variable
KFREs predicting risk at 2- and 5-years for the whole

Table 2 Outcome data for the analyses at 2-years and 5-years
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cohort and in each of the disease groups. A summary of
the AUC values is provided in Table 3 for the 2-year
analysis and in Table 4 for the 5-year analysis. In the 2-
year analysis, the 4-variable KFRE had good discrimin-
ation in the whole cohort with an AUC of 0.796 (95% CI
0.762-0.831). It showed excellent discrimination for dia-
betic nephropathy at 0.850 (95% CI 0.789-0.910), hyper-
tensive nephropathy at 0.841 (95% CI 0.744—0.938) and
glomerulonephritis at 0.842 (95% CI 0.757-0.926), with
good discrimination for ADPKD at 0.713 (95% CI
0.584-0.841) and for other diseases at 0.777 (95% CI
0.716-0.838). The 8-variable 2-year KFRE produced sta-
tistically similar AUC readings compared with the 4-
variable 2-year values (Table 3).

For the 5-year analysis, the 4-variable KFRE showed
good discrimination in the whole cohort with an AUC
of 0.773 (95% CI 0.736-0.810) and good discrimination
was seen in the other disease categories except for
ADPKD, which showed a much lower AUC of 0.600
(95% CI 0.328-0.872). These findings were similarly
reproduced with the 8-variable 5-year calculations
(Table 4).

Pairwise comparisons of all the ROC curves between
each of the disease categories did not show any statisti-
cally significant differences except between patients with
ADPKD compared with those with diabetic nephropathy
and glomerulonephritis, but this only applied to the 8-
variable 2-year KFRE (Additional file 5).

KFRE calibration performance

The calibration plots in Fig. 3 show adequate calibration
for the 4- and 8-variable KFREs at 2- and 5-years but there
was a tendency for underestimation of risk scores in the
2-year analysis, whereas overestimation of risk was more
notably seen in the 5-year calibration plots for both the 4-
and 8-variable KFREs. These differences in risk prediction
were also borne out in the tabulated calibration data
across disease aetiologies shown in Additional file 6, with
the exception being patients with ADPKD, for whom the

Whole cohort  Diabetic nephropathy  Hypertensive nephropathy  GN ADPKD  Other diseases

2-year outcomes

Patient numbers 743 178 125 86 64 290

ESRD, n (%) 257 (35) 65 (37) 32 (26) 40 (47) 40 (63) 80 (28)

Deaths prior to ESRD, n (%) 101 (14) 29 (16) 26 (21) 9 (10) 0(0) 36 (12)
5-year outcomes

Patient numbers 613 140 115 75 49 234

ESRD, n (%) 331 (54) 78 (56) 45 (39) 51 (68) 44 (90) 113 (48)

Deaths prior to ESRD, n (%) 164 (27) 47 (34) 42 (37) 13 (17) 3(6) 59 (25)

Abbreviations: GN glomerulonephritis, ADPKD autosomal dominant polycystic kidney disease, ESRD end-stage renal disease
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Fig. 2 ROC curves for the 4- and 8-variable KFREs at 2- and 5-years according to disease aetiology. Abbreviations: ROC (receiver operator
characteristic curve; KFRE (Kidney Failure Risk Equation)

KERE consistently underestimated the observed events in  intervention at relevant threshold probabilities compared

all calculations in the 2- and 5-year analyses. to using eGFR cut-offs at <20 ml/min/1.73m? and < 15
ml/min/1.73m>
Clinical utility When compared with an eGFR cut-off of <15 ml/min/

The decision analysis curves in Fig. 4 show the 4- and 8-  1.73m? at a 40% threshold probability, the 4-variable 2-year
variable KFREs are better for guiding further KFRE was able to identify an extra 8 patients per 100 that
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Table 3 AUCs for the 2-year analysis of the 4- and 8-variable KFREs
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Patients 4-variable 2-year risk 8-variable 2-year risk p-value
AUC (95% ClI) AUC (95% ClI)
Whole cohort 0.796 (0.762-0.831) 0.793 (0.758-0.828) 0.66
Diabetic nephropathy 0.850 (0.789-0.910) 0.856 (0.798-0.912) 0.72
Hypertensive nephropathy 0.841 (0.744-0.938) 4(0.710-0.919) 0.07
Glomerulonephritis 0.842 (0.757-0.926) 0.843 (0.757-0.929) 0.96
ADPKD 3(0.584-0.841) 0.668 (0.527-0.808) 0.18
Other diseases 0.777 (0.716-0.838) 0.770 (0.707-0.833) 0.73

Comparison between AUCs undertaken by DeLong'’s method [12]

Abbreviations: AUC area under the receiver operator characteristic curve, Cl confidence interval, ADPKD autosomal dominant polycystic kidney disease

would progress to ESRD and identify 13 more patients per
100 for whom intervention could be delayed. The median
time-to-ESRD for patients with a 2-year KFRE risk of >40%
was approximately 11 months (6-19 months).

At a 50% risk threshold, the 4-variable 5-year KFRE
identified 14 extra patients per 100 who would progress
to ESRD and could identify delaying intervention in 14
more patients per 100 when compared with using an
eGFR< 20 ml/min/1.73m?. In addition, it was able to iden-
tify 15 more true positive cases per 100 patients and 15
extra true negative cases compared with using an eGFR of
<15 ml/min/1.73m? to guide further treatment. The me-
dian time-to-ESRD for patients with a 5-year KFRE risk of
>50% was approximately 20 months (10-37 months).

The net benefit results of the 4-variable KFRE were
similarly seen when using the 8-variable KFRE for 2-
and 5-year risk prediction.

Sensitivity analysis

The cumulative incidence of ESRD using the Kaplan-
Meier survival curve, in which death prior to ESRD was
censored, was compared to the cumulative incidence of
ESRD when adjusted for death as a competing event.
Using the 4-variable KFRE as the main example, Add-
itional file 7 shows that the death-censored approach
overestimates the probability of ESRD, which was espe-
cially apparent at 5-years follow-up.

Table 4 AUCs for the 5-year analysis of the 4- and 8-variable KFREs

Discussion

This validation study shows that the use of the 4- and 8-
variable KFREs can be of clinical utility in an advanced
CKD population and offers evidence for switching to-
wards a risk-based model of care above one that relies
solely on eGFR thresholds to trigger intervention in
high-risk patients.

We undertook a similar study to the one reported by
Hundemer et al. [7], who recently provided a closer
evaluation of the 4-variable KFRE in patients with ad-
vanced CKD and in specific disease categories, which
had hitherto been lacking. The median eGFR of 15 ml/
min/1.73m? (12-19 ml/min/1.73m?) in their work closely
matches the 16 ml/min/1.73m? (13-18 ml/min/1.73m?)
in ours and we share similar baseline patient characteris-
tics of age and sex. The rates of ESRD were higher in
their study compared to ours (42% and 64% reached
ESRD at 2- and 5-years compared to 35% and 54% in
our study), and this was reflected in higher KFRE risk
scores. Nonetheless, we similarly found that patients
with glomerulonephritis and diabetic nephropathy had
the highest disease-specific risk scores whereas those
with hypertensive nephropathy and ADPKD had the
lowest. Our work extends upon the study by Hundemer
et al. [7] with a geographical validation of the KFREs in
a UK cohort and we provide the following four main
contributions:

Patients 4-variable 5-year risk 8-variable 5-year risk p-value
AUC (95% ClI) AUC (95% CI)
Whole cohort 0.773 (0.736-0.810) 0.763 (0.725-0.800) 022
Diabetic nephropathy 0.783 (0.706-0.859) 0.776 (0.698-0.854) 0.71
Hypertensive nephropathy 0.774 (0.682-0.866) 0.769 (0.677-0.861) 0.76
Glomerulonephritis 0.755 (0.640-0.870) 0.764 (0.649-0.879) 0.70
ADPKD 0.600 (0.328-0.872) 0.605 (0.268-0.941) 0.95
Other diseases 0.790 (0.732-0.848) 0.763 (0.702-0.823) 0.09

Comparison between AUCs undertaken by Delong’s method [12]

Abbreviations: AUC area under the receiver operator characteristic curve, Cl confidence interval, ADPKD autosomal dominant polycystic kidney disease
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Fig. 3 Calibration plots for the 4- and 8-variable KFREs at 2- and 5-years. A smoothing loess line has been applied to each graph. Grey shaded
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The 4-variable KFRE is sufficient for risk prediction in
advanced CKD

We show for the first time that the 8-variable KFRE per-
forms on par with its 4-variable counterpart for patients in
the whole cohort and across disease aetiologies. The 8-
variable KFRE has previously been shown to have a slightly
better risk prediction compared to the 4-variable KFRE [4]
and we hypothesised that the 8-variable KFRE may have a

better performance given its extended parameters captures
abnormalities more prevalent in advanced CKD. However,
our finding suggests the 4-variable KFRE is more than ad-
equate for risk prediction in this patient group, likely due to
the important predictive power of eGFR and albuminuria
at later stages of CKD. In this regard, by using less variables,
the 4-variable KFRE presents an attractively accessible tool
for estimating future risk of ESRD across CKD stages 3a-5.
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\

Fig. 4 Decision curves analyses for the 4- and 8-variable KFREs at 2- and 5-years. The decision curves show that the both the 4- and 8-variable
KFREs produced the highest net benefit for patients at 40% ESRD risk at 2-years and 50% ESRD risk at 5-years when compared to using eGFR
thresholds of < 20 ml/min/1.73m? and < 15 ml/min/1.73m?. Abbreviations: eGFR (estimated glomerular filtration rate), in ml/min/1.73m?; KFRE
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The KFRE has good discrimination for 2- and 5-year risk
prediction

We show that the 4-variable KERE had good discrimin-
ation in the whole cohort for prediction of ESRD at 2-
and 5-years with AUCs of 0.796 (95% CI 0.762—-0.831)

and 0.773 (95% CI 0.736—-0.810) respectively. These were
slightly lower than the AUC of 0.83 (95% CI 0.81-
0.85) at 2-years and 0.81 (95% CI 0.77-0.84) at 5-
years in the report by Hundemer et al. [7] but the
studies share similarly excellent discrimination for
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certain disease aetiologies such as diabetic nephropa-
thy, hypertensive nephropathy and glomeruloneph-
ritis at the 2-year time-point.

Calibration showed an overestimation of risk at 5-years in
the whole cohort but there was consistent
underestimation of risk in patients with ADPKD at 2- and
5-years

With respect to calibration, we found the KFREs under-
estimated risk at 2-years and overestimated risk at 5-
years, especially in patients with higher predicted risk
scores. The overestimation of risk at 5-years is likely ex-
plained by the death-censored analysis, which was
undertaken as per the original KFRE development study
[4]. We show in our sensitivity analysis that this ap-
proach does lead to an overestimation of the observed
events of ESRD over time as compared to an analysis
that treats death as a competing event, which has been
shown to be the case in a recent analysis [16].

In contrast to the findings by Hundemer et al. [7], we
highlight that the KFRE had a poorer performance in pa-
tients with ADPKD in our cohort. For instance, ADPKD
demonstrated the lowest AUC values amongst the disease
categories across the 4- and 8-variable KFREs. Interestingly,
this underperformance was statistically significant when
compared with the discriminative ability of the 8-variable
KFRE in patients with diabetic nephropathy and glomerulo-
nephritis within the 2-year analysis. This latter finding pro-
vides further compelling weight towards reliance on the 4-
variable KFRE, especially in those with ADPKD. However,
with respect to calibration, all the KFREs consistently
underestimated the risk of ESRD in this patient group,
which is of particular relevance given that patients with
ADPKD had the highest proportion of ESRD at 2- and 5-
years (Table 2). Renal progression in ADPKD is notably dif-
ferent to other disease aetiologies in that it can be charac-
terised by rapid rates of decline, often in a linear fashion
[17], and this reflects the genetically pre-determined expan-
sion of renal cysts that destroy healthy parenchyma over
time, and which is not influenced by modification of risk
factors such as uACR. This disease mechanism is evidently
not well predicted through the variables within the KFRE
alone. Interestingly, there is emerging evidence that sug-
gests that total kidney volume, calculated on ultrasono-
graphic parameters, can be combined with the KFRE to
afford better risk prediction performance in ADPKD [18]
but further work will be required to corroborate these find-
ings. For now, based on our findings, we would argue using
the KFREs with caution in patients with ADPKD.

Overall, the KFREs demonstrate better clinical utility than
relying on eGFR to guide further management

Our validation study offers novel insight into the clinical
impact of the 4- and 8-variable KFREs in an advanced
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CKD population by assessing clinical utility through de-
cision curve analyses, which incorporates the measures
of discrimination and calibration [14]. We show that
intervening on patients on the basis of a KFRE assess-
ment was the optimal model of choice compared to
using eGFR cut-offs of <20 ml/min/1.73m* and < 15 ml/
min/1.73m” over a range of appropriate threshold prob-
abilities. Specifically, the 2-year KFREs were superior at
the 40% ESRD threshold and the 5-year KFREs were su-
perior at the 50% ESRD threshold, both thresholds iden-
tified in the literature as being relevant to guiding
further care [5, 6]. This provides evidence for the overall
accuracy of the KFREs in advanced CKD and suggests
they can be relied upon more than eGFR alone to sup-
port clinical decisions.

Clinical implications and future perspectives

We consider that there are two important roles in the
application of the KFREs in multidisciplinary advanced
care clinics: risk communication and planning for RRT.
Communicating risk to patients is important as it pro-
vides an avenue to engage, counsel and potentially mod-
ify behaviour for patients at high-risk. Using the KFRE
has been shown to be far more accurate than subject-
ively determining patients’ risk: in a prospective study of
257 patients with CKD stages 3-5, the KFRE better
matched 2-year outcomes of ESRD than the predicted
estimates from nephrologists and patients, who both
tended to overestimate risk [19].

With accurate risk prediction comes the corollary of
using thresholds to plan for RRT in a timely manner.
Our AKCS clinic prioritises pre-emptive transplantation
given that this affords the best long-term outcomes [20].
Recognising that it is important to factor in time for
medical optimisation and thereafter the time waiting for
a transplant, especially from a deceased donor, the risk
threshold for referral for transplant work-up becomes
automatically lower. Arguably, a ‘treatment-for-all’ strat-
egy (ie. immediate referral for transplant work-up in a
suitable patient) is best for patients upon arrival in the
AKCS clinic. However, there is potential to refine the
approach to planning for arteriovenous (AV) fistula for-
mation, which guidelines recommend should be under-
taken around 6 months prior to dialysis initiation [21].
Our work highlights that the KFRE could be employed
in those with >40% ESRD risk over 2-years to help pri-
oritise patients appropriately, especially given the median
time-to-ESRD was 11 months (6-19 months) in this
subset of patients. This could help reduce the uncer-
tainty of the optimal time to refer patients for AV
fistula formation, whist reducing the morbidity associ-
ated with AV fistula creation in patients for whom it
is not yet needed [22].
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In addition, appropriately timing the initial referral
and triage into the AKCS clinic would also be valuable
to maximise this treatment opportunity. Indeed, a
proposed KFRE cut-off of 210% at 2-years has been re-
ported to select patients into multidisciplinary advanced
care clinics, a strategy that has captured high-risk
patients with an eGFR> 30 ml/min/1.73m? This ap-
proach has provided significant cost-savings through the
reallocation of resources to those most likely to progress
to ESRD [6] and was valued to be of benefit from a
qualitative analysis of clinicians and patients’ perspec-
tives [23]. Further prospective work with quality im-
provement initiatives or cluster randomised trials would
be helpful to gauge how successful the KFRE is at
achieving higher rates of pre-emptive transplantation or
mature AV fistula formation in those who progress to
ESRD.

A limiting step in the routine use of the KFRE at our
institution is the need for conversion of uPCR to uACR
and a change in practice would ideally be needed to help
integrate an immediate and accessible risk score into our
electronic patient record. It is also important to acknow-
ledge that risk scores obtained by the KFRE should only
be used along with clinical judgement given the
complexities of care in advanced CKD, where shared
decision-making regarding future RRT needs to take ac-
count of patients’ preferences, their comorbidities, symp-
toms and the competing risk of death prior to ESRD.

Strengths and limitations

Our study provides for the first time a comprehensive,
independent, geographical validation of both the 4- and
8-variable KFREs in advanced CKD in a UK-based cohort
with specific evaluation of discrimination, calibration and
clinical utility. We also provide insight into the applicabil-
ity of the KFRE in an advanced kidney care clinic setting
by focussing attention on the importance of communicat-
ing risk to patients, facilitating pre-emptive transplant and
planning for AV fistula formation. This will be of signifi-
cance to institutions who are considering the merits of
using the KFRE in their practices.

There are important limitations to our work. Firstly,
there may have been misclassification of patients with
diabetic or hypertensive nephropathy as the majority of
these patients had not undergone a renal biopsy. This,
however, is reflective of routine practice where the clin-
ical probability of these particular diseases typically out-
weighs the risk of undergoing a biopsy for diagnostic
confirmation. Nonetheless, our patient characteristics
are in keeping with what we would expect in specific
disease aetiologies, notably with higher levels of albu-
minuria in diabetic nephropathy compared with hyper-
tensive nephropathy. Secondly, we were dependent on
converting uPCR to uACR for all our patients, which
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may have impacted the predicted risk scores, but the on-
line conversion tool we used has been shown to be ef-
fective with KFRE calculations. Finally, our study cohort
originated from a single-centre and was largely Caucasian,
which limits the generalisability of our results to other di-
verse clinical settings.

Conclusions

The KFRE is an accessible and useful tool for risk pre-
diction in patients with advanced CKD and in different
disease aetiologies. Based on its beneficial clinical utility,
the KFRE could be used in multidisciplinary advanced
kidney care clinics to help deliver personalised and ac-
curate care. The communication of risk scores can help
facilitate early discussion to optimise living donor pre-
emptive transplant and assist in decisions on the timing
for dialysis access formation. Its use is also likely to be
beneficial when managing patients at earlier stages of
CKD to identify those at risk of rapid progression. Pro-
spective data would be welcome to highlight the effect-
iveness of the KFRE in these patient groups, which
would help herald a paradigm shift towards the routine
use of objective risk-based assessments in delivering op-
timal CKD care.
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