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Introduction: Urinary albumin-to-creatinine ratio (UACR) is an independent predictor of chronic kidney
disease (CKD) progression. However there is limited evidence on the burden of CKD according to uACR
categories at the population level. This study estimates future clinical and financial burden of CKD ac-
cording to uACR categories using the Inside CKD microsimulation.

Methods: The Inside CKD model is an individual patient level microsimulation that emulates national
populations based on demographic, epidemiological, and economic data. The analysis estimates clinical
and economic outcomes over time according to the Kidney Disease: Improving Global Outcomes (KDIGO)
UACR categories (A1-A3) at a population level for 31 countries and regions.

Results: CKD populations (diagnosed and undiagnosed individuals, stages G3-G5) were projected to be
predominantly within uACR categories A1 and A2 in 2022. Projected cumulative incidence of CKD stage
transitions (disease progression) and cardio-renal complications (heart failure, myocardial infarction,
stroke, and all-cause mortality) occurred mostly in uACR categories A1 and A2 between 2022 and 2027.
Patients in UACR categories A1 and A2, who represent the largest proportion of patients with CKD, were
projected to incur most of the health care costs associated with CKD management and cardio-renal
complications for the diagnosed population (prevalence 2027).

Conclusion: This study highlights the disproportionate population-level clinical and economic burden
associated with individuals within KDIGO uACR categories A1 and A2, who represent most of the CKD
population. This awareness will help health care decision makers to appropriately allocate resources and
interventions to the CKD population, including those with mild to moderately increased albuminuria, to
reduce clinical and economic burden associated with CKD.
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C KD is a progressive condition associated with estimated 850 million people affected worldwide in
substantial morbidity and mortality."”” The esti- 2017."* The prevalence of CKD is estimated to increase,
mated global prevalence of CKD is 11.1%, with an due to an ageing population and an increase in risk

factors (type 2 diabetes, obesity, and hypertension),
with CKD predicted to become the fifth most common
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which increases substantially with disease progression.
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care costs for CKD are estimated to range from $1600 to
$53,186 per-year for stages G1 to G5.” End-stage kidney
disease (ESKD) costs are even higher, with estimates in
some countries as high as $100,593 per person per
year.” CKD negatively impacts patients’ health-related
quality of life,>” with mean EQ-5D index scores
demonstrated to decrease with each progressive CKD
stage. It is important to note that lower socioeconomic
groups and vulnerable populations experience dispro-
portionately high CKD prevalence, in part due to
reduced access to treatments, leading to worse health
outcomes.”*

Guidelines from KDIGO recommend stratifying CKD
according to estimated glomerular filtration rate (eGFR)
and albuminuria, measured as uACR.” '' This com-
bined assessment provides improved risk stratifica-
tion,'” particularly because albuminuria is an
independent predictor of CKD progression as well as
cardiovascular events and death.'”'" Furthermore, a
recent large meta-analysis has demonstrated that
albuminuria indicates the onset of 10 different adverse
cardio-renal outcomes even if to a moderate degree.'’

Albuminuria is stratified into 3 uACR categories,
from normal to mildly increased < 30 mg/g (Al),
moderately increased 30 to 300 mg/g (A2), to severely
increased > 300 mg/g (A3). The risk of cardio-renal
outcomes increases with higher albuminuria. Never-
theless, patients in uACR categories Al and A2 repre-
sent the largest proportion of the CKD population and
are expected to account for the greatest contribution to
disease burden.'” Indeed, patients in uACR category
A3 are at the highest risk on a per patient basis but
only represent a small proportion of the total CKD
population.'®

Despite albuminuria being an independent predic-
tor of CKD progression and cardio-renal outcomes,
uACR is not routinely tested in clinical practice. A
systematic review published in 2020 has identified a
number of barriers to diagnosis and management of
CKD in primary care, including, dissatisfaction with
guidelines and a lack of time.'” A US study in 2020
showed that there was no increase in the frequency of
uACR testing despite the KDIGO recommendations of
2012."%7° The recently published KDIGO 2024 Clinical
Practice Guideline discusses urine protein-to-
creatinine ratio or reagent strip urinalysis for total
protein as alternative options to uACR; however, these
are considered inferior due to the imprecision and
insensitivity in measuring total protein in urine at low
concentrations, with these tests more appropriate for
detecting advanced stages of CKD.”' A systematic re-
view published in 2023 has reported that CKD
screening is cost-effective in populations with dia-
betes and in those in high risk ethnic groups, and is
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likely to be more cost effective if carried out in a home
setting compared with a primary care setting.”” Pro-
active screening, targeted to those over a certain age in
the general population and/or those with risk factors,
early detection, and effective intervention, have the
potential to slow CKD progression.””** However, a
multinational study has shown that up to 95.5% of
patients with evidence of CKD stage G3 remain undi-
agnosed.”” Currently, an evidence gap
regarding the population-level burden of CKD ac-
cording to uACR categories. Improved awareness of
the population-level burden of CKD would help
inform evidence-based health care priorities and assist
health care systems and decision makers in the allo-
cation of resources and interventions to the area of
highest unmet need.

The objective of this study was to estimate the
future clinical and economic burden of CKD according
to uACR categories using the validated inside CKD
microsimulation model.”**®* The microsimulation in-
corporates multiple data sources and real-world evi-
dence to project the full complexity of disease
progression and patient outcomes.”® Specifically, we
report projections for CKD prevalence, disease pro-
gression rates, cardio-renal complications, and eco-
nomic burden for simulated CKD populations (both
diagnosed and undiagnosed, stages G3-G5) in 31
countries and regions globally.

exists

METHODS

Model Overview

Inside CKD is an individual patient-level micro-
simulation that emulates national populations (CKD
and non-CKD individuals) based on known de-
mographic, epidemiological, and economic data sour-
ces (Figure 1).”**” Previous publications outline the
detailed methodology of this microsimulation.”***
The current analysis estimates clinical and economic
outcomes over time according to KDIGO uACR cate-
gories (A1-A3) at a national population level for 31
countries and regions in the Americas, Europe, Asia,
and the Middle East (Figure 2).

The microsimulation generated 20 million virtual
individuals (Monte-Carlo simulations) for each partici-
pating country or region that represented the general
population (CKD and non-CKD individuals). Pop-
ulations were then rescaled during postprocessing to
reflect the size of the specific country/region of inter-
est. The individuals were assigned baseline character-
istics, including age (0-110 years) and sex (male/
female), based on national statistics or the United Na-
tions World Population Prospects database.’' Clinical
characteristics including eGFR, uACR and rates of
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DATA INPUTS

MODULE 1: population
National demographics
Ageing, birth, death and migration rates

MODULE 2: CKD cohort
CKD prevalence
Albuminuria and eGFR status

MICROSIMULATION
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COUNTRY-SPECIFIC OUTPUTS

ADVANCE YEAR
Advanced in yearly increments from 2022 to 2027

Advance each virtual individual's age,
which increases risk of age-related complications

Annual projected:
CKD incidence and prevalence

MODULE 3: disease burden

KRT and ESKD prevalence

CKD-associated comorbidities (T2D and HTN)
CV complications (HF, Ml and stroke)

it ()

VIRTUAL POPULATION

Annual projected:
cases of ESKD, HF, Ml and stroke

MODULE 4: health economics [

Direct CKD-and KRT-associated costs
Quiality of life o

A
MODULE 5: interventions

Baseline scenario: assume no change @
Interventions e.g., screening programmes

UPDATE HEALTH STATUS
Recorded annually until death or the study endpoint

Annual projected:
o healthcare costs
o utility values for quality of lifestroke

Figure 1. Overview of the Inside CKD microsimulation, adapted from Tangri et a.?® CKD, chronic kidney disease; CV, cardiovascular; eGFR,
estimated glomerular filtration rate; ESKD: end-stage kidney disease; HF, heart failure; HTN, hypertension; KDIGO: Kidney Disease: Improving
Global Qutcomes; KRT: kidney replacement therapy; MI, myocardial infarction; SGLT2i: sodium-glucose counter-2 inhibitor; T2D: type 2

diabetes.

cardio-renal complications, and mortality, were
assigned based on data from published national health
or epidemiological surveys. These clinical characteris-
tics identified individuals with a CKD status, for
example, no CKD or CKD stage Gl to G5. The virtual
individuals were cycled through the microsimulation
annually over a period of 6 years (2022-2027). The
projected risk of developing CKD, or disease progres-
sion in those already diagnosed with CKD, was deter-
mined by a decline in eGFR and an increase in uACR
and modeled in accordance with the epidemiological
data. The relative risk of cardio-renal complications
and all-cause death increased with disease progression.

This microsimulation model was validated
(internally and externally) across 5 aspects:

« Consideration of face validity, whereby micro-
simulation assumptions, structure, data sources, and
results were evaluated in relation to the specified aims
and objectives.

Verification (or internal validation) that the model
code performed as intended; assessed by 2 coders
working independently.

External validation compared microsimulation data to
real world data, by simulating events that had
occurred.
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. Predictive validity compared prospectively observed
events with simulated events.

« Cross validity compared the results from the micro-
simulation with other models that addressed similar
issues.

In addition, sensitivity analyses were performed to
evaluate the robustness of the results with changes to
model inputs, and have been reported previously.””**
The model was shown to be robust through external
validation and sensitivity analyses, which confirmed

the observed trends.

Outcomes
Prevalence of CKD and Distribution Over KDIGO Risk
Categories
To model projected clinical and economic burden
associated with CKD by uACR categories, the prevalent
population considered for these outcomes were
required to be restricted to only to those with CKD
with eGFR stage G3 to G5, given an observed paucity
of data availability for patients with preserved eGFR.
Country- or region-specific CKD prevalence
data were derived from representative, individual-level
data from cross-sectional studies. A probability of
experiencing slow (slope < 4 ml/min per 1.73 m®) or
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Europe
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Figure 2. The 31 countries and regions modeled in the Inside CKD microsimulation. CKD, chronic kidney disease.

fast (> 4 ml/min per 1.73 m®) progression was assigned
to individuals based on estimates from the DISCOVER
CKD global observational study.”’ CKD progression, as
defined by eGFR, was capped at a background rate of
eGFR decline equivalent to a non-CKD population.” In
addition, albuminuria levels were derived from distri-
butions each year, which could then trigger a potential
CKD progression or regression. Where individual-level
data were not available, for instance, if specific age
categories were missing, smoothing algorithms were
applied to the aggregated data to calculate distributions
of uACR and eGFR to obtain more granular estimates;
further detail is available in a previous publication.*
The microsimulation assumed that no policy changes
or new treatment options were introduced over the
modeled time horizon.*®

CKD Progression (Cumulative Incidence)

Transitions between eGFR-defined stages
modeled at all stages (diagnosed and undiagnosed,
G1-G5); however, only transitions from CKD stage
“G3 to G4” and “G4 to G5” are reported here. Annual
declines in eGFR were estimated using data from the
DISCOVER CKD global observational study, a retro-
spective international CKD real world cohort.””
Covariates associated with slow and rapid pro-
gressors were incorporated and for comorbidities and
complications, as described previously.”” The model

WEre
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recorded when a patient progressed from one KDIGO
eGFR or uACR category to the next. The degree of
change over time corresponded with age, sex, eGFR,
uACR, complications, and CKD status; and a constant
gradient was assumed across all settings.”” Where a
patient progresses to kidney failure at CKD stage G5,
they could initiate kidney replacement therapy at
progression thresholds from the published literature,
and in accordance with relevant national treatment
guidelines.”””® Modeled patients were then enrolled
on hemodialysis, peritoneal dialysis, or would receive
a kidney transplant.”

Cardio-Renal Complications (Cumulative Incidence)
In the CKD population (diagnosed and undiagnosed
individuals, CKD stages G3—G5), the cumulative inci-
dence of cardio-renal complications (heart failure,
myocardial infarction, and stroke) and death from any
cause, were projected over the model time horizon.
All-cause mortality (irrespective of cardiovascular
events) was adjusted for age and sex, based on na-
tional life tables. Every individual in microsimulation
had a probability of dying from CKD or other un-
specified causes. The probability of dying from any
cause by CKD stage is derived from published
estimates. '’

The relative risk of developing cardio-renal com-
plications varied according to the severity of CKD and
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was applied to individual’s, depending upon their
KDIGO eGFR and uACR categories.

Economic Burden

Health care costs associated with CKD management
and cardio-renal complications were estimated for
patients diagnosed with CKD (stages G3—Gb5). Costs
for those with CKD (stages G1-G2) were not available
for all countries; and where costs were available, it
was not clear if they were for CKD specifically or for
comorbidities such as hypertension. The limited
availability of data is discussed in more detail in Jha
et al.”’ Because those with CKD (stages G1-G2) often
do not receive formal treatment, the costs were not
included here to avoid an overestimation of total
costs. The cost analysis was conducted from the
perspective of the public national health service
within each country. Where this was not appro-
priate, the model was adjusted to the commercial
setting; both commercial and Medicare costs were
calculated for the US. Health state—specific costs for
CKD progression and cardio-renal complications were
applied to the prevalence of CKD (total number of
cases) to quantify the total estimated economic
burden of disease. Country- and region-specific
direct health care cost inputs were sourced from a
published cost library derived from the Inside CKD
global research program.’” Briefly, best estimates of
CKD-associated costs were identified in cooperation
with local research organizations by conducting
country- or region-specific pragmatic literature
searches of cost data available in English or local
languages. All cost data were validated by local
clinical experts in conjunction with the Inside CKD
scientific steering committee. Cost estimates were
adjusted to 2022 prices according to the gross do-
mestic product deflator data from the International
Monetary Fund.’’ The inflated costs were standard-
ized to US dollars according to implied purchasing
power parity rates.””*””” The model was written in
C++ and is proprietary codebase owned by Health
Lumen.

CKD Prevalence (Stages G3-G5) per uACR
Category

The microsimulation projected the annual prevalence
of CKD per uACR categories (Al—A3) for the CKD
population (diagnosed and undiagnosed individuals,
stages G3—G5). The prevalent population analyzed for
cardio-renal, and economic outcomes (G3-G5, A1-A3)
were predominantly within uACR categories Al and
A2 in all 31 countries and regions in 2022 (unweighted
average: Al = 86.4% [SD: 5.3], A2 = 11.3% [SD: 4.4],
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and A3 = 2.3% [SD: 2.6]; Table 1). This analyzed
population equated to a combined total number of
individuals for all countries and regions of
117,407,055 in category Al, 16,675,972 in A2, and
4,002,976 in A3. There was minimal variation in the
projected annual prevalence of CKD per uACR cate-
gories (Al-A3) for the CKD population over time
(2022-2027, Table 1).

CKD Progression in the CKD Population Stages
G3 to G5 per uACR Category

The microsimulation modeled the transitions from CKD
stage “G3 to G4” and “G4 to G5” (onset of ESKD) across
the CKD population (diagnosed and undiagnosed in-
dividuals, stages G3—G5) per uACR categories (A1-A3)
between 2022 and 2027. Majority of the cumulative
transitions from CKD stage G3 to G4 occurred in uACR
categories Al and A2 in all countries and regions
(unweighted average: Al = 72.3% [SD: 9.6], A2 =
22.7% [SD: 8.1], and A3 = 5.0% [SD: 6.3]; Figure 3 and
Table 2). The total number of individuals, in all
countries and regions, transitioning from CKD stage G3
to G4 were 5,032,950, 1,240,558, and 220,028, for uACR
categories Al to A3, respectively (Table 2). Likewise,
the cumulative incidence of transitions from CKD stage
G4 to G5 (ESKD) predominantly occurred in uACR
categories Al and A2 in all countries and regions
(unweighted average: Al = 84.4% [SD: 5.3], A2 =
13.2% [SD: 4.8], and A3 = 2.4% [SD: 2.7]; Figure 3 and
Table 2). The total number of individuals, in all
countries and regions, transitioning from CKD stage
G4 to G5 (ESKD) were 1,059,364, 195,124, and 32,182,
for uACR categories Al—A3, respectively (Table 2).
The cumulative incidence of transitions from CKD
stage “G3 to G4” and “G4 to G5” (onset of ESKD) for
each individual country or region are presented in
Supplementary Table S1.

Cardio-Renal Complications in the CKD
Population Stages G3 to Gb per uACR Category
The microsimulation projected the cumulative inci-
dence of cardio-renal events for the CKD population
(diagnosed and undiagnosed individuals, CKD stages
G3—G5) per uACR categories (A1-3) between 2022 and
2027. The cardio-renal events predominantly occurred
in uACR categories Al and A2 in all countries and
regions; cumulative incidence of cardio-renal compli-
cations for each individual country or region are pre-
sented in Supplementary Tables S2 and S3.

Overall, unweighted mean proportions of heart
failure, myocardial infarction, and stroke events were
projected to occur predominately in patients in uACR
category Al (87.7%, 86.8%, and 80.8%, respectively),
with the remainder in category A2 (10.4%, 11.1%,

Kidney International Reports (2024) 9, 3464-3476
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Table 1. Projected annual prevalence of CKD per KDIGO uACR category (A1-A3) for the CKD population (diagnosed and undiagnosed
individuals with CKD stage G3-G5) for 31 countries and regions

2022 2027

KDIGO uACR category KDIGO uACR category
Country or region Al A2 A3 Al A2 A3
Australia 689,457 (83.4) 121,329 (14.7) 16,279 (2) 881,701 (84.6) 142,600 (13.7) 17,648 (1.7)
Belgium 910,888 (88.8) 110,658 (10.8) 4881 (0.5) 912,732 (89.6) 101,637 (10) 4156 (0.4)
Brazil 12,466,041 (90.1) 439,190 (3.2) 926,566 (6.7) 14,917,692 (92) 452,856 (2.8) 851,656 (5.2)
Canada 2,650,628 (87.9) 346,786 (11.5) 17,501 (0.6) 2,873,276 (88.9) 343,443 (10.6) 16,354 (0.5)
China 17,644,768 (84.0) 2,948,980 (14.0) 418,069 (2) 18,237,856 (85) 2,866,320 (13.4) 350,048 (1.6)
Colombia 1,799,624 (93.2) 122,993 (6.4) 7383 (0.4) 2,307,014 (95.1) 114,137 (4.7) 5596 (0.2)
Denmark 430,501 (88.2) 54,786 (11.2) 2754 (0.6) 431,117 (90.7) 42,633 (9) 1699 (0.4)
France 2,842,465 (88.3) 367,276 (11.1) 17,726 (0.6) 3,301,144 (90.3) 338,178 (9.3) 14,636 (0.4)
Germany 1,928,253 (83.8) 358,389 (15.6) 15,547 (0.7) 2,389,024 (85.7) 382,113 (13.7) 16,287 (0.5)
Greece 760,321 (92.5) 68,7856 (7.1) 3305 (0.4) 815,602 (94.3) 47,552 (5.5) 2119 (0.2)
Hungary 685,913 (89.0) 81,182 (10.5) 3333 (0.4) 665,493 (91.9) 56,737 (7.8) 1719 (0.2)
India 15,079,553 (88.1) 1,739,954 (10.2) 288,960 (1.7) 16,881,620 (89.2) 1,793,081 (9.5) 261,234 (1.4)
Israel 230,729 (74.5) 64,902 (21.0) 14,099 (4.6) 249,618 (77.7) 59,877 (18.6) 11,766 (3.7)
Italy 1,861,480 (91.6) 148,762 (7.3) 21,832 (1.1) 2,273,290 (92.5) 165,151 (6.7) 20,047 (0.8)
Japan 10,698,297 (82.9) 1,988,375 (15.4) 225,082 (1.7) 12,736,884 (84.8) 2,081,118 (13.9) 203,297 (1.4)
Saudi Arabia 1,718,975 (86.8) 215,277 (10.9) 45,616 (2.3) 2,255,402 (86.5) 292,455 (11.2) 58,223 (2.2)
Mexico 3,227,137 (74.8) 518,897 (12.0) 568,571 (13.2) 4,271,956 (77.9) 595,492 (10.9) 615,519 (11.2)
Netherlands 963,233 (88.4) 120,885 (11.1) 6027 (0.6) 1,091,707 (90.8) 106,202 (8.8) 4449 (0.4)
Philippines 2,692,211 (90.1) 95,646 (3.2) 199,658 (6.7) 3,251,729 (91.9) 101,783 (2.9) 186,520 (5.3)
Poland 1,968,375 (85.0) 282,728 (12.2) 64,768 (2.8) 2,167,015 (89.4) 217,801 (9) 39,509 (1.6)
Romania 807,468 (96.3) 30,115 (3.6) 1321 (0.2) 1,071,136 (97.3) 28,702 (2.6) 1001 (0.1)
Singapore 293,314 (79.8) 62,167 (16.9) 12,119 3.3) 357,273 (80.3) 74,176 (16.7) 13,310 (3)
South Korea 1,492,040 (85.7) 217,471 (12.5) 30,878 (1.8) 2,402,381 (86.3) 337,206 (12.1) 43,665 (1.6)
Spain 3,203,256 (92.3) 253,712 (1.3) 14,656 (0.4) 3,727,288 (93.1) 260,239 (6.5) 14,022 (0.4)
Sweden 464,171 (90) 43,600 (8.4) 8265 (1.6) 506,060 (92.4) 35,997 (6.6) 5819 (1.1)
Taiwan 681,619 (85.7) 99,378 (12.5) 13,958 (1.8) 1,085,083 (86.8) 145,791 (11.7) 18,512 (1.5)
Thailand 6,973,213 (86.7) 916,820 (11.4) 152,365 (1.9) 7,956,610 (87.3) 1,006,918 (11.1) 147,635 (1.6)
Turkey 2,467,801 (78.1) 593,417 (18.8) 100,259 (3.2) 2,782,003 (80.2) 591,903 (17.1) 96,441 (2.8)
UAE 68,705 (87.3) 8159 (10.4) 1830 (2.3) 90,824 (87.8) 10,529 (10.2) 2064 (2)
UK 4,846,478 (87.9) 635,699 (11.5) 31,116 (0.6) 4,941,774 (89.2) 571,316 (10.3) 24,772 (0.4)
USA 14,860,340 (77.1) 3,639,866 (18.9) 768,353 (4) 16,588,667 (79.6) 3,688,214 (17.2) 657,631 (3.2)
Total, n 117,407,055 16,675,972 4,002,976 134,420,672 16,952,061 3,705,252
Percentage unweighted average, % (SD) 86.4 (56.3) 11.3 (4.4) 2.3 (2.6) 88.0 (6.0) 10.1 (4.2) 1.8 (2.2)
Percentage weighted average, % 85.0 12.1 29 86.7 10.9 24

CKD, chronic kidney disease; KDIGO, Kidney Disease: Improving Global Outcomes; uACR, urinary albumin-creatinine ratio.

and 15.8%, respectively) and category A3 (1.9%,
2.0%, and 3.3%, respectively) across all countries
(Figure 4 and Table 2). Across the 31 countries
considered or regions, the total numbers of incidents
by end point were:

o Heart failure: A1 = 6,419,107; A2 = 821,997; and
A3 = 179,413.

« Myocardial infarction: Al = 6,535,131, A2 =
888,679; and A3 = 176,867.

. Stroke: A1 = 6,045,011; A2 = 1,265,500; and A3 =
259,392,

A similar pattern was observed with all-cause mor-
tality (Figure 4 and Table 2) with comparatively small
proportion of deaths projected to occur in patients with
severely increased albuminuria (Al: 78.7%, A2:
17.0%, and A3: 4.3%) with a total of 3.1 million deaths
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in those with A3 disease versus 47.3 million and 10.6
million in those with Al and A2 disease, respectively.

Economic Burden in the Diagnosed CKD
Population Stages G3-G5 per uACR Category
The microsimulation projected the health care costs
associated with CKD management and cardio-renal
complications (heart failure, myocardial infarction,
and stroke) for patients diagnosed with CKD (stages
G3-G5) per uACR categories (A1—A3) based on the
prevalent population in 2027. In line with clinical
prognosis, the health care costs were predominantly
attributed to patients in uACR categories Al and A2 in
all countries and regions. The CKD management costs
(stages G3—G5) were predominantly associated with
uACR category Al in all countries and regions (Al =
$183.3 billion [82.4%], A2 = $33.1 billion [14.9%], and
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Figure 3. Projected cumulative transitions from CKD stage G3 to G4 and G4 to G5 (ESKD) (2022—2027) per KDIGO uACR category in the diagnosed
CKD population for 31 countries and regions. CKD, chronic kidney disease; KDIGO: Kidney Disease: Improving Global Outcomes; uACR, urinary

albumin-creatinine ratio.

A3 = $5.95 billion [2.7%]; Table 3). The complication
costs were mainly associated with both uACR cate-
gories Al and A2 in all countries and regions (Al =
$570.0 billion [46.4%], A2 = $539.0 billion [43.7%],
and A3 = $121.3 billion [9.8%], Table 3). The health
care costs for each individual country or region are
presented in Supplementary Tables S4 to S8.

DISCUSSION

The clinical and economic burden of CKD increases as
disease progresses and uACR is an important predictor
of CKD progression and cardiovascular risk. Even so,
uACR is not routinely tested in clinical practice.
Limited published studies projecting clinical and eco-
nomic burden by uACR categories are available to aid
in evidence-based health care decision making and
resource allocation. This study aimed to address this
knowledge gap by estimating the future prevalence,
CKD progression, rates of cardio-renal complications,

and financial burden by uACR category over the sub-
sequent 6 years using the validated inside CKD
microsimulation. A microsimulation type model was
chosen for the Inside CKD program as classical cohort-
level state transition models do not allow for modelling
of differences among individuals and can lead to
misleading results when considering a nuanced set of
characteristics.”® In contrast, this microsimulation is
able to model each individual, allowing the entire
distribution of multiple complex variables and their
changes over time to be considered, rather than using
population averages which would generate less accu-
rate predictions. A microsimulation approach can
incorporate an individual’s history into the model,
allowing for example, an individual’s disease history
and the risk of that influencing their life course to be
included within the model. Microsimulation provides
unparalleled breadth and granularity of inputs to
achieve multinational population-level projections of
disease progression and patient outcomes.”®

Table 2. Projected cumulative cardio-renal events and transitions from CKD stage G3 to G4 and G4 to G5 (ESKD) (2022—2027) per KDIGO uACR
category (A1-A3) for the diagnosed and undiagnosed CKD population (CKD stages G3—G5) for 31 countries and regions

KDIGO uACR category

Al
Event Total number events Mean (SD), %
Transition-CKD stage G3 to G4 5,083,822 72.8 (9.8)
Transition—-CKD stage G4 to G5 (ESKD) 1,069,945 84.4 (5.3)
Heart failure 6,419,107 87.7 (6.1)
Myocardial infarction 6,535,131 86.8 (5.2)
Stroke 6,045,011 80.8 (7.6)
Death (all-cause) 47,271,478 78.7 (8.2)

A2 A3
Total number events % (SD) Total number events % (SD)
1,247,778 222 (8.1) 220,478 5.0 (6.3)
196,093 13.2 (4.8) 32,230 2.4 2.7)
821,997 10.4 (4.3) 179,413 19 (2.2)
888,679 11.1 (4.4) 176,867 2.0 (2.3)
1,265,500 16.8 (6.2) 259,392 33 (3.9
10,630,456 17.0 (6.4) 3,088,878 43 (4.8)

CKD, chronic kidney disease; ESKD, end-stage kidney disease; KDIGO, Kidney Disease: Improving Global Outcomes.

Mean percentages calculated as an unweighted average.
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Figure 4. Projected cumulative incidence of heart failure, myocardial infarction, stroke, and all-cause mortality (2022-2027) per KDIGO uACR
category in the diagnosed CKD population (CKD stages G3-G5) for 31 countries and regions. CKD, chronic kidney disease; KDIGO, Kidney
Disease: Improving Global Outcomes; uACR, urinary albumin-creatinine ratio.

The inside CKD microsimulation estimated the the number of individuals in each uACR category
prevalence of the CKD population, comprising both (stages G3—G5). Therefore, although patients within
diagnosed and undiagnosed individuals, stages G3 to uACR categories Al and A2 have a lower relative risk
G5 at a multinational level. The CKD population was of cardio-renal events at an individual-level versus A3,
projected to exist largely within uACR categories Al they are projected to account for the majority of the
and A2 (> 90%) in all 31 countries and regions studied. clinical and economic burden at the population-level,
Subsequently the microsimulation estimated the cu- given that they constitute a substantially larger pro-
mulative incidence of cardio-renal events stratified by portion of the CKD population.

Randomized clinical trials tend to focus on patients
with elevated albuminuria, in part as a prognostic
enrichment strategy, that is, the selection of patients
with a greater likelihood of having a disease-related

Table 3. Projected costs associated with CKD management and
cardio-renal complications in the diagnosed population (CKD stages
G3-G5) (prevalence — 2027) per uACR category for 31 countries and

regions end point to increase the absolute effect difference
. . . 39-41
KDIGO UACR categories between groups without altering the relative effect.

Cost Al 2 ™ Furthermore, few studies on the clinical and economic
18330 3313 5.95 burden. of CKD stratlﬁed. by uAFZR category a.re
Total CKD management costs, billion USD (%)  (82.4%) (14.9%) (2.7%) population-based. These discrepancies between trial
Average cost per country G3a 3.66 055 0.10 settings and clinical practice make it inherently diffi-
i e Bl Lo o o s cult for decision makers to interpret where the burden
G5 (pre-KRT)  0.19 0.04 0.01 lies, and consequently to implement effective preven-
Total cardio-renal complication 573.03 (46.49) 539.03  121.33 tive strategies. Recent post hoc analyses of clinical trials

cosfs, billion USD (%) 43.7) 9.8) h r rted that treatment ith dium-ol
Average cost per country for Heart failure 5.67 5.65 1.08 ave reporte X a_ . ca _e w . sodium-g }lcose
complications, billion USD Myocardial 8.49 6.99 1.81 cotransporter-2 inhibitors is beneficial across disease

infarction

stages; however, the number needed to be treated to
- _ _ _ _ prevent 1 cardiovascular or renal event is generally

CKD, chronic kidney disease; KDIGO, Kidney Disease: Improving Global Outcomes; KRT, . . . .

kidney replacement therapy; uACR, urinary albumin-creatinine ratio. substantlally lower in those with hlgher levels of

Stroke 4.33 4.86 1.02
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UACR."™ This reinforces the assertion that screening

and treatment of those with elevated uACR is beneficial
and necessary. Targeted proactive screening, early
detection, and effective intervention aimed at slowing
disease progression are paramount to reducing the
clinical and economic burden associated with CKD.”***

The Inside CKD microsimulation results support in-
terventions in the total CKD population. We highlight
that, individuals within uACR categories Al and A2
(stages G3—G5) are key drivers of cardio-renal outcomes
and health care costs in the CKD population. These
individuals are often seen by primary care physicians
but do not receive specialist care until they reach more
advanced CKD stages. Subsequently, they would be
referred to a nephrologist whereby interventions to
reduce cardio-renal complications may be implemented
too late to deliver impactful benefits to the health care
system. It is crucial for health care decision makers to
communicate the requirement for primary care physi-
cians to adopt early intervention in uACR categories Al
and A2 to control hypertension, or type 2 diabetes
among others, to reduce cardio-renal outcomes, delay
progression to ESKD, increase regression,45 and there-
fore the requirement for costly interventions, including
heart-related hospitalizations, transplant, and dial-
ysis.”"* Interestingly, recent publications have shown
that kidney protection is provided by SGLT2i across all
eGFR categories; however, early intervention in pa-
tients with preserved kidney function (milder disease)
provides the greatest protection over a lifetime by
delaying the time to adverse outcomes.””*® Collective
trial evidence therefore agrees with real-world studies
showing kidney protection related to SGLT2i when
these drugs are initiated prior to onset of impaired
eGFR or albuminuria.*”

Microsimulation is subject to several assumptions
and limitations. First, no major changes in the CKD
management, such as new treatment options or policies,
were modeled over the course of the projected years.
Second, a paucity of available economic data to inform
CKD management costs for patients with preserved
eGFR (G1-G2) but moderate or severely increased
albuminuria (A2—A3) precluded their inclusion in the
analysis. Furthermore, variability and uncertainty in
relation to the population size of patients within this
subpopulation are considerable owing to the poor rates
of testing for uACR in the general population and at-
risk subpopulations.'”*’ Consequently, the
population-level clinical and economic burden esti-
mated for those in A2 or A3 categories may be un-
derrepresented in this analysis. Third, because the
microsimulation was developed before the COVID-19
pandemic, effects of the pandemic were not consid-
ered and it is possible that the pandemic has affected
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CKD diagnosis, treatment and outcomes, meaning esti-
mates provided here are likely to be conservative.”' A
further limitation of the model is that it does not
incorporate the effect of uncertainty of parameters,
such as the distribution of standard errors. However,
Monte Carlo errors in the projected estimates are pro-
vided. We acknowledge that albuminuria can fluctuate
independently from CKD progression; indeed, this is a
limitation of all national health, or epidemiological
surveys based on a single urine test. However, the
projected cumulative incidence of CKD progression,
heart failure, myocardial infarction, stroke, and all-
cause mortality modeled here differ remarkably per
uACR category, therefore likely blunting the potential
effect of albuminuria fluctuations. Lastly, although the
best epidemiological data available for each country or
region were used in microsimulation, data for many
specific end points were unavailable for some coun-
tries. As such, proxy country or regional data were
substituted; determined by a study-specific algorithm
and informed by an expert panel. These proxies may
not have been fully representative of the population in
question. Furthermore, it is necessary to note that some
of the country-specific inputs for the microsimulation
may not be representative of the CKD population. This
can be seen for specific countries where higher than
expected prevalence in uACR category A3 is projected
by microsimulation. For example, the epidemiological
data for Mexico were derived from a cross-sectional
study of 610 patients from the city of Guadalajara
alone.”” The study population are of limited general-
izability to the total population with 73% female, mean
age 51 & 14 years, with more than 50% of subjects
reporting family antecedents of diabetes mellitus, hy-
pertension, and obesity; and 30% of CKD. This limited
epidemiological data highlights the requirement for
high-quality real-world evidence in total CKD pop-
ulations to explore the disease burden associated with
albuminuria. Furthermore, this also emphasizes the
limited uACR testing undertaken in clinical practice.”

Future research should include analyses to determine
whether specific-population cohorts, including those
with hypertension, cardiovascular disease, or type 2
diabetes, are at higher risk depending on albuminuria.
Any such analysis would need to be supported by the
collection of high quality real-world evidence for each
cohort. Finally, the forecasts made by this micro-
simulation should be evaluated in the future to deter-
mine the accuracy of the microsimulation model.

In conclusion, this study highlights the dispropor-
tionate population-level clinical and economic burden
associated with individuals within KDIGO uACR cate-
gories Al and A2, who comprise much of the CKD
population. Because the cardio-renal and economic

Kidney International Reports (2024) 9, 3464-3476
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analysis in this study was limited to CKD stages G3-G5
additional data is needed to establish the importance of
albuminuria in early-stage CKD. However, the results
provide insights into health care decision makers and
health care systems to target resource allocation and
interventions at the total CKD population. Proactive
management of CKD, along with comorbid hyperten-
sion, type 2 diabetes, and cardiovascular disease by
primary care physicians and specialists, has the po-
tential to improve long-term outcomes and reduce the
disease burden.
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