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Korean chronic kidney disease (CKD) patients have relatively low cardiovascular disease (CVD) and 
high end stage kidney disease (ESKD) incidence rates. Using the multi-state model this study analyzed 
the 5- and 10-year cumulative hazard estimates, transition probabilities and risk factors associated 
with the five clinical transitions; ESKD, CVD, CVD to death, ESKD to death and death. CKD stages 
1–4 patients from the KoreaN Cohort Study for Outcome in Patients With Chronic Kidney Disease 
cohort were included.  Multivariable multi-state model analysis was performed to investigate the 
study outcomes associated with the five transitions. Among the 1502 patients (median age 54 years, 
male 61.3%), the overall prevalence of clinical events were: ESKD (22.6%), CVD (7.5%), death after 
ESKD (3.6%), death (3.3%) and death after CVD (1.2%). Patients who experienced intermediate ESKD 
event had higher risk of death than those who experienced CVD event (10-year cumulative hazard: 
0.35; 95% CI: 0.23, 0.48 vs. 0.27; 95% CI: 0.15, 0.40). The 10-year transition probability was highest 
for enrollment to ESKD (0.27; 95% CI: (0.23, 0.31)) followed by enrollment to CVD (0.08; 95% CI: 0.07, 
0.10). Different clinical risk factors were associated with each of the five transitions. Patients who 
experienced intermediate ESKD event were more exposed to death risk than those who experienced 
CVD and the highest 10-year progression probability was for enrollment to ESKD followed by death 
after ESKD. Different risk factors were associated with varying transitions. These findings correlate 
with the distinctive clinical features of Korean CKD patients.
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Patients with chronic kidney disease (CKD) have increased risks of cardiovascular disease (CVD) due to 
accelerated vascular calcification and myocardial fibrosis associated with chronic inflammation1. In the western 
CKD population, CVD is the leading cause of death rather than end stage kidney disease (ESKD) with high 
incidence of CVD events2–5. Korean CKD patients have distinctive differences in event outcomes compared to 
western patients where the CVD incidence is comparably lower, approximately 7% opposed to 33.4% from the 
Chronic Renal Insufficiency Cohort study, and that of ESKD is higher2,6,7.

Since the KoreaN Cohort Study for Outcome in Patients With Chronic Kidney Disease (KNOW-CKD) 
is a longitudinal study the enrolled patients are not only exposed to fatal events such as death, but also to 
intermediate non-fatal events such as CVD and ESKD8. Estimating the survival probability of CKD patients 
only with the information of whether the patient survived or are censored while ignoring intermediate events 
may lead to misleading results. In situations where intermediate events may occur during the patient’s disease 
pathway the multi-state model is used to analyze the effects of intermediate events on patient’s mortality by 
adding intermediate event states to the two-state model.
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It is important to investigate the progression probability and risk factors associated with various clinical 
events in CKD patients as early surveillance and individualized management of risk factors can reduce the 
overall morbidity and mortality. Also, it may give clues to the distinctive differences in clinical outcomes between 
Asian and western CKD patients. Therefore, multi-state model consisting of the five clinical event transitions, 
including CVD, ESKD, CVD to death, ESKD to death and death, was designed to more adequately explain 
the disease progression pathway of Korean CKD patients from the KNOW-CKD study. Using this multi-state 
model, this study compared the effects of ESKD or CVD event experience on patient’s death and analyzed the 
5- and 10-year cumulative hazard estimates, transition probabilities and clinical risk factors associated with the 
five clinical event transitions.

Materials and methods
Study design
The KNOW-CKD study includes Korean non-dialysis CKD patients from nine university hospital affiliated 
nephrology centers in Korea8. The study exclusion criteria include: 1) history of dialysis or organ transplantation, 
2) congestive heart failure (NYHA class 3 or 4), 3) liver cirrhosis (Child–Pugh class 2 or 3), 4) past or current 
history of cancer, 5) pregnant, or 6) single kidney due to trauma or kidney donation. The CKD subtypes 
were classified into four categories according to the cause of CKD: diabetes mellitus (DM), hypertension, 
glomerulonephritis and polycystic kidney disease.

Among the 2237 CKD patients between ages of 20 and 75, 100 patients with initial ESKD diagnosis and 389 
patients who dropped out within 6 months of study enrollment were excluded. Also, 246 patients were excluded 
due to unclassified CKD subtype (n=107), follow-up loss after CVD or ESKD event (n=25), missing information 
of study variables (n= 83) and study outcomes (n=31). Finally a total of 1502 patients were included for analysis 
(Fig. 1)

The KNOW-CKD study was conducted according to the principles of the Declaration of Helsinki and 
supervised by the Korea Disease Control and Prevention Agency. Written informed consents were obtained 
from all the participants. This study was approved by the Institutional Review Boards of all nine participating 
hospitals including Seoul National University Hospital in 2011.

Laboratory and clinical variables
Baseline laboratory measurements and clinical information were collected at the study entry. Baseline laboratory 
measurements included hemoglobin (Hb), blood urea nitrogen (BUN), creatinine, sodium, potassium, calcium, 
phosphorus, uric acid, fasting glucose, hemoglobin A1C (HbA1C), total cholesterol, high-density lipoprotein 
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), C-reactive protein (CRP), parathyroid 
hormone (PTH), fibroblast growth factor-23 (FGF-23) and spot urine protein-to-creatinine ratio. Serum 
creatinine was measured at one central laboratory (LabGenomics, Seongnam, Korea) using the isotope dilution 
mass spectrometry-traceable method for consistency. Estimated glomerular filtration rate (eGFR) was calculated 

Fig. 1.  Flow diagram of patient enrollment.
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using the 2009 Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation9. Serum 
c-terminal FGF-23 was measured using the enzyme-linked immunosorbent assay (ELISA) kit with the intraassay 
and interassay coefficients of variation of ≤ 2.4% and ≤ 4.7% (Immutopics, California, United States). Other 
laboratory examinations were conducted in each enrolled hospital laboratory.

Baseline clinical information including sociodemographic data, lifestyle patterns including smoking status 
(never, former, current), medical history and medication were collected using a self-reported questionnaire 
with the assistance of a trained staff in each participating hospital. Blood pressure was measured by the 
trained nurse using an electronic sphygmomanometer after 5 min of rest in sitting position. Hypertension was 
defined as: (a) systolic blood pressure (SBP) > 140 mmHg or diastolic blood pressure (DBP) > 90 mmHg or (b) 
previous hypertension diagnosis or (c) on antihypertensive medication. DM was defined as: (a) fasting serum 
glucose > 126 mg/dL or (b) previous DM diagnosis or (c) on antidiabetic medication.

Multi-state model
The multi-state model consisting of the five transitions is shown in Fig. 2. The five transitions were: enrollment to 
CVD (transition 1), enrollment to ESKD (transition 2), CVD to death (transition 3), ESKD to death (transition 
4) and enrollment to death (transition 5). The above five clinical hard outcomes were selected as these outcomes 
were particularly associated with increased morbidity and mortality risks in the CKD population. In cases 
where both CVD and ESKD intermediate events occurred, only the event which occurred first was considered 
in the current model. CVD event was defined as nonfatal CVD event including acute myocardial infarction, 
hospitalization for unstable angina or heart failure, receiving percutaneous coronary artery intervention or 
coronary bypass graft surgery, ischemic stroke, hemorrhagic stroke, carotid artery disease, peripheral artery 
disease, symptomatic arrhythmia or any other CVD event that required hospitalization or intervention. ESKD 
event was defined as the initiation of either dialysis or kidney transplantation. Death was defined was death from 
any cause. The proposed multi-state model with intermediate states can be interpreted as a competing risk model 
with six mutually exclusive competing risk pathways10.

Statistical analysis
For the analysis of baseline characteristics of study population, continuous variables were expressed as median 
and interquartile range. Categorical variables were expressed as frequencies and percentages.

In this study, it was assumed that the disease progression of a patient satisfies the Markov property where 
the transition of a patient from one state to another at the specified time since enrollment depends only on the 
state to which the patient belongs and does not depend on how long the patient stays in that state. In addition, 
the Cox proportional hazards model was employed to include the characteristics of patients in the multi-state 
model. Therefore, the rate of transition from state i to state j for a patient with covariate z(t) at time t(> 0) since 
enrollment can be written as follows:

	 λij(t |z(t) ) = λij0(t)exp(β′
ijz(t)), 

where λij0 (t) is an unspecified baseline rate of transition from state i to state j and βij  is a vector of regression 
coefficients indicating the extent to which the covariate z(t) affects the transition rate from state i to state j11. 
In long-term follow-up studies, there may be covariates that remain unchanged as well as those that may change 
with each monitoring period. When defining the model, these were expressed as time-dependent covariates, i.e., 
z(t). However, in this study, we conducted the analysis using the covariate values at the time of enrollment. First, 
the baseline transition rate included in the above model was estimated for each of the five transitions using the 
nonparametric method proposed by Nelson and Aalen11,12. Second, the Aalen-Johansen estimator was used to 

Fig. 2.  Multi-state model composed of five transitions.

 

Scientific Reports |         (2025) 15:8582 3| https://doi.org/10.1038/s41598-024-82426-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


estimate the probabilities of the transition state within a certain time since enrollment11. Third, univariable and 
multivariable multi-state model analyses were performed to test whether the effect of each predictor on each of 
the five transition rates was statistically significant and estimate the marginal effect of each variable on each of 
the five transitions. Finally, based on the results of the multivariable multi-state model, the 10-year transition 
probability of the five transitions were predicted. The mstate R package version 0.3.3 (July, 2024) was used for 
the statistical analyses in this study.

Results
Baseline characteristics of enrolled patients
During the median follow-up duration of 7.17 years, a total of 1502 patients (median age 54 years, male 61.3%) 
were included. The baseline characteristics of the enrolled patients are described in Table 1. The most common 
cause of CKD was glomerulonephritis (38%) followed by DM (23.7%), polycystic kidney disease (19.2%) and 
hypertension (19.1%).

Total (N = 1502)

Age, years 54 (45–63)

Male, n (%) 921 (61.3)

Body mass index, kg/m2 24.4 (22.3–26.4)*

Hemoglobin, g/dL 13 (11.6–14.5)

BUN, mg/dL 18 (14–25)

Creatinine, mg/dL 1.4 (1.0–2.0)

eGFRcreatinine, mL/min/1.73 m2 46.7 (30.5–70.8)

Sodium, mEq/L 141 (140–142)

Potassium, mEq/L 4.5 (4.2–4.9)

Calcium, mg/dL 9.5 (9.1–9.8)

Phosphorus, mg/dL 3.6 (3.2–4.0)

Uric acid, mg/dL 6.9 (5.6–8.1)

Parathyroid hormone, pg/dL 49.25 (33.6–75.1)

CRP, mg/dL 0.6 (0.2–1.6)

Fasting glucose, mg/dL 99 (92–111)

HbA1C, % 6.3 (5.6–7.4)

Total cholesterol, mg/dL 172 (147–198)

HDL-C, mg/dL 47 (39–59)

LDL-C, mg/dL 94 (74–115)

FGF-23, pg/mL 18.2 (1.3–31.9)

Spot urine protein-to-creatinine ratio, mg/mg 1.12 (0.01–16.75)

Systolic blood pressure, mmHg 126 (118–135)*

Diastolic blood pressure, mmHg 77 (70–84)

Comorbidities

  Hypertension, n (%) 1435 (95.5)

  Diabetes mellitus, n (%) 466 (31.0)

  Coronary artery disease, n (%) 94 (6.3)

  Chronic heart failure, n (%) 18 (1.2)

Smoking status, n (%)

  Current 240 (16.0)

  Former 471 (31.4)

  Never 791 (52.6)

CKD subtype, n (%)

  Diabetes mellitus 356 (23.7)

  Hypertension 287 (19.1)

  Glomerulonephritis 570 (38.0)

  Polycystic kidney disease 289 (19.2)

Table 1.  Baseline characteristics of the study population. *BUN = Blood urea nitrogen, CRP = C-reactive 
protein, eGFRcreatinine = Estimated glomerular filtration rate calculated using the 2009 CKD-EPI creatinine 
equation, HbA1C = Hemoglobin A1C, HDL-C = High-density lipoprotein cholesterol, LDL-C = Low-density 
lipoprotein cholesterol, FGF-23 = Fibroblast growth factor-23, CKD = Chronic kidney disease.
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Prevalence of the clinical transition events according to CKD subtype
The majority of enrolled patients experienced no event (61.8%) followed by ESKD (22.6%), CVD (7.5%), death 
after ESKD (3.6%), death (3.3%) and death after CVD (1.2%). According to the CKD subtype, the most common 
event experienced by diabetic nephropathy patients was ESKD (37.9%) followed by no event (33.7%) and CVD 
(12.4%). For hypertensive, glomerulonephritis and polycystic kidney disease patients, the highest number of 
patients experienced no event followed by ESKD and CVD (Table 2).

Estimation of cumulative hazards of the five transitions
Both the 5- and 10-year cumulative hazards of transition 2 (enrollment to ESKD) (5-year: 0.21; 95% CI: 0.19, 
0.24, 10-year: 0.43; 95% CI: 0.37, 0.49) was highest followed by transition 4 (ESKD to death) (5-year: 0.20; 95% 
CI: 0.09, 0.31, 10-year: 0.35; 95% CI: 0.23, 0.48). Also, the 5- and 10-year cumulative hazards for both transitions 
3 (CVD to death) (5-year: 0.19; 95% CI: 0.09, 0.30, 10-year: 0.27; 95% CI: 0.15, 0.40) and 4 (ESKD to death) were 
higher than that of transition 5 (enrollment to death) (5-year: 0.03; 95% CI: 0.02, 0.04, 10-year: 0.05; 95% CI: 
0.03, 0.06). Therefore, the patients who experienced either CVD or ESKD intermediate events were exposed to 
higher risk of death than those who did not. The 5-year cumulative hazard estimates were similar for transitions 
3 (CVD to death) and 4 (ESKD to death). However, the 10-year cumulative hazard estimate was approximately 
1.3 fold higher in transition 4 showing that the subjects who experienced intermediate ESKD event were exposed 
to higher risk of death than those who experienced CVD event at 10 years (Fig. 3).

Transition probabilities of the five transitions
Similar trends of transition probabilities were observed at both 5 and 10 years with the highest being transition 2 
(enrollment to ESKD) followed by transition 4 (ESKD to death). The 5-year transition probability was highest in 
transition 2 (enrollment to ESKD) (0.16; 95% CI: 0.15, 0.18) followed by transition 1 (enrollment to CVD) (0.06; 
95% CI: 0.04, 0.07), transition 4 (ESKD to death) (0.02; 95% CI: 0.01, 0.02), transition 5 (enrollment to death) 
(0.02; 95% CI: 0.02, 0.03) and transition 3 (CVD to death) (0.01; 95% CI: 0.00, 0.01). The 10-year transition 
probability was also highest in transition 2 (0.27; 95% CI: 0.23, 0.31) followed by transition 1 (0.08; 95% CI: 0.07, 
0.10), transition 4 (0.05; 95% CI: 0.03, 0.06), transition 5 (0.04; 95% CI: 0.03, 0.05) and transition 3 (0.01; 95% 
CI: 0.01, 0.02) (Fig. 4).

Fig. 3.  Cumulative hazards of the five transitions.

 

No event CVD ESKD Death Death after CVD Death after ESKD Total

Total, n (%) 929 (61.8) 112 (7.5) 340 (22.6) 50 (3.3) 18 (1.2) 53 (3.6) 1502 (100)

Diabetes mellitus, n (%) 120 (33.7) 44 (12.4) 135 (37.9) 19 (5.3) 11 (3.1) 27 (7.6) 356 (23.7)

Hypertension, n (%) 184 (64.1) 28 (9.8) 51 (17.8) 14 (4.9) 3 (1.0) 7 (2.4) 287 (19.1)

Glomerulonephritis, n (%) 418 (73.3) 23 (4.0) 107 (18.8) 6 (1.1) 4 (0.7) 12 (2.1) 570 (38.0)

Polycystic kidney disease, n (%) 207 (71.6) 17 (5.9) 47 (16.3) 11 (3.8) 0 (0) 7 (2.4) 289 (19.2)

Table 2.  Prevalence of the clinical transition events according to CKD subtype. *CVD = Cardiovascular 
disease, ESKD = End stage kidney disease.
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In comparison of the transition probabilities according to the baseline CKD stages (1, 2, 3a vs. 3b, 4) similar 
trends were observed as the overall analysis, but the transition probabilities for each clinical transitions were 
higher in the higher baseline CKD stage group (Supplementary Fig. 1).

Risk factors associated with each of the five transitions
The Cox proportional hazard models were used to analyze the various clinical risk factors associated with the five 
transitions. (Tables 3 and 4). The reference group for smoking status was never-smokers and that for the CKD 
subtype was glomerulonephritis. Both CRP and FGF-23 were transformed into log[(FGF-23) + 1] and log(CRP) 
as the distributions were highly skewed. There was no polycystic kidney disease patient who experienced 
transition 3. Therefore, the values corresponding to this are missing in both univariable and multivariable 
analysis.

Different clinical variables were associated with different transition states in both univariable and multivariable 
analysis. In the multivariable analysis, transition 1 (enrollment to CVD) was associated with older age (HR: 1.07; 
95% CI: 1.05, 1.09), male (HR: 1.71; 95% CI: 1.17, 2.50), eGFRcreatinine (HR: 0.99; 95% CI: 0.98, 0.99), CRP 
(HR: 1.13; 95% CI: 1.00, 1.28), proteinuria (HR: 1.15; 95% CI: 1.06, 1.25), current or former smoking status (HR: 
1.58; 95% CI: 1.12,2.24) and CVD history (HR: 4.56; 95% CI: 3.04, 6.84). In comparison to glomerulonephritis, 
diabetic nephropathy (HR: 4.71; 95% CI: 2.97, 7.49) and hypertensive nephropathy (HR: 1.20; 95% CI: 1.41, 
3.97) were associated with increased transition risks. For transition 2 (enrollment to ESKD) older age (HR: 1.02; 
95% CI: 1.01, 1.02), higher systolic blood pressure (HR: 1.02; 95% CI: 1.01, 1.03), eGFRcreatinine (HR: 0.92; 95% 
CI: 0.91, 0.93), FGF-23 (HR: 1.42; 95% CI: 1.32, 1.53), CRP (HR: 1.09; 95% CI: 1.01, 1.17), proteinuria (HR: 1.41; 
95% CI: 1.36, 1.46), current or former smoking status (HR: 1.27; 95% CI: 1.04, 1.54), CVD history (HR: 1.84; 
95% CI: 1.33, 2.54) and diabetic nephropathy (HR: 3.53; 95% CI: 2.78, 4.48) were associated with transition risk. 
For transition 3 (CVD to death) only increased age (HR: 1.10; 95% CI: 1.02, 1.18) was associated with increased 
risk and for transition 4 (ESKD to death) older age (HR: 1.12; 95% CI: 1.08, 1.16), higher CRP (HR: 1.24; 95% 
CI: 1.02, 1.50) and CVD history (HR: 2.69; 95% CI: 1.37, 5.26) were associated with increased transition risk. 
Finally, for transition 5 (enrollment to death) older age (HR: 1.06; 95% CI: 1.04, 1.09), male (HR: 2.18; 95% CI: 
1.14, 4.16), higher systolic blood pressure (HR: 1.03; 95% CI: 1.01, 1.04), eGFRcreatinine (HR: 0.98; 95% CI: 
0.97, 0.99), FGF-23 (HR: 1.25; 95% CI: 1.02, 1.52), CRP (HR: 1.22; 95% CI: 1.01, 1.48), proteinuria (HR: 1.28; 
95% CI: 1.15, 1.43), current or former smoking status (HR: 1.97; 95% CI: 1.11, 3.49) and CVD history (HR: 4.33; 
95% CI: 2.21, 8.49) were associated with transition risk. Also, in comparison to glomerulonephritis, diabetic 
nephropathy (HR: 7.79; 95% CI: 3.10, 19.56), hypertensive nephropathy (HR: 4.83; 95% CI: 1.29, 9.47) and PKD 
(HR: 4.43; 95% CI: 1.60, 12.25) were all associated with higher risks for enrollment to death transition.

Discussion
During the median follow-up duration of 7.17 years, 61.8% of Korean CKD patients did not experience any 
clinical event followed by 22.6% of patients who only experienced ESKD event. Both 5- and 10-year cumulative 
hazard estimates and transition probabilities were highest in transition 2 (enrollment to ESKD). This finding 
correlates with that of previous studies where the incidence rate of ESKD was higher and that of CVD was 
relatively lower in Asian CKD patients compared to the western patients6,7,13.

Both the 5- and 10-year cumulative hazard estimates of transitions 3 (CVD to death) and 4 (ESKD to 
death) were higher than that of transition 5 (enrollment to death) meaning that the patients who experienced 
intermediate events had increased risk of death than those who didn’t. In comparison of the cumulative hazard 
estimates of transitions 3 and 4, patients experienced intermediate ESKD event were exposed to a higher risk 

Fig. 4.  Transition probability of the five transitions.
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of death than those who experienced intermediate CVD event. A previous study which analyzed the mortality 
causes in Korean CKD patients showed that the most common cause was kidney-related disease followed by 
DM-related and CVD-related14. Asian CKD patients tend to experience more rapid kidney function decline 
compared to the western patients possibly due to higher prevalence of comorbid metabolic complications 
including anemia, hypoalbuminemia, hyperparathyroidism, hyperphosphatemia and hypocalcemia.15,16 Also, 
the differences in susceptibility of CVD event, traditional cardiovascular risk factors and lifestyle patterns may 
be associated with low risk of CVD and CVD-associated death in Asian CKD patients7,17–19. These factors may 
have attributed to the relatively higher risk of death in Korean CKD patients who experienced intermediate 
ESKD event compared to those who experienced CVD event.

The 5- and 10-year transition probabilities of the five clinical transitions states were similar with the highest 
being transition 2 (enrollment to ESKD) followed by transition 1 (enrollment to CVD). In particular, in 
comparison to the 5-year transition probability, the 10-year transition probabilities for transition 4 (ESKD to 
death) was 2.5 fold higher, that of transition 5 (enrollment to death) was twofold higher and that of transition 
2 (enrollment to EKSD) was 1.6 fold higher meaning that the risk of ESKD and death was highly increased at 
relatively 10 years. On the contrary, the 10-year transition probabilities for transitions 1 (enrollment to CVD) 
and 3 (CVD to death) were relatively stable compared to that of 5-years. Also, since the cause of CKD is an 
important predictor of clinical outcomes, subgroup analysis of transition probabilities according to the CKD 
subtype was conducted (Supplementary Fig. 2). Similar patterns observed in all CKD subtypes compared to that 
of the overall CKD population. However, the 10-year transition probabilities for both transitions 1 (enrollment 
to CVD) and 2 (enrollment to ESKD) were particularly high in the diabetic nephropathy subtype. As diabetic 
nephropathy is the leading cause of CKD and diabetic nephropathy patients are likely to have other metabolic 
comorbidities, including obesity and dyslipidemia, the probability that the patient will experience ESKD and 
CVD event will be higher than the other CKD subtypes. 20,21 Also, the 10-year transition probabilities for both 
transitions 2 (enrollment to EKSD), 4 (ESKD to death) and 5 (enrollment to death) were particularly high in the 
PKD subtype as PKD patients generally experience more rapid kidney function decline and are at higher risk 
of experiencing fatal events associated with cyst infection and hemorrhage complications. 22,23 Therefore, CKD 
patients need different risk management and prediction strategies at different sites of the disease progression 
timeline and the cause of CKD is important in predicting the disease course that the patient will experience.

Variable

Transition 1
(Enrollment to 
CVD)

Transition 2
(Enrollment to 
ESKD)

Transition 3
(CVD to death)

Transition 4
(ESKD to death)

Transition 5
(Enrollment to 
death)

HR
(95% CI) p

HR
(95% CI) p

HR
(95% CI) p

HR
(95% CI) p

HR
(95% CI) p

Age 1.07
(1.05, 1.09)  < 0.001 1.02

(1.01, 1.02)  < 0.001 1.120
(1.02, 1.18) 0.017 1.12

(1.08, 1.16)  < 0.001 1.06
(1.04, 1.09)  < 0.001

Male
(Reference: female)

1.71
(1.17, 2.50) 0.006 1.15

(0.94, 1.41) 0.183 1.04
(0.34, 3.21) 0.951 1.56

(0.85, 2.88) 0.152 2.18
(1.14, 4.16) 0.019

BMI 1.00
(0.95, 1.05) 0.960 1.01

(0.98, 1.04) 0.416 0.92
(0.78, 1.08) 0.312 0.99

(0.91, 1.07) 0.726 0.98
(0.9, 1.07) 0.646

SBP 1.01
(1.00, 1.02) 0.134 1.02

(1.01, 1.03)  < 0.001 1.00
(0.98, 1.02) 0.830 0.99

(0.97, 1.01) 0.172 1.03
(1.01, 1.04) 0.003

eGFRcreatinine
(per 10 ml/min/1.73m2 increment)

0.99
(0.98, 0.99)  < 0.001 0.92

(0.91, 0.93)  < 0.001 0.98
(0.96, 1.01) 0.246 0.98

(0.96, 1.01) 0.246 0.98
(0.97, 0.99) 0.001

log(FGF-23 + 1) 1.07
(0.95, 1.20) 0.253 1.42

(1.31, 1.53)  < 0.001 0.94
(0.70, 1.27) 0.693 0.93

(0.77, 1.13) 0.464 1.25
(1.02, 1.52) 0.032

log(CRP) 1.13
(1.00, 1.28) 0.044 1.09

(1.01, 1.17) 0.022 0.92
(0.65, 1.31) 0.653 1.24

(1.02, 1.50) 0.028 1.22
(1.01, 1.48) 0.040

Spot protein-to-creatinine ratio 1.15
(1.06, 1.25)  < 0.001 1.41

(1.36, 1.46)  < 0.001 1.06
(0.87, 1.30) 0.567 0.88

(0.77, 1.00) 0.057 1.28
(1.15, 1.43)  < 0.001

Current or former
smoker
(Reference: never)

1.58
(1.12, 2.24) 0.010 1.27

(1.04, 1.54) 0.020 1.03
(0.40, 2.67) 0.951 1.24

(0.72, 2.14) 0.444 1.97
(1.11, 3.49) 0.020

Cardiovascular
disease history

4.56
(3.04, 6.84)  < 0.001 1.84

(1.33, 2.54)  < 0.001 2.69
(1.37, 5.26) 0.004 2.69

(1.37, 5.26) 0.004 4.33
(2.21, 8.49)  < 0.001

CKD subtype
(Reference: GN)

  Diabetes mellitus 4.71
(2.97, 7.49)  < 0.001 3.53

(2.78, 4.48)  < 0.001 1.97
(0.61, 6.31) 0.257 1.47

(0.74, 2.92) 0.274 7.79
(3.10, 19.6)  < 0.001

  Hypertension 2.37
(1.41, 3.97) 0.001 1.02

(0.74, 1.39) 0.912 1.02
(0.23, 4.59) 0.977 1.18

(0.47, 3.01) 0.725 4.83
(1.85, 12.56) 0.001

  Polycystic kidney disease 1.20
(0.66, 2.21) 0.551 0.85

(0.62, 1.18) 0.329 - ** - ** 1.40
(0.55, 3.59) 0.479 3.50

(1.29, 9.47) 0.014

Table 3.  Univariable analysis of variables associated with each transition. *HR = Hazard ratio, CI = Confidence 
interval, BMI = Body mass index, SBP = Systolic blood pressure, eGFRcreatinine = Estimated glomerular 
filtration rate calculated using the 2009 CKD-EPI creatinine equation, FGF-23 = Fibroblast growth factor-23, 
CRP = C-reactive protein, GN = Glomerulonephritis. **No polycystic kidney disease patient in Transition 3.
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Different risk factors were associated with each clinical transition. In particular, variables associated with 
ESKD, which are of particular importance in Korean CKD patients, were older age, higher SBP, CRP, FGF-23 and 
proteinuria levels, current or former smoking status, CVD history and diabetic nephropathy. For ESKD to death, 
older age, higher CRP level and CVD history were associated with increased risks. As older age was significantly 
associated with increased risks in all five transitions it may be one of the most important risk factors associated 
with clinical outcomes. Different clinical risk factors including age, CVD history and CKD subtype must be 
carefully evaluated in stratifying clinical event and outcome risks in CKD patients.

To our knowledge, this is the first study to incorporate multi-state model in a large CKD cohort to analyze 
the crude hazard estimate and transitional probability of the five transition states in the CKD patient’s disease 
progression pathway. Through our proposed model, we were able to eliminate the bias that could be produced by 
disregarding intermediate events when predicting the survival function of CKD patients and predict the patient-
specific transition probability at any state of time since enrollment. Also, the relatively proportionate number 
of patients in each CKD subgroup allowed accurate statistical analysis. The limitations of this study include the 
relatively small number of CVD events compared to other large CKD cohort studies and that the results of this 
study may be limited to that of the Korean CKD population4,24. However, as the overall CVD incidence is similar 
to that of other Asian CKD cohort studies and the results of this study consistently show low crude hazard 
estimate and transition probability of CVD risks, this finding may be a distinctive clinical characteristic of Asian 
CKD patients7,13,25. Also, the intermediate events, CVD and ESKD, are mutually transitional; however, as shown 
in Fig. 2, the relevant transitions were not incorporated into the model as although there were 33 patients who 
experienced ESKD event after CVD event there was no patient who experienced CVD event after ESKD event. 
Therefore, the regression parameters for the corresponding transitions could not be calculated.

In conclusion, Korean CKD patients showed distinctive clinical characteristic where the risk of ESKD was 
highest and those who experienced intermediate ESKD event were exposed to a higher risk of death than those 
who experienced CVD. Also, the highest 5- and 10-year progression probability was ESKD followed by ESKD 
to death and varying risk factors were associated with each clinical transition state. Therefore, individualized 
clinical event risk management and prediction are needed at different timeline of the patient’s disease progression 
pathway. Also, various clinical variables must be taken into account for accurate outcome risk assessment.

Variable

Transition 1
(Enrollment to 
CVD)

Transition 2
(Enrollment to ESKD)

Transition 3
(CVD to death)

Transition 4
(ESKD to death)

Transition 5
(Enrollment to 
death)

HR
(95% CI) p

HR
(95% CI) p

HR
(95% CI) p

HR
(95% CI) p

HR
(95% CI) p

Age 1.07
(1.05, 1.09)  < 0.001 1.02

(1.01, 1.02)  < 0.001 1.10
(1.02, 1.18) 0.017 1.12

(1.08, 1.16)  < 0.001 1.06
(1.04, 1.09)  < 0.001

Male
(Reference: female)

1.71
(1.17, 2.50) 0.006 1.15

(0.94, 1.41) 0.183 1.04
(0.34, 3.21) 0.948 1.56

(0.85, 2.88) 0.154 2.18
(1.14, 4.16) 0.019

BMI 1
(0.95, 1.05) 0.96 1.01

(0.98, 1.04) 0.416 0.92
(0.78, 1.08) 0.312 0.99

(0.91, 1.07) 0.726 0.98
(0.90, 1.07) 0.646

SBP 1.01
(1.00, 1.02) 0.134 1.02

(1.01, 1.03)  < 0.001 1.00
(0.97, 1.04) 0.781 0.99

(0.97, 1.01) 0.172 1.03
(1.01, 1.04) 0.003

eGFRcreatinine
(per 10 ml/min/1.73m2 increment)

0.99
(0.98, 0.99)  < 0.001 0.92

(0.91, 0.93)  < 0.001 1.00
(0.98, 1.02) 0.83 0.98

(0.96, 1.01) 0.246 0.98
(0.97, 0.99) 0.001

log(FGF-23 + 1) 1.07
(0.95, 1.20) 0.253 1.42

(1.32, 1.53)  < 0.001 0.94
(0.70, 1.27) 0.693 0.93

(0.77, 1.13) 0.464 1.25
(1.02, 1.52) 0.032

log(CRP) 1.13
(1.00, 1.28) 0.044 1.09

(1.01, 1.17) 0.022 0.92
(0.65, 1.31) 0.653 1.24

(1.02, 1.50) 0.028 1.22
(1.01, 1.48) 0.04

Spot protein-to-creatinine ratio 1.15
(1.06, 1.25) 0.001 1.41 (1.36, 1.46)  < 0.001 1.06

(0.87, 1.30) 0.567 0.88
(0.77, 1.00) 0.057 1.28

(1.15, 1.43)  < 0.001

Current or former
smoker
(Reference: never)

1.58
(1.12, 2.24) 0.01 1.27

(1.04, 1.54) 0.002 1.03
(0.40, 2.67) 0.951 1.24

(0.72, 2.14) 0.444 1.97
(1.11, 3.49) 0.02

Cardiovascular
disease history

4.56
(3.04, 6.84)  < 0.001 1.84

(1.33, 2.54)  < 0.001 1.06
(0.38, 2.99) 0.907 2.69

(1.37, 5.26) 0.004 4.33
(2.21, 8.49)  < 0.001

CKD subtype
(Reference: GN)

  Diabetes mellitus 4.71
(2.97, 7.49)  < 0.001 3.53

(2.78, 4.48)  < 0.001 1.34
(0.42, 4.24) 0.623 1.47

(0.74, 2.92) 0.274 7.79
(3.10, 19.56)  < 0.001

  Hypertension 2.37
(1.41, 3.97)  < 0.001 1.02

(0.74, 1.39) 0.912 0.669
(0.15, 3.07) 0.622 1.18

(0.47, 3.01) 0.725 4.83
(1.29, 9.47) 0.014

  Polycystic kidney disease 1.2
(0.66, 2.21) 0.551 0.85

(0.62, 1.18) 0.329 - ** - ** 1.40
(0.55, 3.59) 0.479 4.43

(1.60, 12.25) 0.004

Table 4.  Multivariable analysis of variables associated with each transition. *HR = Hazard ratio, 
CI = Confidence interval, BMI = Body mass index, SBP = Systolic blood pressure, eGFRcreatinine = Estimated 
glomerular filtration rate calculated using the 2009 CKD-EPI creatinine equation, FGF-23 = Fibroblast growth 
factor-23, CRP = C-reactive protein, GN = Glomerulonephritis. **No polycystic kidney disease patient in 
Transition 3.
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Data availability
The data used in this study are available from the KNOW-CKD investigator team upon reasonable request. For 
data requirement, please contact Kook-Hwan Oh (khoh@snu.ac.kr), the head of KNOW-CKD investigator team.
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