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Purpose: Predicting the timing and number of end-stage renal disease (ESRD) cases from a
population of individuals with pre-ESRD chronic kidney disease (CKD) has not previously been
reported. The objective is to predict the timing and number of cases of ESRD occurring over
the lifetime of a cohort of hypothetical CKD patients in the US based on a range of baseline
estimated glomerular filtration rate (¢GFR) values and varying rates of eGFR decline.
Methods: A three-state Markov model — functioning kidney, ESRD, and death — with an annual
cycle length is used to project changes in baseline eGFR on long-term health outcomes in a hypo-
thetical cohort of CKD patients. Using published eGFR-specific risk equations and adjusting for
predictive characteristics, the probability of ESRD (eGFR <10), time to death, and incremental
cost-effectiveness ratios for hypothetical treatments (costing US$10, $5, and $2/day), are projected
over the cohort’s lifetime under two scenarios: an acute drop in eGFR (mimicking acute kidney
injury) and a reduced hazard ratio for ESRD (mimicking an effective intervention).

Results: Among CKD patients aged 50 years, an acute eGFR decrement from 45 mL/minute
to 35 mL/minute yields decreases of 1.6 life-years, 1.5 quality-adjusted life-years (QALY's),
0.8 years until ESRD, and an increase of 183 per 1,000 progressing to ESRD. Among CKD
patients aged 60 years, lowering the hazard ratio of ESRD to 0.8 yields values 0f 0.2, 0.2, 0.2,
and 46 per 1,000, respectively. Incremental cost-effectiveness ratios are higher (ie, less favor-
able) for higher baseline eGFR, indicating that interventions occurring later in the course of
disease are more likely to be economically attractive.

Conclusion: Both acute kidney injury and slowing the rate of eGFR decline produce substantial
shifts in expected numbers and timing of ESRD among CKD patients. This model is a useful
tool for planning management of CKD patients.

Keywords: epidemiology, decision model, policy analysis, cost effectiveness, acute kidney

injury, disease progression, end-stage renal disease

Introduction

Evaluating the effects of clinical interventions and acute events on long-term patient
outcomes such as quality of life and survival is an essential feature of health plan-
ning and management. When incorporating transparent and defensible assumptions,
epidemiologic models can provide useful information about the expected benefits and
harms of management strategies, comparative effectiveness, and the impact of adverse
clinical events. Well-developed predictive models can therefore inform health-care
planning and resource allocation, the design of randomized trials and observational
studies, and the delivery of clinical care.! In the case of chronic kidney disease (CKD),
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important information can be gleaned about the expected
impact of novel interventions and clinical events like acute
kidney injury (AKI), and the optimal timing of clinical
interventions.

The objective of this study is to predict the timing and
number of cases of end-stage renal disease (ESRD), survival
and quality-adjusted life-years (QALY's) occurring over the
projected lifetime of a cohort of hypothetical United States
CKD patients based on a range of baseline estimated glom-
erular filtration rate (eGFR) values and of rates of eGFR
decline. We use the model to project the impact on clinical
outcomes of two hypothetical and realistic scenarios: an
acute drop in eGFR (mimicking AKI) and reduced hazard
ratio (HR) for ESRD (mimicking an effective intervention).
We plot the incremental cost-effectiveness ratio (ICER) of
varying starting eGFR values and of slowing the decline in
eGFR (by lowering the HR for ESRD), assuming a hypotheti-
cal treatment cost of US$10/day.

Methods

Extrapolation of changes in eGFR on long-term clinical
outcomes is done using a Markov model to reflect life-
time follow-up of hypothetical persons diagnosed with
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CKD (Figure 1). Markov models represent a compromise
between model transparency and flexibility.> Starting with
the distribution of functioning kidney health states, persons
experience declining eGFR over time, progressing in 1-year
cycles. At the end of each cycle, persons: 1) remain in the
same health state; 2) move to a worse CKD stage; 3) experi-
ence ESRD and begin dialysis or receive a graft; or 4) move
to the death state. Patients are categorized into one of four
categories of moderate to severe kidney function defined by
the Kidney Diseases Improving Global Outcomes (KDIGO)
work group:® eGFR greater than or equal to 45 and less than
60 mL/minute/1.73 m? (stage G3A); greater than or equal to
30 and less than 45 mL/minute/1.73 m? (stage G3B); greater
than or equal to 15 and less than 30 mL/minute/1.73 m? (stage
G4); and less than 15 mL/minute/1.73 m? (stage G5).
While in the functioning kidney health states, eGFR is
assumed to decline linearly until ESRD (eGFR <10). Once
in ESRD, persons remain in the state until death. When
considering a continuous mean eGFR level, rather than a
categorical distribution, the categorical values required by
the model were populated by assuming a normal distribution,
with a standard deviation of 13.0.* The Markov model is run
separately for each functioning kidney health state and the
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Figure | Schematic of decision tree and Markov model for extrapolating long-term outcomes.

Abbreviation: eGFR, estimated glomerular filtration rate.
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outcome measures are weighted by the observational eGFR
distribution from the trial period and summed to obtain
results. This allows flexibility as the model can incorporate
results from other studies and meta-analyses. The number
of life-years spent in each renal function health state is cal-
culated once a subject enters the ESRD state by allocating
life-years assuming that eGFR declines linearly over time
starting at the entry health state and stopping at eGFR of
10. The time spent in each functioning kidney health state
is weighted by a utility to obtain QALYs.

The model structure accounts for fast and slow progressors,
for those who reach ESRD. Subjects who die before reaching
ESRD are also categorized in this way, with an assumption
that 30% are fast and 70% are slow progressors, having cGFR
declines of 8 and 3 mL/minute/1.73 m?, respectively.>”’

The model is programmed in Microsoft® EXCEL® 2013
(Microsoft Corporation, Redmond, WA, USA) using visual
basic macros and is fully parameterized allowing different
values of input parameters, one-way and probabilistic sen-
sitivity analyses.® Model verification included testing for
internal consistency using extensive debugging and testing
extreme conditions.’

Data sources and transition probabilities
QALYs are a tool for combining both duration and quality
of life by adjusting the duration in years by a decrement to
reflect living in a state of less than perfect health. These
decrements are called “utilities” which are a measure of
an individual’s preference for a set of health states that
characterize the impact on health-related quality of life of a
disease or condition.'® Utilities for each functioning kidney
state were 0.87 for CKD stage G3 and 0.85 for CKD stages
G4 and G5 (utilities were not reported separately for stages
G3A, G3B or G5)." The utility for the first year of ESRD
was 0.69, which was the weighted average of hemodialysis
(0.69), continuous ambulatory peritoneal dialysis (0.74) and
continuous cycling peritoneal dialysis (0.70),'> weighted by
the number of ESRD patients receiving each type of dialysis
in the United States Renal Data System (USRDS) annual
report.'? For subsequent years of ESRD, the utility value of
0.74 was based on the weighted average of different dialysis
types and post-transplant cases in the USRDS database.'* The
utility for post-transplant/functioning graft was the mean
of CKD stages G3 and G4 (0.86)."" All utilities used were
elicited from studies enrolling US patients using a direct,
time trade-off, elicitation method.

An aggregated annual health state cost approach was used
and costs came from published USRDS data for Medicare

recipients diagnosed with CKD.'* Mean annual costs (2011
$USD; number of recipients in parentheses) were: CKD
stage G3, $21,957 (788,130); CKD stage G4 and G5 $28,817
(269,940); ESRD (dialysis) year 1 $89,590 (116,395); and
ESRD year 2 and on, $77,545. Costs were not reported
separately for CKD stages G3A, G3B or G5 in the USRDS
report. A one-time cost was applied to the death state.

Annual transition probabilities from functioning kidney
to ESRD are derived from published prediction equations,
assuming an exponential survival model for extrapolating
5-year risks into long-term annual predictions.* These risk
equations incorporate baseline eGFR, albuminuria, age, sex,
serum albumin, calcium, bicarbonate, and phosphorous.
The mortality rate is assumed to be 25% per year following
ESRD.!>!¢ Transition probabilities from functioning kidney to
death are based on published survival curves by CKD stage.’
These curves represent 5 years follow-up for a population
with mean age 65 years. They were compared with US life
tables for 65-year-olds to obtain an HR for each of the CKD
stages G3A, G3B, G4, and G5, relative to the general popula-
tion, and these HRs were applied to life tables to extrapolate
mortality probabilities outside the 65- to 70-year age range.
The target population is thus a contemporary population of
persons with CKD in North America.

Analyses

Model outputs include: life-years, QALYs, years to
ESRD, number per 1,000 reaching ESRD, and cost per
QALY. We analyze two scenarios for decline in eGFR:
first, an acute drop mimicking AKI and a hypothetical
intervention mimicking an effective intervention that
slows the rate of eGFR decline.!® We also estimate out-
comes in a hypothetical population with more severe
disease, reflecting a population with diabetic nephropathy
characterized by more deleterious values of urine albumin
creatinine ratio, serum albumin, serum phosphate, serum
bicarbonate, and serum calcium. We also plot the ICER of
slowing the decline in eGFR (by lowering the HR for suf-
fering ESRD) for varying starting eGFR values, assuming a
hypothetical treatment cost of $10/day. The cost per life-year
is calculated for combinations of starting eGFR between 15
and 45 and a hypothetical treatment that delays ESRD with
a HR ranging from 0.50 to 0.95 relative to standard of care.
The ICERs capture improved life expectancy associated with
higher eGFR levels and differences in total costs — including
the costs associated with treatment as well as any impact of
treatment on other direct medical costs, with a higher ICER
indicating less value for money (ie, a greater cost differential
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required to obtain an additional life-year). For this last analy-
sis, costs and outcomes are discounted at 3%.

To determine value, one must declare a “willingness-to-
pay” threshold that delineates “good” or “poor” value. As
there is no agreed upon method to identify the willingness to
pay, the custom has been to benchmark against an expensive
and widely accepted technology such as dialysis: if the new
technologies cost less per QALY gained than the benchmark,
the technology is deemed to offer an acceptable value. Over
the past 30 years, the incremental cost-effectiveness of dialy-
sis has been in the range of $50,000 to $80,000 per QALY,"
though a more recent evaluation suggests an acceptable
willingness-to-pay threshold as high as $125,000 per QALY.*
ICERs above $200,000/QALY are widely considered to offer
poor value for money.

One-way sensitivity analyses were shown using tornado
plots to explore the influence of the following individual
parameters on the model outputs: HR for ESRD (range:
0.5 to 0.95), daily treatment cost ($2 to $10), other costs
(£15%), utilities (£15%), age entering model (50 to 70 years),
underlying scale for the mortality function (additive versus
multiplicative), and time horizon (10 to 20 years). The base-
case scenario for the sensitivity analyses was: females, age
60 years, eGFR =22.5, 30-year time horizon, treatment cost per
day $10, costs and QALY's discounted at 3%, and mortality
parameters calculated using the multiplicative assumption.

Results

Table 1 shows, in a hypothetical contemporary population in
the United States, the input parameters for the distribution of
sex and metabolic input parameters according to KDIGO cat-
egory (age assumed to be 65 years). Based on models of time
to ESRD and patient survival from Tangri et al* and Hoefield
et al,'” the annual transition probabilities to ESRD were pro-
jected to be 0.2% for stage G3A, 1.4% for stage G3B, 8.0%
for stage G4, and 21.4% for stage G5. Three-year mortality
probabilities interpolated from the published survival curve for
the same groups were 9%, 15%, 25% and 30%, respectively.!”
Table 2 shows the expected number of life-years, QALYS,

time to ESRD and proportion ending in ESRD according to
baseline age and eGFR. For example, the uppermost left-hand
box in the body of the table shows that persons aged 50 years
with a baseline eGFR of 45 mL/minute can expect to live 16.3
years, experience 13.8 QALYs, and live 9.8 years until reach-
ing ESRD. Approximately 260 per 1,000 would be expected to
progress to ESRD. Those quantities for persons aged 50 years
with a baseline eGFR of 35 mL/minute are: 14.7,12.3, 9.0, and
443 per 1,000, respectively. An event such as AKI resulting in
a permanent decrement of eGFR of 10 mL/minute (from 45
to 35 mL/minute) would result in losses of 1.6 life-years and
1.5 QALYs; 0.8 years less time until ESRD, and an increase
of 183 per 1,000 progressing to ESRD.

Table 3 shows the expected eGFR decline per year,
number of life-years, QALYs, time to ESRD and proportion
ending in ESRD over the lifetime of persons aged 60 years,
by baseline eGFR and HR for ESRD. In this case, starting
eGFR is defined by KDIGO categories. For example, persons
aged 60 years with a starting eGFR of 37.5 mL/minute can
expect to live 13.3 years, have 11.2 QALYSs, have 9.4 years
until reaching ESRD, and approximately 353 per 1,000 would
be expected to progress to ESRD. If the HR of ESRD was
lowered to 0.8, those quantities are: 13.4, 11.4, 9.8, and 273
per 1,000, respectively. Thus, an intervention that reduced
the HR to 0.8 would be expected to yield increases of 0.1
life-years, 0.2 QALYs, 0.4 more years until ESRD, and a
reduction of 80 per 1,000 progressing to ESRD.

Table 4 shows differences in the expected number of
individuals reaching ESRD and undiscounted QALY's over
a lifetime, stratified by CKD stage, and reported for two
hypothetical populations whose mean age was assumed to
be 60 years (56% males): base-case and those with more
severe disease such as diabetic nephropathy. The difference
in number reaching ESRD per 1,000 population between
the base-case and more severe subpopulations was most
pronounced at CKD stages G3A and G3B, with increases
of 110% and 81%, respectively, compared with increases of
24% and 0.4% for CKD stages G4 and G5, respectively —
this is due to the fact that at the more severe CKD stages,

Table | Sex and metabolic input parameters according to Kidney Diseases Improving Global Outcomes (KDIGO)® category in a

hypothetical population with chronic kidney disease (CKD)

KDIGO CKD Sex Urine albumin Serum Serum Serum Serum

category Male (%) Female (%) creatinine ratio albumin phosphate bicarbonate calcium
(mglg) (g/dL) (mg/dL) (mEqg/L) (mg/dL)

G3A 56 44 100 427 3.22 26 9.26

G3B 56 44 200 4.18 3.38 26 9.22

G4 56 44 300 4.16 3.8l 26 9.10

G5 56 44 350 4.12 4.89 26 9.06
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Table 2 Projected lifetime number of kidney- and survival-related outcomes, according to estimated glomerular filtration rate (eGFR,

in mL/minute/1.73 m?) and age, at onset

Starting Outcome
eGFR Life-years Quality-adjusted Time to ESRD (y) Number per 1,000
life-years per subject subjects reaching ESRD
50 60 70 50 60 70 50 60 70 50 60 70
45 16.3 14.1 10.4 13.8 12.0 8.8 9.8 9.9 10 260 229 201
40 15.6 13.6 10.2 13.1 1.5 8.6 9.5 9.6 9.8 343 307 273
35 14.7 13.0 10.1 12.3 10.9 8.5 9.0 9.2 9.4 443 403 364
30 13.7 12.3 10.0 1.4 10.3 83 84 8.7 9.0 553 512 469
25 12.6 1.6 9.9 10.5 9.6 8.2 7.8 8.1 8.4 664 623 579
20 1.6 11.0 9.8 9.5 9.0 8.0 7.0 74 7.8 763 727 685
15 10.7 10.3 9.7 8.7 8.4 7.9 6.3 6.7 72 844 814 776
10 9.9 9.8 9.6 8.0 79 7.7 5.7 6.1 6.6 903 880 849

Abbreviations: ESRD, end-stage renal disease; y, years.

a majority of individuals are expected to reach ESRD in the
base-case population. Differences in QALY's associated with
the more severe population ranged from 0.1 to 1.6 across
CKD stages.

Figure 2 shows, for a hypothetical treatment costing
an incremental $10 (Figure 2A), $5 (Figure 2B), and $2
(Figure 2C) per day, relative to standard of care, the relation-
ship between current eGFR (z-axis, values 45, 35 or 15), the
HR for ESRD (x-axis, values ranging from 0.50 to 0.95 by
0.05-unit increments), and the dependent ICER measured in
costs per QALY (y-axis). The ICERs increase with current
eGFR, and are highest for a starting eGFR of 45 mL/minute,
indicating that the best value for money of a treatment that
delays progression to ESRD is offered at the later stages of
disease. At less severe disease stages, the likelihood of an indi-

vidual reaching ESRD is less than at lower eGFRs, limiting the
potential benefits associated with delaying eGFR decline. The
lowest simulated HRs of 0.50 were associated with reductions
in eGFR decline of 0.72—1.30 mL/minute/1.73 m? per year.
To be economically attractive, a treatment costing $10/day
would likely have to demonstrate a large impact on slowing
eGFR (eg, reducing the HR for ESRD by half) and be offered
to those in stage G4 or even G5. A new treatment costing $2/
day could be economically attractive at an HR for ESRD of
0.75 and among those in stage G3B.

Figure 3 shows the projected relationship over a life-
time between an AKI event and undiscounted QALYSs. As a
result of model structure and assumptions, this relationship
is independent of starting eGFR. A relatively small eGFR
reduction of 2.5 mL/minute/1.73 m? is associated with a

Table 3 Projected lifetime number of kidney- and survival-related outcomes, according to starting estimated glomerular filtration rate

(eGFR; in mL/minute/1.73 m?) at onset, hazard ratio for eGFR decline, assuming age 60 years at onset

Starting Hazard eGFR Outcome
eGFR ratio for decline Life- QALYs per Time to Number per 1,000
ESRD per year years subject ESRD (y) subjects reaching ESRD
60 1.0 4.6 15.2 13.0 10.3 100
0.9 4.6 15.2 13.0 10.3 84
0.8 4.6 15.2 13.0 10.4 68
0.7 4.5 15.3 13.0 10.4 54
525 1.0 4.6 14.8 12.6 10.2 148
0.9 4.5 14.8 12.6 10.2 126
0.8 4.5 14.8 12.6 10.3 105
0.7 4.5 14.8 12.6 10.3 84
375 1.0 42 13.3 1.2 9.4 353
0.9 42 13.4 1.3 9.6 314
0.8 42 13.4 1.4 9.8 273
0.7 42 13.5 1.4 9.9 230
22.5 1.0 3.1 1.3 9.3 7.7 677
0.9 3.1 1.6 9.6 8.1 630
0.8 3.1 1.8 9.8 8.6 575
0.7 32 12.0 10.0 9.0 509

Abbreviations: QALY, quality-adjusted life-year; ESRD, end-stage renal disease; y, years.

International Journal of Nephrology and Renovascular Disease 2014:7

submit your manuscript

275

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Levy et al

Dove

Table 4 Projected number of individuals reaching ESRD and total accumulated QALYs, stratified by current CKD stage, for the base-

case model population and a population with more severe disease (eg, diabetic nephropathy)

KDIGO? CKD Disease Urine albumin Serum Serum Serum Serum # reaching QALYs
category status creatinine albumin phosphate bicarbonate calcium ESRD per 1,000 per subject
ratio (mg/g) (g/dL) (mg/dL) (mEgqg/L) (mg/dL) subjects (undiscounted)

G3A Base-case 100 427 322 26 9.26 42 13.6

More severe 200 4.18 3.38 20 9.22 88 13.5
G3B Base-case 200 4.18 3.38 26 9.22 229 .3

More severe 300 4.16 3.8l 20 9.10 416 1.1
G4 Base-case 300 4.16 3.8l 26 9.10 780 9.4

More severe 350 4.12 4.89 20 9.06 963 7.8
G5 Base-case 350 4.12 4.89 26 9.06 988 6.9

More severe 450 4.05 5.00 20 9.00 992 6.7

Abbreviations: ESRD, end-stage renal disease; CKD, chronic kidney disease; QALYs, quality-adjusted life-years; KDIGO, Kidney Diseases Improving Global Outcomes.

decline of 0.2 QALYs, or approximately 2.5 months, while
a reduction of 25 mL is associated, over a lifetime, with a
reduction of 2.3 QALYs.

Each panel in Figure 4 shows the results of one-way
sensitivity analyses on each model output. Life-years
(Figure 4A), QALYs (Figure 4B) and years to ESRD
(Figure 4C) are most sensitive to the time horizon and to a
lesser extent, age at entry; the number per 1,000 reaching
ESRD (Figure 4D) is most sensitive to the HR for eGFR
and the time horizon; and the cost per QALY (Figure 4E)
is most sensitive to the HR for ESRD and the daily treat-
ment cost.

Discussion

There is little information in the literature to guide clinicians
and decision makers about the likely effects of changes in
eGFR on long-term clinical outcomes. The current, novel,
model fills that gap by combining modern decision analytic
modeling methods with available literature describing real-
world populations to provide quantitative estimates of likely
clinical outcomes and economic value propositions. For
example, the model indicates that the difference in number
reaching ESRD in a more severe subpopulation is most
pronounced at CKD stages G3A and G3B, and that the cost-
effectiveness of interventions to slow disease progression are
highly sensitive to CKD stage.

The authors of the CKD Policy Model used a similar
structure to the one described here?! and that model has
been used to estimate the incremental cost-effectiveness
of microalbuminuria screening.”?> However, the approach
adopted here, of using eGFR decline to predict relevant
clinical outcomes has not been published. By modeling the
impact on timing and likelihood of key outcomes brought
about by changes in eGFR among patients with CKD, the
results provide useful guides for relevant stakeholders.

The model has important limitations related to the struc-
ture and to data inputs. First, the premise is that eGFR is a
valid surrogate for ESRD. While current evidence indicates
that this is correct, longer follow-up of observational cohorts
will provide a more reliable characterization of the relation-
ship.'® Second, eGFR is not allowed to increase in the model,
and is assumed to decline linearly. While the mean results are
likely to be robust to minor violations of these assumptions,
individual patient trajectories cannot be reliably predicted.
Third, variables included in the predictive equation are limited
to those considered by Tangri et al,* in which there may be
residual confounding and other confounders may not have
been accounted for.

While a model such as this is the only way of combining
all relevant information into one or a few numeric outputs,
caution is warranted because predicting disease progression is
fraught with difficulties. For example, competing risks must
be modeled,” patients with CKD are heterogeneous in terms
of disease progression and outcome, there are multiple risk
factors that can change over time, and therapies and inter-
ventions are often used intermittently or at various dosing
schedules. Decision analysis addresses these challenges in a
flexible manner by incorporating: uncertainty; patient-centric
outcomes in terms of survival and quality-adjusted survival;
the inputting of demographic data and time-dependent clini-
cal characteristics; and, as needed, economic evaluation.?
Extensive verification of the current model demonstrates
that model outputs are consistent with known facts regard-
ing CKD. In future, the model’s validity can be tested with
longer-term follow-up of trial populations and observational
cohorts. The probabilistic structure is a strength insofar as it
allows statistical comparisons of the projections to observed
findings.!

In clinical trials, halving of eGFR or doubling of serum
creatinine is often used as a surrogate for the progression to
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Figure 3 Projected relationship between a one-time reduction in estimated
glomerular filtration rate (eGFR) and lifetime undiscounted quality-adjusted life-
years.

ESRD; however, these are commonly late events in a lengthy
process in which patients typically remain asymptomatic
for a considerable duration. Recognizing this issue, the US

National Kidney Foundation and the US Food and Drug
Administration held a workshop in December 2012 to “define

alternative definitions of eGFR decline after considering
the number, spacing and follow-up time of serum creatinine
measurements”.? The recommendation was that a “30% or
40% decline in eGFR” represents a new surrogate end point
in regulatory clinical trials in CKD. By projecting the likely
effects on clinical outcomes of changes in eGFR, the model
presented here can complement that approach.

This model provides estimates of the expected benefit
on clinical outcomes, sources of uncertainty, and an
acceptable price given funders’ willingness to pay for
benefits accrued by preventing acute losses of eGFR or by
slowing the rate of eGFR decline. The results can enhance
resource allocation by directing resources toward more
promising new therapies and management strategies for
CKD.?® It is now recognized that value considerations
must play a central role in the drug-development process.?’
The observation reported in Figure 3 of eGFR bands in
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Figure 4 (Continued)
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Daily treatment cost 85 $15
Costs +15% -15%
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Figure 4 Tornado plots showing the results of one-way sensitivity analyses demonstrating the impact of specific variables on: (A) life-years; (B) quality-adjusted life-years;
(C) time to ESRD (y); (D) number per 1,000 subjects reaching ESRD; and (E) cost per quality-adjusted life-year.

Abbreviations: ESRD, end-stage renal disease; y, years.

which the incremental cost-effectiveness becomes more
favorable indicates that the timing of an intervention must
be considered carefully in order to optimize benefits and
costs. The finding that cost-effectiveness is sensitive to
the timing of interventions with respect to CKD stage has
important implications for the design of Phase III trials as
well as post-marketing trials of comparative effectiveness
research.
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