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Abstract

Background Chronic kidney disease (CKD) is a significant global public health issue. However, the burden of CKD by
etiology and trends over time remains inadequately studied.

Methods Data from the Global Burden of Disease Study 2021 (GBD 2021) were analyzed, including cases by region,
etiology, age, and sex. Metrics included age-standardized incidence rate (ASIR), age-standardized mortality rate
(ASMR), age-standardized prevalence rate (ASPR), disability-adjusted life years (DALYs), and age-standardized DALYs
rate (ASDR) between 1990 and 2021. The Joinpoint regression analysis was used to calculate the average annual
percentage change (AAPC), and age-period-cohort (APC) analysis was performed to assess trends.

Results In 2021, CKD posed a substantial global burden, with 673,722,703 cases and 19,935,038 new cases. The
incidence rate was 233.6 with an AAPC of 0.634. CKD caused 1,527,639 deaths, corresponding to a mortality rate of
18.5 and an AAPC of 0.745. DALYs associated with CKD totaled 44,453,684, with an AAPC of 0.322. CKD burden was
primarily attributed to diabetes mellitus type 2 (DMT2), hypertension, and unspecified causes, affecting individuals
aged 50 years and older. ASIR and ASPR were higher among females, while males had higher ASMR and ASDR. At
regional and national levels, the incidence of CKD was positively correlated with the socio-demographic index (SDI),
while mortality, DALYs, and prevalence negatively correlated with SDI. APC analysis revealed an elevated mortality risk
(Net Drift=0.3), increasing with age and over successive periods. Birth cohort analysis indicated higher mortality risks
among individuals born after 1992.

Conclusion The global burden of CKD continued to rise due to aging populations, increasing risk factors, and
improved detection. While some regions showed success in reducing CKD mortality, widening disparities demanded
urgent attention. Early-stage disease and modifiable risks offered prevention opportunities, but realizing this required
sustained healthcare investment, especially in resource-limited settings. Therefore, coordinated efforts addressing
both risk factors and disease management would be essential to reduce its growing burden.

Keywords Average annual percentage change, Age-period-cohort analysis, Chronic kidney disease, Global disease
burden, Joinpoint regression analysis
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Introduction

Chronic kidney disease has emerged as a significant pub-
lic health concern, exacerbated by population growth and
aging demographics, with a global prevalence exceeding
697.5 million cases as of 2017 [1]. According to the GBD
study, there were 18,986,903 new cases of CKD reported
in 2019 [2]. CKD is associated with an elevated risk
of accelerated cardiovascular disease and progression
to end-stage renal disease (ESRD), a severe complica-
tion characterized by a poor prognosis. ESRD necessi-
tates costly renal replacement therapies, such as dialysis
or transplantation, which adversely impact individual’s
quality of life and contribute substantially to the global
disease burden [3]. In 2021, CKD ranked as the 11th
leading cause of age-standardized mortality globally [4].
In light of the substantial global health burden posed by
CKD, numerous countries have undertaken initiatives
to enhance public awareness, formulate prevention and
intervention strategies, and deliver comprehensive care
for CKD [5].

The GBD 2017 study examined the incidence, mortal-
ity, DALYs, causes, and risk factors associated with CKD
on global, regional, and national scales [1]. Building on
this, the GBD 2019 study employed the estimated annual
percentage change (EAPC) to assess CKD incidence and
DALYs and its four primary causes across different age
groups [2]. However, previous research has not com-
prehensively analyzed the causes, prevalence, incidence,
mortality, and DALYs of CKD. Furthermore, the Coro-
navirus disease 2019 (COVID-19) pandemic from 2019
to 2021 significantly affected CKD patients, underscor-
ing the necessity of analyzing global CKD trends [6].
Unlike the EAPC method used in the GBD 2019, the
AAPC adopted in this study allowed for multiple inflec-
tion points in the data, enabling a more flexible capture
of nonlinear trends [7]. Additionally, APC analysis facili-
tated the examination of the effects of age, period, and
birth cohort on disease mortality risk [8]. Consequently,
this study employed AAPC and APC analyses to evaluate
CKD data from GBD 2021, enhancing the understand-
ing of trend changes and providing robust data sup-
port for CKD prevention, treatment, and health policy
decision-making.

Methods

Study design

This study was aimed to estimate the global burden of
CKD through analysis of AAPC and APC. Data from
the GBD 2021 were analyzed, including cases by region,
nation, etiology, age, and sex. Metrics included age-stan-
dardized incidence rate, age-standardized mortality rate,
age-standardized prevalence rate, disability-adjusted life
years, and age-standardized DALYs rate from 1990 to
2021.
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Setting

Data on incidence, mortality, DALYs and prevalence rates
for all CKD populations in global, 5 SDI regions, 21 GBD
regions, and 204 countries and territories from 1990 to
2021 were collected from GBD 2021.

Participants

The current study population was the CKD population
from 1990 to 2021. The burden of CKD for each of the
five causes (diabetes mellitus type 1 (DMT1), diabetes
mellitus type 2 (DMT2), glomerulonephritis, hyperten-
sion, and a residual category of other and unspecified
causes) was estimated in this study. The international
classification of disease codes and diagnostic criteria for
CKD are shown in Tables 1 and 2.

Variables

The number and rate of prevalence, incidence, mortal-
ity, and DALYs of CKD were used in this study. The def-
inition of the measure used in this study was shown in
Table 3.

The Joinpoint regression analysis was performed to
calculate the AAPC. AAPC is a summary measure of
the trend over a pre-specified fixed interval. The speci-
fied time interval is considered for assigning weights to
the length of each segment. The formula of AAPC is as
follows: AAPC = {exp (%iﬁ?) — 1} x 100, in which
wi indicates the length of each segment in the range of
years, while the bi is the slope coefficient for each seg-
ment in the desired range of years.

SDI is calculated by GBD to reflect the social and eco-
nomic determinants that can affect individual health
outcomes in countries and regions. SDI was included in
the analysis to determine the association between trends
of CKD and levels of development. All countries and
regions were grouped into five categories according to
SDI: Low SDI, Low Middle SDI, Middle SDI, High Mid-
dle SDI, and High SDI (Additional file S1: Table S1).

The APC analysis was applied to assess the effects of
age, period, and cohort effects on risk of death [8]. In the
APC model, net drift indicates the overall annual per-
centage change across the whole study period, whereas
local drift indicates the annual percentage changes in the
mortality rate for each age group relative to the net drift.
The age effect is the effect of the change in the mortality
of disease with age. The period effect refers to the change
in the mortality and population of diseases affected by
human factors. The cohort effect refers to changes in the
mortality of disease due to different levels of exposure to
risk factors in different generations of populations.
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Table 1 Chronic kidney disease aetiology categories and corresponding ICD 9/10 codes in GBD

ICD 10 code

ICD 9 code
CKD 585.1,585.2,585.3,5854, 585.5, 585.9, 403
CKD due to Type 1 25041, 25043
diabetes
CKD due to Type 2 25040, 25042
diabetes
CKD due to 581,581.0,581.1,581.2,581.3,581.8,581.81, 581.89,

Glomerulonephritis 581.9,582,582.0,582.1,582.2,582.4,582.8,582.81,
582.89,582.9, 583, 583.0,583.1,583.2,583.4,583.6,

583.7,583.8, 583.81, 583.89, 583.9

CKD due to
Hypertension

403, 403.0,403.00, 403.01,403.1, 403.10,403.11,
403.6,403.9,403.90, 403.91, 404, 404.0, 404.00,
404.01,404.02, 404.03,404.1,404.10,404.11,404.12,
404.13,404.9,404.90, 404.91, 404.92, 404.93

589, 5890, 589.1,589.9, 753.0, 753.1, 753.10, 753.11,
753.12,753.13,753.14,753.15,753.16, 753.17,
753.19,753.2,753.20, 753.21,753.22,
753.23,753.29,753.3,283.11,710.0, 753.0, 753.21,
753.22,753.29

CKD due to Other and
unspecified causes

CKD due to Other and
unspecified causes

N18.1,N18.2,N18.3,N18.4,N18.5,N18.6,N18.9
E10.2,E10.21,E10.22, E10.29

E11.2,E11.21,E11.22,E11.29

N02, N02.0, N02.1, N02.2, N02.3, N02.4, N02.5, N02.6, N02.7, N02.8, N02.9,
NO3, N03.0, N03.1, N03.2, N03.3, N03.4, NO3.5, N03.6, N03.7, N03.8, N03.9,
NO04, N04.0, N0O4.1, N04.2, N04.3, N04.4, N04.5, NO4.6, N04.7, N04.8, N04.9,
NO5, N05.0, NO5.1, N05.2, N05.3, N05.4, N05.5, N05.6, N05.7, N05.8, N0O5.9,
N06, N06.0, N06.1, N06.2, N06.3, N06.4, NO6.5, N06.6, N06.7, NO6.8, N06.9

112,112.0,112.1,112.2,1129,113,113.0,113.1,113.10,113.11,113.2,113.9

NO7,N07.0, N07.1,NO7.2,N07.3, N0O7.4, NO7.5, NO7.6, NO7.7, NO7.8, NO7.9,
NO8, N08.0, N08.1, N08.2, N08.3, N08.4, N08.5, N08.8, N15.0,

Q61,0Q61.0,Q61.00,Q61.01,Q61.02,Q61.1,Q61.11,Q61.19,Q61.2,
Q61.3,Q614,Q61.5,Q61.8,Q61.9,Q62,Q62.0,Q62.1,Q62.10,Q62.11,
Q62.12,Q62.2,Q62.3,Q62.31,Q62.32,Q62.39, Q62.4, Q62.5, Q62.6,
Q62.60,Q62.61,Q62.62, Q62.63, Q62.69, Q62.7, Q62.8, D59.3, M31.31,
M32.14, M32.15,N11.9,N13.70, N13.8, Q60.2, Q63.8, N14.0, N14.1, N14.3,
N25.89,N26.9, N28.0

Table 2 The diagnostic criteria of chronic kidney disease in GBD

Quantity of interest Definition

Stages 1&2 chronic kidney disease

Albumin to creatinine ratio (ACR) of =30 mg/g and estimated glomerular filtration rate (eGFR) > 60 mL/

min/1.73m? as estimated using the CKD-EPI equation for individuals age > 18 and the Schwartz equa-

tion for those < 18.
Stage 3 chronic kidney disease

eGFR 30-60 mL/min/1.73m? as estimated using the CKD-EPI equation for individuals age > 18 and the

Schwartz equation for those < 18 not on renal replacement therapy.

Stage 4 chronic kidney disease

eGFR 15-30 mL/min/1.73m? as estimated using the CKD-EPI equation for individuals age > 18 and the

Schwartz equation for those < 18 not on renal replacement therapy.

Stage 5 chronic kidney disease

eGFR< 15 mL/min/1.73m? as estimated using the CKD-EPI equation for individuals age > 18 and the

Schwartz equation for those < 18 not on renal replacement therapy.

End-stage renal disease(ESDR) after
transplant

Received a kidney transplant due to end-stage renal disease. Includes all kidney transplants due to ESRD,
not just preemptive transplants. Received dialysis (hemodialysis or peritoneal dialysis) for >90 days.

CKD is defined as a permanent loss of kidney function as indicated by eGFR and ACR. Moreover, the clinical case definition for CKD is the following: A chronic,
progressive condition of the kidney, lasting 3 months or more, with a loss in its key function to filtrate blood to produce urine. The CKD-EPI eGFR equation is
considered our gold standard for those 18 years or older and the Schwartz equation is our gold standard for those younger than 18. The formula of CKD-EPI 2009
is as follows: eGFR = 141 X min(Ser/k,1)712%9 x  0.99348¢ % 1.018]if female] x 1.159]if Blackl. (x is 0.7 for females and 0.9 for males. a is -0.329 for
females and —0.411 for males, where min indicates the minimum of S /k or 1,and max indicates the maximum of S, /kor 1.) The formula of Schwartz is as follows:

eGFR=0.413 X (height/Scr) if height is expressed in centimetres OR 41.3 x (height/Scr) if height is expressed in metres

Data sources

The data of GBD 2021 is open source and accessible for
anyone (https://vizhub.healthdata.org/gbd-results/). The
APC analysis web tool is available online (https://analysis
tools.cancer.gov/apc/).

Bias

To enable meaningful comparisons of incidence between
different populations worldwide, the same standard-
ized population was used in the GBD study. Age
standardization was used to adjust the incidence of dif-
ferent risk factors in a country or region. Therefore, the

age-standardized rate (ASR) was obtained based on the
Segi-Doll world reference population.

Statistical methods

The prevalence, incidence, mortality, and DALYs were
processed by R software (version 4.4.1) and listed with
a 95% uncertainty interval (UI). All rates in this study
were adjusted to the world population (per 1000,000) [9].
Trends of ASIR, ASMR, ASDR, and ASPR and P-value
were tracked using the Joinpoint regression analysis and
reported as AAPC with 95% confidence intervals (CI).
A trend was considered decreasing if AAPC was nega-
tive and the 95%CI did not include zero. Positive AAPC
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Table 3 The definition of multiple metrics used in the study
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Measure Number percent

rate

Number of new
cases in the
population

Incidence
causes

ASIR (age-standardized
incidence rate)

Number of deaths
in the population

Mortality
causes

ASMR (age-standard-
ized mortality rate)

Disabil-
ity adjusted life years
(DALYs)=YLLs+YLDs

Years of life lost (YLLs)

Number of DALYs
in the population

Number of YLLs in
the population
Number of YLDs in
the population

Years lived with dis-
ability (YLDs)

ASDR (age-standardized
DALYs rate)

Prevalence Total number
of cases in the
population

causes

ASPR (age-standardized
prevalence rate)

AAPC(average annual
percentage change)
time

Proportion of new cases of a particular cause relative to cases from all

Proportion of new cases of a particular cause relative to cases from all
causes adjusted to the world population

Proportion of deaths for a particular cause relative to deaths from all

Proportion of deaths for a particular cause relative to deaths from all
causes adjusted to the world population

Proportion of DALYs for a particular cause relative to DALYs for all causes

Proportion of YLLs for a particular cause relative to YLDs for all causes
Proportion of YLDs for a particular cause relative to YLDs for all causes
Proportion of DALYs for a particular cause relative to DALYs for all causes

adjusted to the world population
Proportion of total cases of a particular cause relative to cases from all

Proportion of total cases of a particular cause relative to cases from all
causes adjusted to the world population

New cases per 100,000
population

New cases adjusted to
the world population (per
100,000)

Deaths per 100,000
population

Deaths adjusted to the
world population (per
100,000)

DALYs per 100,000
population

YLLs per 100,000
population

YLDs per 100,000
population

DALYs adjusted to the world
population (per 100,000)
Total cases per 100,000
population

Total cases adjusted to
the world population (per
100,000)

The average annual increase or decrease in the trend of the
indicators(incidence, mortality, DALYs, and prevalence) over a period of

and 95% CI indicated increasing trend. P<0.05 suggested
that the AAPC had an upward or downward trend rather
than just random fluctuations. The analysis was con-
ducted using Joinpoint (version 5.3.0) and R software.
A smoothed spline model was used to evaluate the rela-
tionship between CKD burden and SDI in 21 regions
and 204 countries and territories. Expectations were
determined by calculations that take SDI and incidence
at all locations into account. Smooth splines were fitted
using a locally weighted scatterplot smoothing method
that automatically determined the degree, number, and
location of nodes based on data and span parameters.
Spearman correlation analysis was used to estimate the
r-index and p-value of the correlation between ASIR and
SDI, between ASMR and SDI, between ASDR and SDI,
and between ASPR and SDI. In terms of APC analysis,
the mortality and population of CKD from 1992 to 2021
at the age range from O to 5 years to 95+ years old were
applied to the APC analysis every 5 years (data from
1990 to 1991 were not considered because there were
insufficient years for a complete 5-year period). Wald’s
chi-square was used to test the significance of estimable
parameters and functions. For period and cohort effects,
the rate ratio>1 indicated a higher mortality rate of the

disease. In this study, p <0.05 was considered statistically
significant.

Data processing method

In this study, R software was used for data cleaning, cal-
culations, graphical plotting, and visualizations. R pack-
ages of tidyverse, patchwork, scales, dplyr, ggplot2, and
ggsci were used in this study. Joinpoint regression analy-
sis was applied to calculate the AAPC. Final editing was
done using Adobe Illustrator software 2025 (version
CS5).

Results

The trends in incidence, prevalence, dalys, and mortality
The trend of incidence in CKD

In 2021, it was estimated that there were 19,935,038
(95% U, 18,702,793 to 21,170,794) new cases of CKD
reported worldwide, corresponding to an ASIR of
233.6 (95% UlI, 220.0 to 247.2) (Table 4). Between 1990
and 2021, the AAPC in the global incidence rate of
CKD increased by 0.634 (95% CI, 0.621 to 0.646) per
year (Table 4; Fig. 1 A). This global rise in incidence
was predominantly attributed to other and unspeci-
fied causes (81.21%, 16,188,381/19,935,038), DMT2
(10.09%,2,012,025/19,935,038), and hypertension (6.43%,
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Table 4 (continued)

Trend6
APC Period

Trend5
APC Period
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APC Period

Trend3
APC Period

Trend2
APC® Period

AAPC* P-value® Trend1

Year 2021
Number

Year 1990
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APC

Period

(95%Cl)

ASIR

ASIR?
(95%U1")  (95%CI°)

Year 1990
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(95%Cl)

(95%UlI)

Trend6
Period

Trend5
Period

Trend4
Period

Trend3
Period

Trend2
APC®  Period

P-value®  Trendl

ASIR

Year 2021

Number
(95%UI)

(2025) 26:385

APC APC APC APC

APC

Period

(95%Cl)

AAPC*

ASIR?

(95%Cl)
277.7

(95%C1%)

2523
(2576788— (234.2-272.4) (5273251-

(95%Ul1 ")
3024433)
uncertainty interval. 2: ASIR

1.066 2019

0311 2015-

2010-

0444 2015

2000- 0.61  2005-
2005

<0.001

0313

5,666,653

2,789,648

SDI' High

0347

2021

2019

2010

(0.29-
0.337)

(260.7—
295)

SDI

6033381)
age-standardized incidence rate adjusted to the world population (per 1000,000). 3: Cl

average annual percentage change calculated by Joinpoint

confidence intervals. 4: AAPC

regression analysis; AAPC> 0 indicated an upward trend, and AAPC<0 indicated a downward trend. 5: P-value was calculated by Joinpoint regression analysis; P<0.05 showed that the trend suggested by the AAPC

was significant. 6:APC
demographicindex

1: Ul=

socio-

=diabetes mellitus type 2. 9.GN=glomerulonephritis. 10.SDI=

diabetes mellitus type 1. 8.DMT2

annual percent change, APC was significantly different from 0 (two-side p<0.05). 7: DMT1=
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1,282,205/19,935,038) (Table 4). In 2021, Central Latin
America reported the highest ASIR of CKD at 411.4
(95%UI, 390.2 to 431.3) per 100,000 population (Table 4).
From 1990 to 2021, the most significant increases in the
AAPC incidence rate of CKD were observed in Andean
Latin America (AAPC=2.023 [95%CI: 1.975 to 2.070]),
Eastern Europe (AAPC=1.662 [1.627 to 1.697]), and
Central Europe (AAPC=1.635 [1.597 to 1.672]) (Table 4;
Fig. 2 A). At the national level, Saudi Arabia exhibited the
highest ASIR of CKD at 495.8 (95%UI, 465.1 to 529.6).
All countries and territories demonstrated an increase in
ASIR exceeding 100. Estonia reported the highest AAPC
in ASIR of CKD, with an AAPC of 2.375 (95% CI, 2.322
to 2.429) (Additional file S1: Table S2; Fig. 2 A).

The trends of mortality in CKD

In 2021, the number of deaths attributable to CKD was
1,527,639 (95%U1, 408,407,762 to 485,084,462), with an
ASMR of 18.5 (95%UI, 16.7 to 19.9) (Table 5). The AAPC
in CKD mortality increased by 0.745 (95% CI, 0.603 to
0.886) per year globally from 1990 to 2021 (Table 5; Fig.
1B). The global rise in mortality was primarily attribut-
able to DMT2 (31.24%, 477,273/1,527,639), hypertension
(29.74%, 454,359/1,527,639), and other and unspecified
causes (20.16%, 307,990/1,527,639) (Table 5). The Cen-
tral Sub-Saharan Africa exhibited the highest ASMR of
CKD, with a rate of 43.7 (95%UI [33.3 to 56.3]) (Table 5).
Between 1990 and 2021, the most significant increases
in the AAPC in CKD mortality rates were observed in
High-income North America (AAPC=3.011 [95%CI,
2.739 to 3.283]) and Central Asia (AAPC=2.816 [95%ClI,
1.339 to 4.315]) (Table 5; Fig. 2B). At the national level,
Mauritius exhibited the highest ASMR of 80.1 (95%UlI,
74.1 to 84.6), with an AAPC of 1.568 (95%CI, 0.681 to
2.464). Across 204 countries and territories, there was
an observed increasing trend in ASMR, ranging from 9
to 80.1. Ukraine reported the highest AAPC in ASMR for
CKD, with an AAPC of 9.456 (95%CI, 6.804 to 12.174),
whereas Kuwait demonstrated the largest decrease in
AAPC for ASMR of CKD, with an AAPC of -2.356 (95%
CI, -3.912 to -0.774) (Additional file S1: Table S3; Fig. 2B).

The trend of dalys in CKD

In 2021, the global burden of CKD, measured in DALYs,
amounted to 44,453,684 with the ASDR of 529.6 (Addi-
tional filel: Table S4). Between 1990 and 2021, the AAPC
in the DALYs rate for CKD increased by 0.322 (95%CI,
0.262 to 0.383) globally (Additional file 1: Table S4; Fig.
1 C). This global rise in DALYs was primarily attributed
to DMT2 (25.37%, 11,278,935/44,453,684), hypertension
(24.41%, 10,850,728/44,453,684), and other and unspeci-
fied causes (24.41%, 10,850,728/44,453,684) (Additional
filel: Table S4). The Eastern Sub-Saharan Africa region
exhibited the highest ASDR for CKD, with a rate of 948.4
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Fig. 1 AAPC of CKD in incidence, mortality, DALYs, and prevalence rates, globally, 1990-2021. (A) AAPC of CKD in incidence from 1990 to 2021. (B) AAPC
of CKD in mortality from 1990 to 2021. (C) AAPC of CKD in DALYs from 1990 to 2021. (D) AAPC of CKD in prevalence from 1990 to 2021

(95%U1, 838.7 to 1090.4) (Additional file 1: Table S4).
From 1990 to 2021, the most significant increase in the
AAPC of DALYs rates for CKD was observed in High-
income North America, with an AAPC of 2.107 (95%ClI,
1.883 to 2.332) (Additional file 1:Table S4; Fig. 2 C). For
the national level, Mauritius showed the highest ASDR
of 2196.1 (95%UI, 2043.1 to 2318.9). 204 countries and
territories indicated an increasing trend in ASDR from
171.8 to 2196.1. El Salvador reported the highest AAPC
in ASDR of CKD (AAPC =3.076 [95%CI, 2.768 to 3.384]),
while Kuwait showed the largest decreases of AAPC in
ASDR of CKD (AAPC=-2.369 [95%C]I, -3.655 to -1.066])
(Additional file S1: Table S5; Fig. 2 C).

The trend of prevalence in CKD

The total number of CKD cases was 673,722,703
(95%UI, 629,095,119 to 722,364,095), with an ASPR
of 8006.0 (95%UL,7482.1 to 8575.6) (Additional file 1:
Table S6). The AAPC prevalence rate of CKD decreased
by an average of -0.021 (95% CI, -0.039 to -0.002) per
year globally between 1990 and 2021 (Additonal file
1: Table S6; Fig. 1D). Despite the negative growth in
AAPC, the number of people with CKD worldwide
remained large. It was mainly caused by DMT?2 (15.97%,
107,559,955/673,722,703) and other and unspecified

causes (77.87%, 524,663,971 /673,722,703) (Additional
file 1: Table S6). Central Asia exhibited the highest
ASPR of CKD, measured at 10,698.2 (95%UI, 10,022.9
to 11,348.1) (Table S6). The most significant increases
in the AAPC in CKD prevalence rates were observed
in Andean Latin America (AAPC=0.100 [95%CI, 0.091
to 0.108]) and Southern Latin America (AAPC=0.101
[95%CI, 0.087 to 0.115]). Conversely, East Asia experi-
enced the largest decrease in the AAPC of CKD preva-
lence, with a rate of -0.388 (95% CI, -0.463 to -0.313)
(Additional file 1: Table S6; Fig. 2D). For the national
level, Mauritius showed the highest ASPR of 11411.6
(95%UI, 10649.1 to 12263.7). 204 countries and territo-
ries indicated an increasing trend in ASPR from 4368.8
to 11411.6. Italy reported the highest AAPC in ASPR
of CKD (AAPC=0.304 [95%CI, 0.287 to 0.320]), while
China demonstrated the largest decreases of AAPC in
ASPR of CKD (AAPC=-0.396 [95%CI, -0.473 to -0.318])
(Additional file 1: Table S7; Fig. 2D).

The differences in age, sex, causes, and regions in
CKD

The differences in age, sex, and causes in CKD

In the GBD 2021 study, CKD was attributed to five pri-
mary etiologies: DMT1, DMT2, glomerulonephritis,
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Fig. 2 Age-standardized incidence, mortality, DALYs, and prevalence rates of CKD from 1990 to 2021. (A) Age-standardized incidence rate of CKD from
1990 to 2021. (B) Age-standardized mortality rate of CKD from 1990 to 2021. (C) Age-standardized DALYs rate of CKD from 1990 to 2021. (D) Age-stan-

dardized prevalence rate f CKD in prevalence from 1990 to 2021

hypertension, and a residual category encompassing
other and unspecified causes. The ASIR of CKD was pre-
dominantly observed within the 50—84 age demographic.
Notably, the incidence was higher among females com-
pared to males, primarily due to CKD resulting from
other and unspecified causes, as well as DMT?2 (Fig. 3 A
& Additional file 2: Figure S1). The ASMR for CKD pre-
dominantly occurred within the 50-89year age group,
with a higher mortality observed in males compared to
females. The primary etiologies were CKD resulting
from hypertension, DMT2, and other and unspecified
causes (Fig. 3B & Additional file 2: Figure S2). Similarly,
the ASDR for CKD was primarily concentrated in the
50-79year age group, again with a greater number in
males than females, and was chiefly attributed to CKD
due to hypertension, DMT2, and other and unspeci-
fied causes (Fig. 3 C & Additional file 2: Figure S3). The
ASPR of CKD was mainly observed within the 30-84 age
demographic. Notably, the prevalence was higher among

females compared to males, primarily due to CKD result-
ing from other and unspecified causes, as well as DMT2
(Fig. 3D & Additional file 2: Figure S4).

The discrepancy in regions of CKD

At the regional level, the ASIR and ASPR of CKD exhib-
ited similar trends across the 21 GBD regions, primarily
attributable to CKD resulting from DMT2, hyperten-
sion, and other and unspecified causes (Additional file
2: Figure S5A&B). On a global scale, the ASMR of CKD
was predominantly influenced by CKD associated with
hypertension, DMT2, and other and unspecified causes
(Additional file 2: Figure S5C). The mortality rate in
Andean Latin America was predominantly attributed to
CKD resulting from hypertension and DMT?2. In Eastern
Sub-Saharan Africa, mortality was primarily due to CKD
caused by glomerulonephritis. In Oceania, the mortality
rate was mainly associated with CKD resulting from both
DMT1 and DMT2. Mortality in Eastern Sub-Saharan
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Table 5 (continued)

Trend6
APC Period

Trend5
Period

Trend4
APC Period

Trend3
Period

Trend1 Trend2
Period

P

AAPC*

Year 2021
Number

Year 1990
Number

APC

APC

APC

APCS

(95%Cl) value® period

ASMR

ASMR?

(95%Cl)
12

(95%UI1") (95%CI3) (95%UlI)

99,196

1.133 2016-

2013-

-0.227

2007-

1997- 157 2003-

1990- 0.261
1997 2003

0.016

0.21

226,797

14

(104-
12.6)

SDI'  High-

(2025) 26:385

0.607

2021

2016

2013

0.901

2007

(0.039-
0.382)

(10.7-

13.4)

(201672—
252703)

(91758-

mid-
dle

110668)

SDI

0.754

2013-

32

2009-
2013

0.726

1998- 5.747 2001-
2001

1.307

1994-
1998

-0.504

1990-
1994

100,025 9.2 340,083 14.1 1441 <0.001
(92113-

High
SDI

2021

2009

(1.204-
1.677)

(12.3-

15.2)

(289016~

(8.5-9.6)

369665)
age-standardized mortality rate adjusted to the world population(per 1000,000). 3: Cl

104189)
uncertainty interval. 2:2ASMR

average annual percentage change calculated by Joinpoint

confidence intervals. 4:AAPC

regression analysis; AAPC >0 indicated an upward trend, and AAPC<O0 indicated a downward trend. 5: P-value was calculated by Joinpoint regression analysis; P<0.05 showed that the trend suggested by the AAPC

was significant. 6:APC
demographic index

1:Ul=

socio-

=glomerulonephritis. 10.SDI=

=diabetes mellitus type 2 9.GN

diabetes mellitus type 1 8.DMT2

annual percent change, APC was significantly different from 0 (two-side p<0.05). 7: DMT1=
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Africa was also significantly influenced by CKD due to
DMT2 and glomerulonephritis. In North Africa and the
Middle East, the mortality rate was primarily due to CKD
caused by hypertension, as well as other and unspecified
causes (Additional file 2: Figure S5C). Globally, the ASDR
for CKD was predominantly attributed to CKD resulting
from hypertension, DMT2, and other and unspecified
causes (Additional file 2: Figure S5D). In Central Latin
America, the DALYs rate was primarily associated with
CKD due to other and unspecified causes and glomeru-
lonephritis. In Central Asia, North Africa, and the Mid-
dle East, the DALYs rate was largely attributed to CKD
from other and unspecified causes. In Southeast Asia
and the regions of Sub-Saharan Africa (Western, Cen-
tral, and Southern), the DALYs rate was mainly due to
CKD induced by hypertension. In Oceania, the primary
contributors to the DALYs rate were CKD resulting from
hypertension and DMT?2. In Eastern Sub-Saharan Africa,
the DALYs rate was predominantly attributed to CKD
caused by glomerulonephritis (Additional file 2: Figure
S5D).

The relationship of SDI and CKD

The relationship of SDI and CKD at the regional level

At the regional level, the ASIR of CKD showed an expo-
nential increase with rising SDI (Fig. 4A). Regions such
as Central and Tropical Latin America, High-income
North America, and Australasia exhibited higher-than-
expected ASIR relative to their SDI from 1990 to 2021. A
positive correlation was observed between ASIR and SDI
(r=0.59, p<0.001) across regions (Fig. 4A). Conversely,
negative correlations were identified between ASMR and
SDI (r=-0.635, p<0.001) (Fig. 4B), ASDR and SDI (r=-
0.719, p<0.001) (Fig. 4C), and between ASPR and SDI
(r=-0.254, p<0.001) (Fig. 4D). The regions of Sub-Saha-
ran Africa (Central and southern) and Latin America
(Andean, central, and tropical) exhibited higher-than-
anticipated ASMR for CKD relative to their SDI (Fig.
4B). Similarly, the regions of Sub-Saharan Africa (Cen-
tral and southern) and Latin America (Andean and cen-
tral) demonstrated elevated ASDR for CKD, surpassing
expectations based on their SDI (Fig. 4C). Furthermore,
the regions of Sub-Saharan Africa (Central and south-
ern), Asia (Central, south, and southeast), North Africa
and the Middle East, and Eastern Europe showed higher-
than-expected ASPR of CKD according to their SDI (Fig.
4D).

The relationship of SDI and CKD at the national level

At the national level, the ASIR of CKD demonstrated an
exponential increase in conjunction with rising SDI. In
2021, Saudi Arabia, Qatar, and the United Arab Emir-
ates exhibited higher-than-anticipated ASIR relative to
their SDI. A positive correlation was observed between
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Fig. 3 The difference of sex and age in age-standardized incidence, mortality, DALYs, and prevalence rates of CKD, globally, in 2021. (A) The difference
of sex and age in number and age-standardized incidence rate of CKD. (B) The difference of sex and age in number and age-standardized mortality rate
of CKD; (C) The difference of sex and age in number and age-standardized DALYs rate of CKD; (D) The difference of sex and age in number and age-

standardized prevalence rate of CKD

ASIR and SDI (r=0.429, p<0.001), as illustrated in Fig.
5A. Conversely, negative correlations were identified
between the ASMR and SDI (r=-0.541, p<0.001) (Fig.
5B), between the ASDR and SDI (r=-0.6, p<0.001) (Fig.
5C), and between the ASPR and SDI (r=-0.199, p=0.01)
(Fig. 5D). Saudi Arabia, Mauritius, and American Samoa
exhibited ASMR for CKD that exceeded expectations
based on their SDI (Fig. 5B). Similarly, Mauritius, Ameri-
can Samoa, and Saudi Arabia demonstrated higher-than-
anticipated ASDR for CKD according to their SDI (Fig.
5C). Furthermore, Mauritius, the Republic of Moldova,

and Uzbekistan showed ASPR for CKD that surpassed
expected levels based on their SDI (Fig. 5D).

Net drift and local drift in CKD

Net drift indicates the overall annual percentage change
across the whole study period, whereas local drift indi-
cates the annual percentage changes in the mortality rate
for each age group relative to the net drift. The overall net
drift was similar on CKD (0.3, [95%CI, 0.244 to 0.355]),
CKD due to DMT2 (0.473, [95%CI, 0.135 to 0.813]),
CKD due to hypertension (0.53, [95%CI, 0.478 to 0.580]),
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CKD due to glomerulonephritis (0.421, [95%CI, 0.369 to
0.474]), and CKD due to other and unspecified causes
(0.321, [95%CI, 0.248 to 0.394]), reflecting substantial
increases in mortality of CKD due to DMT2, hyperten-
sion, glomerulonephritis, and other and unspecified
causes across the study period (Fig. 6 A-E). The overall
net drift of CKD due to DMT1 (-0.2, [95%CI, -0.478 to
0.078]) showed the opposite trend, reflecting a substan-
tial reduction in mortality of CKD due to DMT1 across
the study period (Fig. 6 F).

Age-period-cohort effects on CKD mortality

The age effects on CKD mortality

Additional file 2: Figure S6-8 showed estimates of age,
period, and cohort effects on CKD. Regarding the
impact of age on mortality rates, there was a progressive
increase in the mortality rate associated with CKD as age
advances (Additional file 2: Figure S6A). CKD attributed
to DMT2, hypertension, glomerulonephritis, and other
and unspecified causes exhibited a comparable pattern
(Additional file 2: Figure S6B-E). In contrast, the mortal-
ity rate for CKD resulting from DMT1 demonstrated a

distinct trajectory (Additional file 2: Figure S6F), begin-
ning to rise at 32.5 years, reaching its peak at 57.5 years,
and subsequently declining.

The period effect on CKD mortality

Regarding the period effect, mortality from CKD has
shown a gradual increase since 2010 (Additional file 2:
Figure S7A). This trend is mirrored in CKD mortality
attributable to DMT?2, hypertension, glomerulonephri-
tis, and other and unspecified causes, all of which have
exhibited a progressive rise in mortality rates post-2005
(Additional file 2: Figure S7B-E). Conversely, CKD asso-
ciated with DMT1 has displayed an opposite pattern,
with a notable improvement in mortality rates after 2005
(Additional file 2: Figure S7F).

Regarding the period effect, mortality from CKD has
shown a gradual increase since 2010 (Additional file
2: Figure S7A). This trend is mirrored in CKD mortal-
ity attributable to DMT2, hypertension, glomerulone-
phritis, and other and unspecified causes, all of which
have exhibited a progressive rise in mortality rates post-
2005 (Additional file 2: Figure S7B-E). Conversely, CKD
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associated with DMT1 has displayed an opposite pattern,
with a notable improvement in mortality rates after 2005
(Additional file 2: Figure S7F).

The birth cohort effect on CKD mortality

In terms of birth cohort effects, the mortality risk asso-
ciated with CKD was reduced for individuals born prior
to 1957, between 1983 and 1991, and after 1992 (Addi-
tional file 2: Figure S8A). The birth cohort effect for CKD
attributable to hypertension, glomerulonephritis, and
other unspecified causes exhibited a bimodal distribu-
tion. The analysis of birth cohort effects on the risk of
mortality from CKD revealed distinct patterns associ-
ated with various etiologies. Specifically, individuals born
before 1947 and after 1997 exhibited a reduced risk of
death from CKD attributable to hypertension (Additional

file 2: Figure S8B). Similarly, the risk of mortality from
CKD due to glomerulonephritis was diminished among
those born before 1957 and after 2012 (Additional file
2: Figure S8C). Furthermore, a decreased risk of death
from CKD resulting from other and unspecified causes
was observed in cohorts born before 1957 and after 2002
(Additional file 2: Figure S8D). In contrast, the birth
cohort effect for CKD associated with DMT1 or DMT2
presented a continuous trend. Notably, the risk of death
from CKD due to DMT1 was lower in individuals born
before 1957 and after 1962 (Additional file 2: Figure S8E).
The risk of death from CKD due to DMT2 was lower in
those born before 1947 and after 1977 (Additional file 2:
Figure S8F).
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Discussion

Global burden and trends of CKD

CKD represents a significant global public health chal-
lenge. In 2021, there were 673,722,703 prevalence cases
and 19,935,038 incidence cases globally, with mortality
reaching 1,527,639 deaths and DALYs totaling 44,453,683
years. The disease burden was primarily attributed to
DMT?2, hypertension, and other unspecified causes, pre-
dominantly affecting individuals aged 50 years and older.
Compared to previous GBD studies, our analysis revealed
distinct trends. While GBD 2017 and 2019 reported
upward trends in all CKD metrics, our study showed
increasing incidence (AAPC 0.634%), mortality (AAPC
0.745%), and DALYs (AAPC 0.322%), but decreasing
prevalence (AAPC -0.021%). This discrepancy may
reflect the impact of improved case management in high-
income regions and methodological improvements in
data collection and analysis.

Impact of COVID-19 on CKD burden

The COVID-19 pandemic significantly affected CKD
burden patterns. Our analysis of pre- and post-pandemic
data (2019 vs. 2021) revealed a 7.3% increase in CKD
prevalence in high-income regions, exceeding the pre-
pandemic average growth rate of 5.1%. Direct kidney
injury occurred in 20-30% of severe COVID-19 patients,
with 15-20% potentially developing chronic renal insuf-
ficiency [10, 11]. Additionally, pandemic-related dis-
ruptions to routine screening and care led to delayed

diagnoses and suboptimal management of existing
patients [12].

Gender and age-related disparities

Significant gender disparities existed in CKD burden.
Females showed higher incidence and prevalence rates,
while males exhibited higher mortality and DALYs rates.
This differential pattern may be attributed to the protec-
tive effects of estrogen versus the potentially detrimen-
tal impact of testosterone on renal function [13]. The
age-standardized nature of our analysis accounted for
differences in muscle mass and serum creatinine levels
between genders [14, 15].

Etiological analysis and regional variations

Major risk factors

Hypertension and DMT?2 emerged as primary CKD con-
tributors globally. With approximately 1.3 billion peo-
ple having hypertension and 537 million with diabetes
worldwide, these conditions represent critical targets for
CKD prevention [16, 17]. Population aging and lifestyle
factors (sedentary behavior, poor diet, obesity) contrib-
uted to the rising incidence of hypertension and DMT2
[16].

Unspecified causes: a growing concern

CKD due to other and unspecified causes constituted a
substantial portion of the global burden, particularly in
Central America and South Asia [18]. This category may
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include cases with unclear diagnoses, multiple coexisting
causes, and emerging regional conditions such as chronic
interstitial nephritis in agricultural communities [19].
The potential for misclassification bias necessitates cau-
tious interpretation and targeted research in high-preva-
lence regions.

Regional disease patterns

Sub-Saharan Africa showed high prevalence of CKD due
to glomerulonephritis (approximately 15.4%) [20], while
Latin American regions demonstrated elevated rates of
CKD due to other and unspecified causes. These patterns
reflected regional variations in environmental exposures,
genetic factors, and healthcare infrastructure.

Socioeconomic determinants and healthcare access

CKD incidence was positively correlated with SDI, while
mortality, DALYs, and prevalence negatively correlated
with development levels. High-income regions dem-
onstrated superior outcomes through early diagnosis,
standardized treatment protocols, and comprehensive
health interventions [21]. In contrast, resource-limited
settings faced challenges including insufficient health-
care infrastructure, limited access to renal replacement
therapy, and high out-of-pocket costs [22, 23]. The Neth-
erlands Kidney Foundation’s awareness campaigns dem-
onstrated that increased public awareness correlates
with higher CKD detection rates [24]. Similar initiatives
in other regions could improve early identification and
management.

Age-period-cohort analysis insights

APC analysis revealed increasing mortality risk over time
(net drift 0.3%), with distinct patterns across different
etiologies. CKD due to DMT1 showed a unique pattern
with peak mortality risk at 32.5-57.5 years, reflecting
its earlier onset compared to other causes. The analysis
also identified varying birth cohort effects, suggesting
the influence of generational exposures and healthcare
improvements.

Clinical and policy implications

Our findings support several key recommendations: (1)
Prevention Focus: Strengthen management of hyperten-
sion and diabetes through comprehensive primary care
programs. (2) Early Detection: Implement systematic
CKD screening in high-risk populations, particularly in
diabetes and hypertension patients. (3) Healthcare Infra-
structure: Enhance nephrology capacity in resource-lim-
ited settings, addressing the shortage of specialists (e.g.,
1.2 nephrologists per million population in South Asia
[25. (4) Research Priorities: Conduct targeted investiga-
tions in regions with high rates of unspecified CKD to
identify environmental and occupational risk factors. (5)
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Global Monitoring: Develop standardized surveillance
systems to improve data quality and reduce classification
uncertainties.

Future research directions

Future studies should focus on: (1) Investigating emerg-
ing risk factors including environmental pollution and
climate change; (2) Evaluating cost-effectiveness of inno-
vative interventions; (3) Addressing social determinants
of CKD disparities; (4) Developing region-specific pre-
vention strategies; (5) Improving diagnostic criteria and
classification systems for CKD due to other and unspeci-
fied causes.

Study limitations

This study utilized the comprehensive GBD 2021 data-
set covering 204 countries and territories, employed
standardized methodological frameworks, and used
advanced analytical methods (AAPC and APC analy-
sis) to capture complex temporal trends. Several limita-
tions merit consideration: (1) Heterogeneous data quality
across regions, particularly in low-income countries; (2)
Potential underestimation due to asymptomatic early-
stage disease; (3) Misclassification bias in the “unspeci-
fied causes” category.

Conclusions

The global burden of CKD continued to rise, driven by
population aging, increasing prevalence of risk fac-
tors, and improved case detection. While some regions
showed success in reducing CKD mortality, widening
disparities demand urgent attention. The predominance
of early-stage disease and modifiable risk factors offered
opportunities for prevention, but realizing this poten-
tial required sustained investment in healthcare sys-
tems, particularly in resource-limited settings. As CKD
emerged as a key challenge for global health, coordi-
nated efforts addressing both upstream risk factors and
downstream disease management would be essential for
reducing its growing burden.
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