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         Abstract 

Background and objectives 

Chronic kidney disease (CKD) is a major noncommunicable disease and has become a 

global public health problem with an increasing prevalence. Caring for patients with 

CKD has been shown to present financial and medical burdens owing to high mortality 

and morbidity. In 2014, Taiwan has the highest incidence and prevalence of end-stage 

renal disease, requiring renal replacement therapy. CKD may contribute to this burden. 

However, the current data on the epidemiologic features of CKD in Taiwan are 

incomplete. Therefore, we designed this study to elucidate the epidemiologic pictures of 

CKD, the risk factors for CKD progression and the annual transition rate between CKD 

stages.   

 

Materials and Methods 

Subjects from Keelung Community-based Integrated Screening (KCIS) Program were 

enrolled since 1999 to 2009. We reported prevalence and incidence rate of CKD stages 

and tried to estimate the risk factors for CKD state transition using accelerated failure 

time model. The initiator and progressor were defined as the factor affecting the eGFR 

from eGFR ≥60 to 59–30 and from eGFR 59–30 to <30 mL/min/1 respectively. 

Moreover, a five-state Markov process was used to describe the Clinical history of CKD 

stages (state 1: eGFR ≥60 mL/min/1.73 m2, state 2: eGFR 59–30 mL/min/1.73 m2, 

state 3: eGFR <30 mL/min/1.73 m2, state 4; Receiving dialysis, and state 5: all-cause 

death).  
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Results  

Part I: The prevalence and incidence of CKD stages  

The participants’ mean age was 47.7 ± 15.4 years. The estimated prevalence was 

15.46% for total CKD and 9.06% for CKD stages 3–5. The incidence was 27.21/1000 

person-years (PY) for total CKD and 16.89/1000-PY for CKD stages 3–5. Older 

patients, males, and those patients with comorbidities of diabetes mellitus (DM), 

hypertension, and metabolic syndrome (MetS) exhibited higher prevalence and 

incidence rates than their opposing counterparts. Moreover, the average dwelling time 

(ADT) of CKD stages 3–5 was 5.37 years (95% confidence interval (CI): 5.17–5.57). 

Males and those with comorbidities of DM or MetS had shorter ADTs in CKD stages 

3–5 than their opposing counterparts.  

 

Part II: The independent initiators and progressors of CKD 

The independent initiators of CKD were old age (HR, 1.08; 95% CI, 1.07–1.09), 

diabetes (HR, 1.49; 95%CI, 1.23–1.81), metabolic syndrome scores (HR, 1.13; 95%CI, 

1.08–1.19), proteinuria (HR, 1.16; 95%CI, 1.10–1.22), hyperuricemia (HR, 1.12; 

95%CI, 1.08–1.17), higher low-density lipoprotein level (HR, 1.15; 95%CI, 1.02–1.30), 

and low eGFR level  (HR, 0.94; 95%CI, 0.93–0.95). The independent progressors of 

CKD were coronary artery disease (HR, 1.57; 95%CI, 1.04–2.36), metabolic syndrome 

scores (HR, 1.31; 95%CI, 1.12–1.53), proteinuria (HR, 1.48; 95%CI, 1.31–1.67), 

hyperuricemia (HR, 1.11; 95%CI, 1.02–1.22), low hemoglobin level (HR, 0.84; 95%CI, 

0.75–0.95), and low eGFR level (HR, 0.89; 95%CI, 0.87–0.91). Furthermore, two risk 

prediction functions were also built for the absolute risk prediction of CKD state 

transition. 
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Part III: The stochastic Markov model of CKD  

The annual progression rate was 0.0169 (95% CI, 0.0164–0.0173) from eGFR ≥60 to 

59-30 mL/min/1.73m2, was 0.0259 (95%CI, 0.0240–0.0278) form eGFR 59-30 to <30 

mL/min/1.73m2, was 0.0988 (95% CI, 0.0902–0.1075) from eGFR <30 mL/min/1.73m2 

to dialysis. The man had higher progression rate for the movement from eGFR ≥60 to 

eGFR 59–30 mL/min/1.73m2 than the woman. The ADT of eGFR 59–30 

mL/min/1.73m2 (CKD stage 3)was 5.48 years (95%CI, 5.62–6.07) and was 2.99 years 

(95%CI, 2.77–3.25) for eGFR <30 mL/min/1.73m2 (CKD stages 4–5). The ADT varied 

by age, gender and comorbidities.  

 

Conclusion  

The prevalence and incidence of CKD in Taiwan are high. We ascertained the 

independent initiators and progressors of CKD in our study. The results are useful to 

understand the association between factors and the state transition of CKD, which can 

be beneficial for developing specialized CKD care programs for the risky population. 

Also, *hese two prediction functions can be easily integrated into the reporting system to 

early alert the physician) to transfer the risky patients to receive a nephrologist-based 

multidisciplinary care. Moreover, the ADT in CKD can be used as an indicator for 

evaluating the CKD policy.  Finally, a stochastic mode of CKD was successfully 

established to elucidate the approximated natural history of CKD in Taiwan, which this 

can offer an updated understanding of the CKD progression and also can be applied to 

the cost-effectiveness analysis of CKD intervention. 
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Chapter 1  Introduction 

1.1 Background  

Chronic kidney disease (CKD) is a major noncommunicable disease and has become 

increasingly prevalent and has emerged as a global public health problem with a high 

prevalence ranging from 10% to 15%. Caring for patients with CKD presents a financial 

and medical burden due to their higher risks of morbidity and mortality [1-4], and CKD 

can also progress to end-stage renal disease (ESRD) with requiring renal replacement 

therapy (RRT) to sustain life. In 2014, Taiwan had the highest incidence (0.455/1000 

person-year) and prevalence (0.32%) of ESRD with RRT based on an international 

comparison of data from the US Renal Data system [5]. Therefore, a better 

understanding in the epidemiologic features of CKD is necessary for arranging the 

healthy policy to impede its progression to ESRD. CKD is thought to be a progressive 

disease, and the early identification of risk factors for progression is the primary focus 

of current guidelines [6, 7]. 

     Late referral to nephrologists is associated with poor outcomes and increased 

mortality and morbidity [8-10], whereas early referral to nephrology departments allows 

sufficient pre-dialysis education, which can delay the initiation of dialysis and improve 

mortality rates [11, 12]. A cooperative intervention with nephrologist-based 

multidisciplinary care (MDC) was developed to improve positive attitudes toward 

disease management among patients with CKD. This level of care has a substantial 

influence on mortality and morbidity and delays entry into hemodialysis [13-15]. 

Accordingly, a unique protocol to standardize and regulate pre-ESRD care has been 

established as a part of the medical system in Taiwan, and all medical costs are covered 

by the National Health Insurance (NHI). Specifically, Chen et al. showed improved 



doi:10.6342/NTU201900529

  

 2 

survival rates, control of mineral bone disease, and slower declines of renal function in 

patients with CKD receiving MDC in Taiwan [13]. Therefore, early identifying the 

risky population to CKD is beneficent for CKD management.  

      The prevalence of CKD stages 1–5 is 11.9%, 11.3%–13%, 11%, 12.9%, and 

10.2% in Taiwan [16], China [17, 18], the USA [19], Japan [20], and Europe [21], 

respectively. The medical burden of CKD has been addressed by collaborative 

intervention using nephrologist-based multidisciplinary care to facilitate positive 

attitudes toward disease management and improve the clinical outcomes of patients with 

CKD [15]. CKD stages 3–5, which is defined as moderate to advanced CKD, represents 

the major clinical burden of CKD [16], occurring in 6.9%–9.8%, 3.2%, 4.4%, 10.6%–

15%, and 11.2% of all individuals in Taiwan [1, 16, 22], China [23], the USA [19], 

Japan [20, 24], and Australia [25], respectively. 

     However, the current data on the epidemiologic features of CKD in Taiwan, 

including the prevalence, incidence, and transition rate between CKD stages (natural 

history of CKD progression), are incomplete.  

  

1.2 Study Aims 

The prevalence, incidence, and averaged time dwelling in CKD 

Because of the incomplete data of epidemiologic CKD, the aim of part I study was to 

use a large population-based screening sample to estimate the prevalence and incidence 

of CKD at stages 3–5 in Taiwan using the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) formula.  Based on the estimated prevalence and incidence, 

we further derived the average dwelling time (ADT) in main clinical burden of CKD 

(stages 3–5) by using the ratio of the two estimates to elucidate the disease course by 
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the demographic characteristics of Taiwan community population.  The results can add 

to the literature concerning the prevalence and incidence of CKD stages in Taiwan, 

providing a reference for policymakers when establishing medical programs for CKD 

management. 

 

 

The risk factors associated with the evolution of CKD  

Knowing the information about the factors associated with the multi-state transition of 

CKD is important for individually tailored care programs. Therefore, in the part II study, 

we aimed to use longitudinal follow-up data from a large population-based screening 

program to elucidate the influencing clinical factors in a three-state transition model of 

CKD, which included initiators and progressors. We used two accelerated failure time 

regression models with interval censoring to elucidate the influencing clinical 

determinants associated with the progression from those with eGFR ≥60 to eGFR 59–

30 mL/min/1.73 m2 (initiation of CKD) and from those with eGFR 59–30 to eGFR <30 

mL/min/1.73 m2 (progression of CKD) based on the Keelung Community-based cohort 

study. The results gives the clues on the initiators and progressors through the course of 

CKD evolution. Moreover, two risk prediction functions were also developed for 

predicting the probability of CKD state transition in order to identify the risky person 

and early transfer them to receive the nephrologist-based MDC. 
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Stochastic multi-state Markov transition model of CKD 

After taking into consideration the continuous process of CKD evolution through 

the stages of eGFR change, a stochastic model that describes the process of CKD 

including the states of eGFR ≥60 mL/min/1.73 m2, eGFR 59–30 mL/min/1.73 m2, 

eGFR <30 mL/min/1.73 m2, dialysis, and death was proposed. Based on the 

proposed five-state Markov model, the state-specific dwelling time and the effect 

of clinical determinant associated with the initiation and the progression of CKD 

was assessed. The dynamic change on the risk of CKD states for the study 

population was further developed. 
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Chapter 2  Literature Review  

2.1 The epidemiologic features of CKD in Taiwan  

The prevalence of CKD in stages 1–5 is reported as 9.8–11.9% in Taiwan [3]. The 

participants ( n= 6001) over 20 years-old were recruited in a nationwide, randomized, 

stratified survey for hypertension, hyperglycemia and hyperlipidemia by Hsu et al., 

which reported a prevalence rate of 9.8% for CKD stage 1–5 and 6.9% for CKD stage 

3–5 [26]. A large database (n=462293) from a cohort of commercial health examination 

reported an overall prevalence of 11.9% of CKD stage 1–5 of which the prevalence was 

1.0% for stage 1, 3.8% for stage 2, 6.8% for stage 3, 0.2% for stage 4 and 0.1% for 

stage 5 by Wen et al. [16]. Moreover, another survey from the dataset of National 

Health Insurance (NHI) using disease code analysis by Kou et al. reported the 

prevalence of clinically recognized CKD as 9.83% [22].  

      However, only one study, conducted by Kuo et al., has assessed the overall 

incidence of clinically detectable CKD (approximately equivalent to CKD stages 3–5 

[27]), reporting an incidence of 13.5/1000 person-years (PY) from 1997 to 2003 based 

on data from Taiwan’s NHI system [22]. However, assessing clinically detectable CKD 

only may underestimate the true incidence of CKD because patients with early CKD 

may not exhibit any clinical symptoms and medical data from the NHI are not classified 

into CKD stages, which could introduce coding bias.    

    Moreover, the estimated glomerular filtration rate (eGFR) has become a standard 

method of evaluating CKD and is assessed using the diagnostic criteria and 

classifications proposed by the National Kidney Foundation in the US [6]. The 

modification of Diet in Renal Disease (MDRD) equation has been widely used to 
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calculate eGFR. All the epidemiologic studies about CKD in Taiwan adopted MDRD to 

calculate the eGFR.  However, the precision of the MDRD decreases when the GFR is 

>60 or <20 mL/min/1.73 m2 [28, 29]. Accordingly, the CKD-EPI formula was 

developed to offer a more accurate estimation of eGFR [30, 31]. 

     A lower awareness rate of CKD was reported by Hsu et al., which 8% for CKD 

stage 3, 25% for CKD stage 4 and 71.4% for CKD stage 5 [1]. Moreover, Wen et al. 

had reported a 3.5 % of awareness in CKD stages 1-5, of which was 2.66% for stage 1, 

2.68% for stage 2, 4.10% for stage 3, 23.67% for stage 4 and 52.40% for stage 5 [16]. 

These raise the crucial need for the promotion of CKD education for general population. 

Moreover, continuing medical education is needed for each level of medical physician 

to learn the new concept of CKD definition and how to provide the ideal care for this 

rapidly growing population of CKD.  

      Taiwan has the highest incidence and prevalence of ESRD needing dialysis [5]. 

Approximately half of the incidence of dialysis cases were the elderly and diabetic cases 

constitute approximately 40% of the incidence of dialysis cases [32]. There are some 

possible explanations for this burden. First, the high prevalence and incidence of CKD 

in Taiwan. Second, the launching of NHI in 1995 covering the dialysis therapy fully.  

Third, low transplantation rate and low mortality rate in dialysis patients. Those reasons 

would retain the numbers of the dialysis pool. 

 

 
 
 
 
 



doi:10.6342/NTU201900529

  

 7 

2.1.1 The prevalence of CKD in different centuries 

       CKD is a global problem and its burden is increasing as time goes by. Hill NR 

et al. [33] has reported a meta-analysis study showing global mean CKD prevalence of 

1–5 stages 13.4% (95%CI, 11.7–15.1%), and stages 3–5 was 10.6% (95%CI, 9.2–

12.2%). Table 1 shows some import reports of the prevalence of CKD in different 

countries. The prevalence of CKD in American increased from 10% in 1988-1994 to 

13.1% in 1999-2004 [34].  In Europe, the population-based Health Survey (N=92,939) 

reported a 10.2% prevalence of CKD in Norway [21] and there was a higher prevalence 

of all CKD (26.7%) had been reported in Germany [35]. Moreover, a 12.7% prevalence 

of CKD stages 1–4 had been disclosed in Italy [36].  In the Asia, the prevalence of 

CKD was approximately 12.9–15.1% in Japan (N=154,019–527,594) [20, 24], 7.2–

13.7% in Korea (N=2,356–60,921) [37, 38], 3.2–18.6% in Singapore (N=2,783–3,979) 

[39, 40], and 3.2–11.3% in China (N=13,925–15,540) [17, 41]. 
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Table 1. The prevalence of CKD in different countries. 

Area/Authors Size Period Equation of 
eGFR Prevalence 

Taiwan     

  Wen et al.[16] 462,293 1994–2006 MDRD All CKD: 11.9% 

CKD stages 3–5:7.1% 

Hsu et al.[1] 5,409 2002 MDRD CKD stages:3–5:6.9% 

  Kuo et al.[22] 176,365 1997–2003 ICD-9 Clinical CKD:9.8% 

China     

Zhang et al.[17] 13,925 - Chinese-MDRD All CKD: 13.0% 

  Chen et al.[41] 2,353 - Chinese-MDRD CKD stages 3–5:2.5% 

Japan     

  Ima et al.[20] 527,594 2000–2004 Japan-MDRD All CKD: 12.9% 

CKD stages 3–5:10.6% 

  Lseki et al.[24] 154,019 2003 MDRD CKD stages 3–5:15.1% 

Korea     

  Kim et al. [37] 2,356 2006 MDRD All CKD: 13.7% 

CKD stages 3–5: 5.0% 

  Change et al.[38] 60,921 2001–2007 MDRD All CKD: 7.2% 

Thailand     

  Ong A. et al.[42] 3,117 2004 MDRD CKD stages 3-–5:8.5% 

  Perkovic et al. [43] 7,909 2000 MDRD CKD stages 3–5:16.3% 

Singapore     

  Teo et al.[39] 3,979 2000–2005 Chinese-MDRD All CKD:75.2% 

CKD stages 3–5:3.2% 

  Shankar et al.[40] 2,783 - MDRD CKD stages 3–5:18.6% 

American     

Coresh et al.[34] 13,233 1988–1994 

1999–2004 

MDRD CKD stages 1–4:10.0% 

CKD stages 1–4:13.1% 

     

 



doi:10.6342/NTU201900529

  

 9 

 

Continuous Table 1 

Area/Authors Size Period Equation of 
eGFR Prevalence 

India     
  Singh et al.[44] 5,252 2005–2007 MDRD CKD stages 3-–5:4.2% 

Australia      

  Chadban et al. 11,247 1999–2000 CG CKD stages 3–5:11.2% 

Norway     

  Hallan et al.[21] 92,939 1995–1997 MDRD All CKD:10.2% 

Canada     

  Arora p et al.[45] 3,689 2007–2009 MDRD All CKD: 12.5% 

CKD stages 3–5:3.1% 

Germany 

  Zhang QL et al.[35] 9,953 2000–2002 MDRD All CKD: 26.7% 

CKD stages 3–5: 17.4% 

Iran     

  Najafi I et al.[46] 1,557 2007–2009 MDRD All CKD: 19.52% 

CKD stages 3-–5: 8.9% 

Italy 

  Gambaro, G et al.[36] 3,870 2006 MDRD CKD stages 1–4: 12.7% 

CKD stages 3–4: 6.7% 

Romania      

  Cepoi, V et al.[47] 60,969 2007–2008 MDRD CKD stages 3–5: 6.69% 

CKD-EPI CKD stages 3–5: 7.32% 

Abbreviation: CKD, chronic kidney disease; MDRD, Modification of Diet in Renal Disease; CG, 

Cockcroft-Gault.; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration equation. 
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2.2 The risk factors of CKD initiation or progression  

CKD is associated with age-related renal function decline , which would be accelerated 

by comorbidities and primary renal disorders [48]. CKD has the higher risks of dialysis, 

hospitalization, cardiovascular morbidity and mortality [49, 50]. End-stage renal disease 

(ESRD) is the final stage for CKD, and with the improvement in dialysis techniques and 

the quality of medical care, dialysis patients have longer life- spans which in turn leads 

to the increasing prevalence of ESRD. According to the latest annual report of United 

States Renal Data System, the average yearly increase of prevalence of ESRD across 

countries was from 0.1 to 109 (per million population) during the period of 2003 to 

2016 [51], thus placing a greater burden on the health insurance system of many 

countries. Especially, Taiwan has the largest average yearly increase of ESRD 

prevalence [51]. Therefore, knowing the associated factors for CKD is necessary to 

delaying its progression to later stage.   

       The incidence of CKD and the decline rate of eGFR are highly variable among 

individuals with the same underlying cause of renal injury or degree of functional 

impairment. Therefore, early identification and treatment of people with CKD are 

essential worldwide. Many epidemiological studies have examined the risk factors, 

including Aristolochic acid digestion [52], diabetes [53], hypertension [54], proteinuria 

[55], hyperlipidemia [56], hyperuricemia[57], smoking habit [58], advanced age [59], 

male sex [60], race [60], analgesic abuse [61], alcohol consumption [62], low 

socioeconomic status [63], lower birther weight [64], metabolic syndrome (MetS) [65], 

and so on for CKD development and progression. Moreover, a lot of CKD progression 

prediction model have been proposed [66-69], of which the endpoints were estimated 

glomerular filtration rate (eGFR) lower than 60 mL/min/1.73 m2, doubling of serum 
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creatinine, 20% decrease of eGFR, or ESRD requiring renal replacement therapy. 

However, information about the factors associated with a state transition in a multi-state 

CKD model is lacking. The use of state transition as an endpoint can decrease the effect 

of variability in the eGFR measurement on CKD progression. Furthermore, all of the 

studies adopted the statistical methods of Cox regression and logistic regression models 

to estimate the event risk [66-69], which they can provide relative risks but not absolute 

risks. Principally, the absolute risk model can be realized straightforwardly.  

      Table 2 shows some important studies about the risk factors on CKD 

progression worldwide, modified from one previous systemic review report focusing 

mainly on the cohort studies [70]. In Taiwan, some studies have reported the associated 

risk for CKD progression. One study had showed that old age, diabetes, hypertension, 

hyperlipidemia and female sex were associated with a higher risk of developing CKD 

using NHI dataset [22]. A prospective cohort study demonstrated that hypertension, 

diabetes, dyslipidemia, smoker, obesity, low socioeconomic state and regular user of 

Chinese herbal drugs were significant risky for CKD developing [16].  
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Table 2.The studies for the risks of CKD initiation or progression  

Baseline eGFR 
/Authors 

CKD 
stage Years Country Design Size age Endpoint of 

CKD 
Duration 
(months) 

Statistic 
methods 

Risk factors for CKD 
progression 

eGFR ≥60 mL/min/1.73 m2 

  Ryu [71] 0 2009 Korea PC 10685 37 Stages  
3-5 46 Cox 

Time-dependent 
Metabolic syndrome, TG and 
HDL. 

O’Seaghdha[72] 0 2011 USA CC 200 64 Stage 3 - Logistic reg. Urinary connective tissue 
growth factor 

  Shankar [73] 0-2 2006 USA PC 3392 62 Stages  
3-5 60 Logistic reg. Current smoker, alcoholism 

  Bash [74] 0-2 2009 USA PC 14854 54 Stages  
3-5 174 Cox reg. 

Leukocyte count, fibrinogen, 
v-W factor, factor VIIIc, 
albumin� 

  Chien [75] 0-2 2010 Taiwan PC 5168  51 Stages  
3-5 26 Passion reg. Age, BMI, DBP , diabetes, 

stroke, proteinuria, uric acid� 
  Shastri [76] 0-2 2011 USA PC 5422 61 Stage 3 56 Passion reg. Microalbuminuria, cystatin C 

  Shankar [77] 0-2 2011 USA PC 4926 58 Stages  
3-5 180 Cox reg. 

Tumor necrosis factor-a 
receptor 2, leukocyte count, 
interleukin-6 

  Regalado [78] 1-2 2000 USA PC 53 52 Slop of 1/cr 36 Linear reg. Smoking, proteinuria, black, 
age, mean blood pressure 

  Yoshida [79] 1-2 2008 Japan RC 485 42 eGFR slop 60 Linear reg. Proteinuria, smoking, 
hypertension, HDL 

  Gopinath [80] 1-2 2013 Australia PC 1952 >50 Stage 3 120 Logistic reg  Poor diet quality 

  Khatri [81] 0-2 2014 USA PC 900 64 Stage 3 84 Logistic reg non Mediterranean diet 
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Continuous Table 2 

Baseline eGFR 
/Authors 

CKD 
stage Years Country Design Size age Endpoint of 

CKD 
Duration 
(months) 

Statistic 
methods 

Risk factors for CKD 
progression 

Lin[82] 0-2 2015 USA PC 400 58 eGFR drop 54 linear mixed Elevated plasma Lp(a) 

Bowe[83] 0-2 2017 USA PC 1594700 - eGFR drop 110 Cox reg Monocyte count  

  Park[84] 0-2 2018 USA RC 225782 55 Stage 3 30 Cox reg Chronic HCV infection 

  JiaHui [85] 0-2 2018 China PC 469459 51 Stage 3 108 Cox reg Chronic HBV infection 

  Michel[86] 1-2 2017 USA PC 540 37 eGFR drop 65 Cox reg 
Linear reg FGF23 

eGFR ≥30 mL/min/1.73 m2 

  Baek [87] 3 2012 Korea RC 347 64 Stages  
4-5 142 Cox reg. Albuminuria, hematuria, eGFR 

  Cheng [88] 1-3 2012 Taiwan PC 916 73 eGFR slop 38 Cox reg. 
Metabolic syndrome, insulin 
resistance, TG, glucose� 

  Ishizuke[89] 1-3 2016 Japan RC 91  ESRD 
eGFR slop  Linear reg eGFR, HDL, and total bilirubin 

eGFR <60  mL/min/1.73 m2 

  Locatelli [90] 3-5 1996 Italy PC 456 49 ESRD 
Double Cr 24 Cox reg. Creatinine, proteinuria, calcium, 

underlying nephropathy 

  Hunsicker [91] 3-4 1997 USA PC 585 - eGFR slop 28 Linear reg. Proteinuria, PKD, transferrin, 
black, MAP, HDL 
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Continuous Table 2 

Baseline eGFR 
/Authors 

CKD 
stage Years Country Design Size age Endpoint of 

CKD 
Duration 
(months) 

Statistic 
methods Risk factors for CKD progression 

Hunsicker [91] 4-5 1997 USA PC 255 - eGFR slop 26 Linear reg. Proteinuria, PKD, transferrin, 
eGFR� 

Boaz [92] 3-5 1998 Israel PC 104 65 Slop of 1/cr 18 Linear reg. Dietary pattern, lipid, proteinuria 

  Evans [93] 4-5 2005 Sweden PC 920 - ESRD 24 Cox reg. Age, male, diabetes, eGFR� 

  Levin [94] 4-5 2008 Canada RC 4231 67 ESRD 31 Cox reg. 
Age, male, eGFR, BP , Hb, 
phosphate, PTH, proteinuria, use 
of ACEI/ARB 

  Hoefield [95] 3-5 2010 UK PC 1325 65 ESRD 26 Cox reg. Age, DBP, Hb, phosphate, 
proteinuria, CKD�stage 

  De Nicola [96] 3-5 2011 Italy PC 1248 67 ESRD 60 Competing 
risk reg. 

Age, proteinuria, phosphate, 
BMI, CVD, Hb 

  Khedr [97] 3-5 2011 Canada RC 214 68 eGFR drop 54 Linear reg. eGFR, proteinuria, diabetes, use 
of ACEI/ARB 

  Pereira[98] 3-5 2012 Brazil RC 211 65 ESRD 57 Cox reg. Diabetes 

   Obi [99] 3-5 2010 Japan RC 461 67 ESRD 38 Competing 
risk reg. Age, proteinuria� 
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Continuous Table 2 

Baseline eGFR 
/Authors 

CKD 
stage Years Country Design Size age Endpoint of 

CKD 
Duration 
(months) 

Statistic 
methods 

Risk factors for CKD 
progression 

All CKD 

Agarwal [100] 1-5 2009 USA PC 218 68 ESRD 84 Cox reg. SBP� 

  Kuo [101] 1-5 2010 Taiwan RC 19161 52 ESRD - Cox reg. Use of acetaminophen, aspirin, 
and NSAID 

  Sugiura [102] 1-5 2011 Japan PC 281 54 eGFR drop 
ESRD 48 Cox reg. Proteinuria, resistive index, 

GFR, systolic blood  pressure 

  Wu [103] 1-5 2011 Taiwan PC 268 67 eGFR drop 
ESRD 21 Cox reg. P-cresyl sulphate, indoxyl 

sulphate 
  Rahman[104] 1-5 2013 USA PC 3939 - eGFR drop 72 Cox reg. heart failure  

  Yonemoto[105]   1-5 2018 Japan RC 703 70 eGFR drop 
ESRD 22 Linear reg. 

Cox reg. 

Higher RDW was 
independently associated with 
worse renal outcome in patients 
with non-DM 

  Tsai[106] 1-3 2017 Taiwan PC 4600 70 ESRD 120 Cox reg. Absolute annual eGFR decline 
rate 

  Gooch [107] 0-5 2007 Canada PC 10184 76 eGFR drop 33 Logistic reg. Use of NSAID 

  Hemmelgarn[108] 0-5 2007 Canada RC 10184 76 eGFR drop 24 Logistic reg. 
Age, CVD, diabetes, gout, 
anti-emetic drugs� 
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Continuous Table 2 

Baseline eGFR 
/Authors 

CKD 
stage Years Country Design Size age Endpoint of 

CKD 
Duration 
(months) 

Statistic 
methods 

Risk factors for CKD 
progression 

Imai [109] 0-5 2008 Japan RC 120727 - eGFR drop 120 Linear reg. Hypertension, proteinuria, eGFR
� 

  Bash [74] 0-5 2010 USA PC 14854 54 ESRD 174 Cox reg. eGFR, black, age, male, diabetes, 
SBP, CAD, BMI, smoking, TG 

  Agarwal [110] 0-5 2011 USA PC 420 64 ESRD 120 Cox reg. Granulocyte, monocyte� 

Other 

  Hallan [111] 0-4 2009 Norway PC 65589 50 ESRD 124 Cox reg. 
Age, male, low physical activity, 
diabetes, SBP, antihypertensive 
drugs, HDL, eGFR, albuminuria 

  Ozsoy [112] 1-4 2007 Netherland PC 169 47 eGFR drop 
ESRD 49 Logistic reg. Apolipoprotein B, type of renal 

disease, MAP, proteinuria� 

  Ravani [113] 2-5 2005 Italy PC 131 71 ESRD 27 Cox reg. ADMA, Hb, proteinuria, eGFR 

  Bolignano [114] 2-4 2009 Italy PC 96 57 ESRD 
Double Cr 19 Cox reg. 

Urinary NGAL, serum NGAL, 
eGFR� 

  Yuste[115] 4-5 2013 Spain PC 400 65 eGFR slop 19 Linear reg. Serum phosphate and PTH levels 
and proteinuria. 
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Continuous Table 2 

Baseline eGFR 
/Authors 

CKD 
stage Years Country Design Size age Endpoint of 

CKD 
Duration 
(months) 

Statistic 
methods Risk factors for CKD progression 

  Tin[4]  2016 USA PC 622 - eGFR slop - Logistic reg. APOL1 high–risk genotype 

  Ricardo [116]  1-4 2017 USA PC 431 150 ESRD 60 Cox reg. Short and poor-quality sleep  

  Wu [117]  1-4 2018 China RC 295 37 ESRD 
eGFR drop 45 Logistic reg. BMI and interstitial fibrosis  

 

Abbreviation:  CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; PC, prospective cohort; RC, retrospective cohort, CC, case 

control; Cr, creatinine; ESRD, end stage of renal disease; reg., regression; RDW, red cell distribution width; PKD, polycystic kidney disease; SBP, systolic 

blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; TG, triglyceride; HDL, high dense lipoprotein; Hb, hemoglobin; PTH, 

parathyroid hormone; v-W factor, von Willebrand factor; ACEI, angiotensin-converting-enzyme inhibitor; ARB, Angiotensin II Receptor Blocker; NSAID;  

Non-Steroidal Anti-Inflammatory Drug; CAD, coronary artery disease; CVD, cardiovascular disease; ADMA, Asymmetric dimethylarginine; NGAL, 

Neutrophil gelatinase-associated lipocalin; APOL1, apolipoprotein L1. 

  

 



doi:10.6342/NTU201900529

  

 18 

2.3 CKD transition model 

Chronic and noncommunicable diseases have been responsible for the main clinical 

problems worldwide [118]. One of these diseases is CKD which is defined according to 

the presence or absence of proteinuria and level of eGFR [6]. It forms a substantial 

financial and medical burden because of the high mortality and morbidity [1-3]. Early 

detection with suitable intervention is one of the strategies of defeating the CKD to 

delay their transition to more severe stages. Therefore, the knowledge about the 

progression of CKD is necessary because it can help health policy makers to evaluate 

expected burden of disease in future and to analysis the cost effectiveness of competing 

interventions. 

     In longitudinal studies, participants with covariate information are observed over 

time. The analysis in such studies where individuals may experience several events is 

often accessed using multistate model, which is a model for a continuous time 

stochastic process allowing individuals to move among a finite number of states [119]. 

A change of state status is called transition where state can be transient or absorbing (no 

change can be observed in this state).  This approach has the Markovian assumption 

that the values in current state are only determined by the values of the previous state 

before proceeding. These models can be simple as illness-death model [120] or 

complicated as competing risks model [121]. The transition intensities in the multistate 

models can be assumed to be constant as function of time or be non-homogenous. 

Examples include the recent applications in the fields of asthma [122] and human 

immunodeficiency virus [123]. In addition, Multistate model based on Markov 

processes are useful for describing the natural history of chronic disease and cancer 

[124, 125] and for estimating rates of transition between stages of diseases and the 
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average dwelling time (ADT) of disease [126, 127]. Knowing the natural history of 

disease can be applied to the cost-effectiveness analysis on the intervention of disease 

[128, 129].  

    A nature history of CKD is not available in current literature. Begun et al. has 

proposed a stochastic model for the progression of CKD using continuous time Markov 

chain [130]. A six-state model was proposed since eGFR 59–30 mL/min/1.73m2 to 

death (state 1:eGFR 59–30, state 2: eGFR� 29–15, state 3: eGFR 5, state 4: dialysis, 

state 5: transplantation, and state 6: death). Mahmoud et al. used the same dataset using 

a 5-state model without the state of dialysis (state 1:eGFR 60–90, state 2: eGFR59–30, 

state 3: eGFR 29–15, state 4: eGFR <15, state 5: death). However, the data source was 

collected from a dialysis center, indicating these CKD patients may have high severity 

of disease. Therefore, the results may not fit to the general population.  

� � � � Semi-Markov multistate models has the assumption of making dependence on 

the time spent in the current state with a fitted probability density function of the 

duration in each state, which this emphasized the importance of time spent in a state 

[131, 132]. Foucher et al. had applied a semi-Markov model to the longitudinal follow 

up of kidney transplantation recipients based on generalized Weibull hazard function 

with a 5-state model (state 1: proteinuria<0.5g/d, state 2: clearance decreased 20% in 1 

year and/or proteinuria 1-0.5 g/d, state 3: clearance decreased 30% in 1 year and/or 

proteinuria >1 g/d, state 4: definitive rejection, and state 5: death with kidney function) 

[133]. 
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Chapter 3  Data Source and Methods 

3.1 The data source 

A prospective cohort design was adopted for the participants, who were age ≥20 years 

using a community-based multiple screening program in Keelung, the northernmost 

county of Taiwan. There was no significant difference in the population distribution of 

gender and age between Keelung and Taiwan in 2009 (Table 3), meaning that Keelung 

can act as a representative in assessing the epidemiologic features of Taiwan. This 

screening program, which is known as the Keelung Community-based Integrated 

Screening (KCIS), was implemented from 1999 to 2009 (Table 4). Details regarding the 

study design, implementation and preliminary results of this program have been 

described elsewhere [134, 135]. Briefly, the KCIS program mainly targets five cancers 

(breast cancer, cervical cancer, oral neoplasm, colon neoplasm, and liver cancer) and 

screens for chronic diseases (diabetes, hypertension, dyslipidemia, and impaired kidney 

function). Adults residing in Keelung and eligible for the KCIS program were invited 

annually; among those who attended the program, 51,153 (48.2%) attended the program 

once, 21,993 (20.7%) attended twice, 12,317 (11.6%) attended thrice, 7,647 (7.2%) 

attended four times, 5,178 (4.8%) attended five times, 3,477 (3.2%) attended six times, 

2,231 (2.1%) attended seven times, 1,279 (1.2%) attended eight times, 644 (0.6%) 

attended nine times, and 175 (0.1%) attended ten times (
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). This program was fully governed by the Health Bureau of Keelung city, Taiwan. This 

study was approved by the local Ethical Committee of Health Bureau of Keelung city 

and all procedures followed the ethical standard of the Helsinki Declaration that revised 

in 2008. The written informed consent was introduced and obtained from all 

participants in each screening activity. 
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Table 3. The distribution of gender and age in the population of Keelung and Taiwan in 2009. 

 20–29 years 30–39 years 40–49 years 50–59 years 60–69 years 70–79 years 80–89 years 

Taiwan (%) 3,524,602 (20) 3,770,314 (21) 3,756,394 (21) 3,237,696 (18) 1,666,759 (9.5) 1,117,796 (6.4) 506,074 (2.9) 

    Male 51% 50% 50% 49% 48% 47% 51% 

Keelung (%) 57,422 (19) 61,841(21) 66,651 (22) 58,686 (19) 28,130 (9.3) 19,253 (6.4) 9,026 (3.0) 

    Male 51% 51% 51% 49% 48% 46% 51% 
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Table 4. The number of attendants of KCIS by year  

Years Number % Accumulative % 

1999 128 0.12 0.12 

2000 19,047 17.95 18.07 

2001 21,224 20.00 38.07 

2002 13,172 12.42 50.49 

2003 10,505 9.90 60.39 

2004 8,258 7.78 68.17 

2005 9,827 9.26 77.43 

2006 8,559 8.07 85.50 

2007 5,409 5.10 90.60 

2008 4,949 4.67 95.27 

2009 5,016 4.73 100 
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Table 5. The frequency of repeated visit of KCIS participant 

Number of  
repeated visit Number % Accumulative % 

1 51,153 48.2 48.2 

2 21,993 20.7 68.9 

3 12,317 11.6 80.5 

4 7,647 7.2 87.7 

5 5,178 4.8 92.6 

6 3,477 3.2 95.9 

7 2,231 2.1 98.0 

8 1,279 1.2 99.2 

9 644 0.6 99.8 

10 175 0.1 100 
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3.2 Data collection 

As the KCIS program screened for neoplastic and non-neoplastic diseases, the 

information collected at each screening round included  

(1) A series of anthropometric measures, such as body mass index (BMI) and waist 

circumference, and biochemical variables, including blood lipid profile, uric acid, 

fasting blood sugar, alanine aminotransferase (ALT), aspartate aminotransferase 

(AST), renal function, hemoglobin, urinary analysis by dipstick, stool occult 

blood test, and so on; � 

(2) Lifestyle factors, including smoking, alcohol intake and physical activity. 

Alcohol drinking status was classified as never, current and former. The 

smoking and betel-nut chewing habits were defined in the same manner. The 

frequency of physical activity was defined as low (regular exercise less than 

twice per week) or high (regular exercise more than twice per week), with a 

duration of at least 30 min each time; � 

(3) Individual medical history of chronic diseases and cancer. This included age at 

onset and type of disease. Family history of chronic disease and cancer: whether 

parents and other first or second-degree relatives suffered from any chronic 

diseases, such as type 2 diabetes mellitus (DM), hypertension, cardiovascular 

disease, and so on.  

      The data in our study were extracted from this cohort and included 

anthropometric measures at baseline, such as body mass index (BMI) and waist 

circumference; biochemical variables, such as spot urine analysis by dipstick and serum 
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creatinine, blood lipids, fasting blood sugar levels, and lifestyle factors, such as alcohol 

intake, smoking, betel-nut chewing, and physical activity. Participants were classified 

according to alcohol intake as never and ever drank alcohol. Participants were classified 

according to smoking and betel-nut chewing habits in the same manner. Individual 

medical history included the presence of DM, hypertension, coronary artery disease 

(CAD) and participants’ knowledge of CKD diagnosis, which was determined by 

affirmative responses to the question, ‘Have you ever been informed by a physician that 

you have chronic kidney disease? The participants reeving dialysis in the first run 

screening were not chosen into analysis. 

    Dialysis events were ascertained by linking the participants in first screening run to 

the database of National Health Insurance (NHI) in Taiwan until December, 2012.  In 

Taiwan, uremic patients who require long-term dialysis therapy qualify to apply to the 

NHI for a catastrophic illness card [the International Classification of Diseases, 9th 

Revision, Clinical Modification (ICD-9-CM) code 585]. Therefore, among then, there 

601 incident dialysis were recorded. Moreover, to ascertain the death evets, the 

participants in our study were linked to the mortality registry in Taiwan until December, 

2010. Among them, there were 6398 all-cause deaths. 
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3.3 Glossary 

1.   Prevalent case: Those who met the CKD classification at the time of first 

recruitment.  

2.   Incident cases: New cases diagnosed in the follow-up of subjects free of desired 

CKD stage at baseline. 

3.   Prevalence (%): Prevalent cases divided by all participants.  

4.   Person-years at risk: The sum of follow-up times among cases and non-cases with  

    more than two screens.  

5.   Incidence rates (%): Incident cases divided by the person-years at risk. � 

6.   Average dwelling time: The average time spent in a certain state before preceding 

to 

next state.  

7.   Markov process: The probability of each event depends only on the state attained 

in the previous event. 

8.   Accelerated failure time: A method for survival analysis using parametric 

approaching. This approach doesn't need the proportional hazard assumption as the 

Cox regression model. 

9.   Interval censoring: The event was not observed directly but we know it occurred 

in a certain interval. 

10. Natural history of disease: The course a disease takes in individual people from 

its pathological onset until its eventual resolution through complete recovery or 

death. 
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3.4 The definition of chronic kidney disease stages 

We used the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation 

to evaluate the estimated glomerular filtration rate (eGFR), with the following formula: 

!"#$ = 141 ×	*+,	(
./0

1
, 1)4 × *56	(

./0

1
, 1)78.:;:< × 0.993@AB ×

(1.018	+D	D!*5E!) × (1.159	+D	GE5HI)(abbreviations and units: eGFR = mL/min/1.73 

m2, Scr (standardized serum creatinine) = mg/dL, κ = 0.7 (females) or 0.9 (males), α = 

-0.329 (females) or -0.411 (males), min = indicates the minimum of SCr/κ or 1, max = 

indicates the maximum of SCr/κ or 1, age = years) [30]. We also used an abbreviated 

equation from the Modification of Diet in Renal Disease (MDRD) study [136], which 

calculated the eGFR as 186.3 × (KHL)78.8MN × OP!7:.;.:Q × (0.742	DTL	UT*!,). 

        Because of the lack of quantitative data on urine protein, we defined the 

presence of protein (>1+) in spot urine dipstick analysis as having proteinuria [137]. 

The following values represent the grades of proteinuria provided by the manufacturers 

of the urine dipstick test:  grade 0, absent; grade 1 (trace), 15–30 mg/dL; grade 2 (1+), 

30–100 mg/dL; grade 3 (2+), 100–300 mg/dL; grade 4 (3+), 300–1000 mg/dL; and 

grade 5 (4+), >1000 mg/dL. The Kidney Disease Outcomes Quality Initiative (KDOQI) 

CKD stages [6] were defined as follows: (1) stage 0, non CKD, (eGFR ≥90 

mL/min/1·73 m2 without proteinuria); non CKD but decreased GFR, (eGFR 89–60 

mL/min/1.73 m2 without proteinuria) (2) Stage 1 (eGFR ≥90 mL/min/1·73 m2 with 

proteinuria), (3) Stage 2 (eGFR 89–60 mL/min/1·73 m2 with proteinuria), (4) Stage 3a 

(eGFR 59–45 mL/min/1·73 am2); (5) Stage 3b (eGFR 44–30 mL/min/1·73 am2); (6) 

Stage 4, eGFR 29–15 mL/min/1·73 m2), and (7) Stage 5 (eGFR <15 mL/min/1·73 m2).  
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      When the data of proteinuria is not available, the patient with an eGFR <60 

mL/min/1·73 m2 for three months was also though as having obvious CKD even [138, 

139]. 

 

3.5 Metabolic syndrome 

The metabolic syndrome (MetS), or syndrome X, was first described in 1988[140] and 

is a condition associated with metabolic abnormalities (the core value is obesity), which 

it has a higher risk for the development of CAD, stroke and diabetes [141-143]. It is 

defined according to the National Cholesterol Education Program Adult Treatment 

Panel III (NCEP ATP III) criteria (Expert Panel on Detection Evaluation and Treatment 

of High Blood Cholesterol In Adults, 2001) [144], which require the presence of at least 

three of the following criteria: (1) central, visceral, and abdominal obesity (waist 

circumference ≥80 cm for females, and ≥90 cm for males), (2) elevated blood pressure 

(systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥85 mmHg), (3) 

hyperglycemia (fasting blood glucose ≥100 mg/dl), (4) hypertriglyceridemia 

(triglyceride ≥150 mg/dl) and (5) a low level of high-density lipoprotein cholesterol 

(HDL-C) (HDL-C <50 mg/dl for females and <40 mg/dl for males).  

      MetS affects over 20% of adults in Western populations and the burden of its 

prevalence is increasing worldwide as time [145]. The association of obesity and CKD 

has been reported extensively [146, 147]. Patients with obesity would develop renal 

damage due to glomerulomegaly [148], which was evidenced by some studies reporting 

the positive association of MetS to CKD [149-151]. Moreover, Thomas et al. [152] has 

been reported a meta-analysis showing a significant association between MetS and the 

development of an eGFR of less than 60 ml/min/1.73 m2 (odds ratio (OR) 1.55; 95% CI 

1.34–1.80) using all of the major definitions of MetS 



doi:10.6342/NTU201900529

  

 30 

 
3.6 Prevalence and incidence of CKD 

The data of first-run screening was used for prevalence calculation. The prevalence was 

expressed as the percentage of CKD stages among the individuals attending the first 

screening. We cannot precisely define the CKD stages 1–2 because of many missing 

values of urine analysis. Therefore, the number of patients with CKD stages 1–2 was 

estimated as the proportion of proteinuria (protein > 1+ in urine dipstick test) in the 

population with eGFR ≥ 60 mL/min/1.73 m2 under the assumption of missing data at 

random. 

     Moreover, three cohorts were generated from the first run screen to assess the 

incidence of CKD, including participants without CKD, participants with non-CKD or 

CKD stages 1–2, and participants with non-CKD or CKD stages 1–4. The incidence was 

expressed as the ratio of total events in the following period to the total observational 

time (PY). The time to event for each participant included in the incidence estimate was 

calculated as the time from their date of entry into the screening program until the date 

of the first studied CKD event in subsequent screenings, the date of loss to follow-up or 

the end of the study (whichever came first). 

 

 
3.7 Multi-state model of chronic kidney disease 

We proposed two multi-state modes of CKD for further evaluation (Fig 1 and Fig 2). 

The first model was assessed by survival analysis of accelerated failure time model and 

the second model was evaluated using stochastic process. The details are shown below: 
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3.7.1 Accelerated failure time mode with interval censoring 

A three-state model of CKD ( 

Fig 1) was adopted to assess the risk determents of state transition among eGFR ≥60 

(none to mild CKD), eGFR 59–30 (moderate CKD) and eGFR <30 mL/min/1.73m2 

(advanced CKD). Survival analysis was performed using an accelerated failure time 

(AFT) model [153] with a Weibull distribution. The AFT model, a parametric approach, 

can estimate the baseline hazard, which cannot be obtained with Cox proportional 

hazards regression analysis. In addition, the AFT model does not need the assumption 

of proportional hazards and provides more precise results in the analysis of censored 

data when compared with the Cox proportional hazards regression model. Because, the 

events occurred between the interval of two consequent screening, the interval 

censoring [154] was adopted to get more precise results.  

      Furthermore, almost of the previous studies adopted the statistical methods of 

Cox regression and logistic regression models to estimate the event risk (Table 2), 

which they can provide relative risks but not absolute risks. Principally, the absolute 

risk model provided by the accelerated failure time can be realized straightforwardly.  

 

 

Fig 1 An illustration of 3-state transition model of CKD 



doi:10.6342/NTU201900529

  

 32 

3.7.1.1 Accelerated life models 

Consider a regression model for log survival time, of the form  

                W = ETP	X = −6′[ + ]^                             (3-1) 
 

where the error term W has a suitable distribution, including extreme value, generalized 

extreme value, normal or logistic. For the elucidation of CKD progression at a given 

status defined by eGFR value, Weibull distribution (T~Weibull ( _, ` ), 	a(b) =

_`bc78!(7de
f), where p >0 and λ >0 ) was used for depicting the time to the occurrence 

of event and a extreme value distribution for W was thus adopted.    

 

Proportional hazards characteristics of AFT model with Weibull distribution for 

event time 

This AFT model has an accelerated life interpretation in that the error term W was 

viewed as a reference distribution when covariates x is 0 (reference case). Then, we can 

translate the reference distribution to the time scale by defining T0 = !gh . The 

probability of survival in time t of a reference subject will be denoted S0(t). 

         S0(t) = Pr[100] = Pr{	!ij> t } = Pr{ W > loge
i
 }              (3-2) 

Now the covariates x=1 is considered and then T is set as the distribution of T0!7k
lm. 

Therefore, the covariates act multiplicatively on survival time. The following is the 

survival function: 

    S(t, x) = Pr{ T > t|x } = Pr{ T0!7n
lo  > t } = Pr{ T0> t!nlo} = S0(t!n

lo)    (3-3) 
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The factor !klm can be interpreted as an accelerated factor p (the value >0). If p > 1, 

they exposure benefits survival. If p < 1, they exposure harmful to survival. Moreover, 

if		p = 1, there is no effect on survival from the exposure. Therefore, we can also write 

the density and hazard functions for any subject with the baseline or reference density 

and hazard:   

                  D(b) = D:(t!n
lo)!n

lo                             (3-4) 

                  _(b) = _:(t!n
lo)!n

lo
                                            (3-5) 

the likelihood function under general non-informative censoring is  

 

              t(Θ) = ∏ _(bw|6w)yzK(bw|6w)
{
w|8                           (3-6) 

 

where the bw  is the survival or censoring time, 6w is the parameter and }w  is the 

indicator of event (}w = 1 means event occurred). 

   However, the censoring type in our study is interval censoring. The  

_(b~�|6w) = ∫ _(Å|6w)}Å
eÇ
eÉ

, where the event (}w) occurred between b~	bT	b� 

Therefore, equation (3-6) can be changed to  

 

              t(Θ) = ∏ (∫ _(Å|6w)}Å
eÇ
eÉ

)yzK(bw|6w)
{
w|8                      

                   =∏ (K(b�|6w) − K(b~|6w))yzK(bw|6w)
{
w|8                 (3-7) 
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3.7.1.2 Weibull proportional hazard model in AFT model 

(1) Assuming AFT model as 

ETP	X = Ñ: + Ñ8Ö + ]^		,	 W∼ Weibull (λ, p) and then 

                    ETP	X = Ñ: + Ñ8Ö +
8

c
^.                     (3-8) 

(2) The survival function with Weibull distribution   

 

          S(t)=	!(7def)  and then -log(S(t)) =	_bc 

        Finally, t=	(−log(s(t)))8 cã × 8

d
å
fã
	                         (3-9) 

 (3) Reparameterizing 

1

_
8 cã
= !6`(Ñ: + Ñ8Ö) 

ç1 `ã éETP(_) = −(Ñ: + Ñ8Ö) 

                      ETP(_)=−`(Ñ: + Ñ8Ö)                        (3-10) 

 

(4) Hazard ratio (x=1 vs. x=0) in AFT model with Weibull distribution 

  

                = Bnc(7c(4èê4åë(n|8)))
Bnc(7c(4èê4åë(n|:)))

= !6`(−`Ñ8)              (3-11) 
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3.7.1.3 The prediction function of CKD initiation and progression  

To develop the function for absolute risk prediction, we split the sample into two parts, 

2/3 trained dataset and 1/3 validated dataset. We used the trained data to estimate the 

regression coefficients in the AFT model for CKD state transition, including initiation 

and progression. Concordance statistics (C statistics) were computed as measures of 

discrimination (CKD state transition vs. non-CKD state transition) using logistic 

regression [model: logit (event probability) = CKD state transition probability of total 

follow-up duration, calculated from the trained dataset].  

      Furthermore, we validated the model with the Hosmer-Lemeshow test by 

comparing the observed probability from the validated dataset and the predictive 

probability from the trained dataset.
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3.7.2 A stochastic model for the dynamic changes of CKD 

The CKD is known as a progressive disease, of which the disease course could be long. 

Therefore. The majority of participants will experience death before entering the next 

CKD state. Therefore, the five-state Markov model was proposed below. Let X(t) 

denote a random variable for a five-state continuous-time Markov�process to describe 

the disease progression history for CKD stages, dialysis and all-cause death during time 

t; the state space would be Ω={1, 2, 3, 4, 5}, where the states are defined as follows. 

State 1= eGFR ≥60 mL/min/1.73 m2 (CKD stages 0–2; non to mild CKD) 

State 2= eGFR 59–30 mL/min/1.73 m2 (CKD stage 3; moderate CKD) 

State 3= eGFR <30 mL/min/1.73 m2 �(CKD stages 4–5; advanced CKD) 

State 4= requiring dialysis (hemodialysis and peritoneal dialysis) 

State 5 = all-cause death   

The Markov model is shown in Fig 2. 

 

Fig 2. Five-state continuous-time Markov model of CKD. 

The dotted line indicated natural history without special intervention. 
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The λ12, λ23, and λ34  indicate instantaneous transition rates from eGFR ≥60 to 

eGFR 59–30 mL/min/1.73m2, eGFR 59–30 to eGFR <30 mL/min/1.73m2 and eGFR 

<30 mL/min/1.73m2 to dialysis, respectively. í1 to í4 represent the rate of all-cause 

death form eGFR ≥ 60, eGFR 59–30, eGFR <30 mL/min/1.73m2 and dialysis 

respectively. This model enables the onset of eGFR� ≥60 mL/min/1.73m2, progression 

to dialysis and all-cause death, to be quantified.  

 

3.7.2.1 Transition intensity matrix 

Transition intensity λîï(t), i≠j may be defined when Pîï(s,t) is continuous both in s and t, 

as the following limits  

λîï(t)= lim∆e→: Pîï
(e,			eê∆e)

∆e
= lim
∆e→:

ú(ëùû∆ù|ü|ëù|w)

∆e
                               (3-12) 

 

The total hazard out of state i,  ∑ λîï(t)î°ï  , is the hazard function associated with the 

distribution of the sojourn time in state i and λîî = −∑ λîï(t)î°ï .  In homogeneous  

Markov process, the transition intensity does not depend on time, all λs are constant 
over time, thus λîï (t) = λîï .  The matrix of transition intensities in our study is 
expressed as  

Fig 3. 

 
 

Fig 3. The matrix of transition intensities of 5-state CKD model 
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3.7.2.2 The relationship between transition probability and transition intensity  

From the total hazard out of a state, it is easy to evaluate the probability of no transition 

event during a period, but evaluating the precise number and types of transitions to 

other states is much more complicated. To do so, the derivation of transition 

probabilities was got by using Spectral Analysis. The transition probabilities must be 

considered and expressed by transition intensities. For homogeneous processes a simple 

relationship between P(t) (transition probability matrix) and Q can be deduced from the 

Kolmogorov equations: P(t)=!e¢.� 

     The exponential of the matrix tQ can easily be computed if it can be diagonalized. 

Then Q = V-1DV, where D is a diagonal matrix, and it can be shown that P(t) = V-1!e£V. 

The exponential of a diagonal matrix can easily be computed by replacing the diagonal 

elements by their exponentials.�The transition probability can be expressed from the 

specific transition intensity according to the forward Kolmogorov equation[155]. The 

corresponding matrix form is shown in Fig 4. 

 

 

Fig 4. The matrix of transition probability of 5-state CKD model 
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3.7.2.3 Likelihood function and Parameter estimation  

For estimation of the above model, we first needed to specify the likelihood function. 

The notations Ja, Ka, La indicated the number in each state of baseline: eGFR ≥60 

mL/min/1.73 m2 (CKD state 1), eGFR 59–30 mL/min/1.73 m2 (CKD state 2) and eGFR 

<30 mL/min/1.73 m2 (CKD state 3) at a given age, a. Moreover, Bt, Ct, Dt, and Et 

indicated the number of right censoring events. Mt, Nt, Ot, Pt, Qt, Rt, St, Tt, Ut, Vt, Wt, 

and Yt, and Zt indicated the number of each state transition in our proposed model at a 

given time period, t. The state space of time was A. Thus,  

 

Log-likelihood= § {[Ja × ETP©1(5) + Ka × ETP©2(5) + La × ETP©3(5)] +
~,e∈@

[Mt × logP11(t) + Nt × logP12(t) + Ot × logP13(t) + Pt × logP14(t) + Qt ×

logP15(t) + Rt × logP22(t) + St × logP23(t) + Tt × logP24(t) + Ut × logP25(t) +

Vt × logP33(t) + Wt × logP34(t) + Yt × logP35(t) + Zt × logP45(t) + Bt ×

log	(1 − P14(t)) + Ct × log	(1 − P24(t)) + Dt × log	(1 − P34(t)) + Ωt × log	(1 −

P45(t))]}                                                                       

(3-13) 

 
Baseline distribution  

The baseline distributions are as below 

 

(1) ©1(5) = ø88(¿)

[ø88(¿)êø8;(¿)êø8Q(¿)]
 

(2) ©2(5) = ø8;(¿)

[ø88(¿)êø8;(¿)êø8Q(¿)]
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(3) ©3(5) = ø8Q(¿)

[ø88(¿)êø8;(¿)êø8Q(¿)]
 

Events with interval censoring 

The events of CKD state transition occurred between two consequent screening. Their 

transition probabilities are shown below: 

(1) The probability from state 1 to state 1 in time t=P11(t). 

(2) The probability from state 1 to state 2 in time t=P12(t). 

(3) The probability from state 1 to state 3 in time t=P13(t).  

(4) The probability from state 2 to state 2 in time t=P22(t). 

(5) The probability from state 2 to state 3 in time t=P23(t). 

(6) The probability from state 3 to state 3 in time t=P24(t). 

. 

Fully observed events 

Moreover, because the dialysis and death events were fully observed due to national 

Registration System, the following transition rate can be expressed as  

(1) P14(t)=P13(t)× λ34 

(2) P24(t)= P23(t)× λ34 

(3) P34(t)= P33(t)× λ34 

(4) P15(t)= P11(t)× í1 + P12(t)× í2 + P13(t)× í3. 

(5) P25(t)= P22(t)× í2 + P23(t)× í3. 

(6) P35(t)= P33(t)× í3. 

(7) P45(t)= P44(t)× í4. 

 

Events with right censoring 

The probability of dialysis event with right censoring can be expressed as 
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(1) The final observation state is 1=1-P14(t) 

(2) The final observation state is 2=1-P24(t) 

(3) The final observation state is 3=1-P34(t) 

(4) The final observation state is 4=1-P45(t) 

 

     Thus, the likelihood can be entirely expressed as a function of the parameters. 

The maximum likelihood estimates (MLE) of the parameters of transition intensities 

were obtained from the solution of the derivation of log-likelihood function to 

parameters to be zero. The variance-covariance matrix is derived from the inverse of 

negative Hessian matrix, evaluated at MLE. The asymptotic 95% confidence intervals 

(CIs) are obtained accordingly. The model is flexible and can be reformulated according 

to the possible transitions, but the formulae then become more complex.  

    In our study, we also noticed some regression events from eGFR 59–30 to ≥60 

mL/min/1.73 m2. However, CKD is well known as a progressive disease, so these 

regression events were defined as measurement error.  
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3.8 Average dwelling time (ADT) 

3.8.1 Prevalence and incidence (P/I) ratio 

We can use P/I ratio to estimate the ADT. Based on the estimated results on the two 

epidemiological indicators, prevalence and incidence, the average duration for subjects 

live with CKD (CKD stages 3–5 can be derived based on the concept of prevalence pool. 

Considering a steady cohort with CKD stages 3–5, an equilibrium will be attained for 

the inflow to and the outflow from the pool of CKD, which implies the newly 

developed subjects with CKD stages 3–5 and those dismissed from this status, either 

due to recovery or death from the status, will equate each other. The number of subjects 

evolved with the status of CKD stages 3–5 can be derived by the product of incidence 

of CKD stages 3–5 (I), the population at risk of developing CKD, and the time unit (∆b), 

which gives  

 

¡ × (¬ −*) × ∆b,                         (3-14) 

 

where N is the entire population and m is the prevalent case of CKD. For the number of 

subjects dismissed from the pool of CKD stages 3–5, this can be estimated by  

 

í × * × ∆b,                            (3-15) 

 

where µ is the average rate for those with CKD stages 3–5 to departure from the pool. 

By equating the two equation, we have  
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√

ƒ7√
=
≈

∆
 ,                          (3-16) 

 

which can be simplified to  

 

√

ƒ
=
≈

∆
                               (3-17) 

 

given a relative small number of subject with the state of CKD stages 3–5 compared 

with the entire population. Note that the left hand side of (3-4) is the prevalence of 

CKD stages 3–5 (P=m/N), we thus have  

 

≈

∆
=
ú

≈
= 5«!L5P!	}!U!EE+,P	b+*!,                  (3-18) 

 

the average time for subjects live with the state of CKD stages 3–5 (average dwelling 

time).  

 For the derivation of the average dwelling of CKD stages 3–5 by demographic 

characteristics such as age and sex and comorbidity such as metabolic syndrome, 

diabetes mellitus and hypertension, two regressions can be introduced to the incidence 

and prevalence of CKD stages 3–5 as follows. 

 

log(Ij)=log(PYi)+β0+β1×agej1+β2×sexj2+β3×Comorbidityj3 , 

and 

logit(Pj)=r0+ r1×agej1+ r2×sexj2+ r3×Comorbidityj3.          (3-19) 
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The demographic characteristics- and comorbidity- specific dwelling time can thus be 

derived by using the regression formula of (3-19) in conjunction with (3-18).  

 

log(I_all)=β0+β1×age(dist.)+β2×sex(dist.)+β3×Comorbidity(dist.) , 

and 

logit(P_all)=r0+r1×age(dist.)+r2×sex(dist.)+r3×Comorbidity(dist.).     (3-20) 

 

The average dwelling time for subjects live with CKD stages 3–5 taking into account 

the effect of relevant risk factors can also be derived by integrated out the distribution of 

these factors among the population with the formula of (3-20) in conjunction with 

(3-18). 

     
Fig 5 illustrates the derivation of P/I ratio shown as above using a doodle picture in 

WinBUGs, which included P/I ratio in subgroups and P/I ratio adjusted with age, sex 

and comorbidities. 
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Fig 5. A doodle picture for the illustration of the derivation of P/I ratio.  

Event[i] : Prevalence case of certain subgroups.  

N[i] : The population size of certain subgroups.  

Case[i] : Incidence case of certain subgroups.  

Py[i] : Total following person-year of certain subgroups.  

PIratio[i] : P/I ratio in certain subgroups. 

I_all : The annual incidence in population, adjusted with sex, age, and comorbidity.  

P_all : The prevalence in population, adjusted with sex, age, and comorbidity.  

Age_1 : The distribution of age in population.  

Sex_1 : The distribution of sex in population. 

comorbidity_1 : The distribution of comorbidity in population. 

Age_2 : The contribution of age in the sum of following person-year. 

Sex_2 : The contribution of sex in the sum of following person-year. 

Comorbidity_2 : The distribution of comorbidity in the sum of following 

person-year. 
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      In sum, the P/I ratio can present the average dwelling time (ADT) in certain 

CKD state. The lower the P/I ratio is, the sooner the patient return to non-case status, 

dialysis or death. For malignancy disease, returning to normal is hardly to seen. 

However, CKD is a progressive disease, returning to prior stage seems have low 

probability. Therefore, the decomposed the departure rate form CKD stage 3–5 is 

shown as following (Fig 6). 

     A short ADT may be the consequence of either a rapid departure from the CKD 

pool, which implies issues regarding healthcare and case management quality, or an 

abundant occurrence of CKD, which complicates the etiology findings by affecting the 

occurrence of renal assaults. 

 

 

 

Fig 6. An illustration of the dynamic changes in CKD stages 3-5 over time.  

The dotted line indicates that departure from the pool of CKD stages 3–5, return to 

non-case, is of low possibility. 
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3.8.2 Markov process using stochastic process  

The ADT taken before developing eGFR <30 mL/min/1.73m2 and all-cause death is 

expressed as following  

 

»KX	(Kb5b!	2) = ∫ Å ∙ D;(Å)}Å
 

: = ∫ Å ∙ (_;Q + À;) ∙ Ã;;(Å)}Å
 

:              (3-20) 

 

where D;(.) are the probability density functions of time to progression for individuals 

with eGFR 59–30 mL/min/1.73m2. The corresponding formula for eGFR <30 

mL/min/1.73m2 is expressed as the same way.  

 

»KX	(Kb5b!	3) = ∫ Å ∙ DQ(Å)}Å
 

: = ∫ Å ∙ (_QN + ÀQ) ∙ ÃQQ(Å)}Å
 

:               

(3-21)    

 

      Owing to the Markov property and the fact that there is no regression in our 

5-state CKD transition model, expression (3-20) is simply the reciprocal of (_;Q + À;) 

and expression (3-21) is simply the reciprocal of (_QN + ÀQ).  

 

3.9 Statistical software used in our study 

All analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, North Carolina, 

USA). The software of WinBUGS (Bayesian inference Using Gibbs Sampling) was 

used to generate the post distribution based on Bayesian theory and the doodle picture. 
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Chapter 4  Results 

4.1 Part 1 Epidemiologic features of CKD in Taiwan  

Fig 7 shows the enrolled participants in part I of this study. The 106,094 participants 

had a mean age of 47.7 ± 15.4 years, and the median duration of follow-up was 4.4 

years (interquartile range 2.6–6.2). In the Table 5, the estimated total CKD (stages 1–5) 

prevalence was 15.46%. Overall, 9.06% of the participants had CKD stages 3–5, 40% 

were men, 5% were diabetic, 13% were hypertensive, 8% had proteinuria (≥ 1+ in 

urine dipstick test), and 22% had MetS. Compared with those with non CKD or CKD 

stages 1–2, participants with CKD stages 3–5 exhibited a higher BMI (25.4 vs. 24.1 

kg/m2), waist circumstance (84.5 vs. 78.6 cm), and proteinuria (28% vs. 7%) and were 

more likely to present with DM (16% vs. 4%), hypertension (38% vs.11%), or MetS 

(42% vs. 20%). Moreover, 32% didn't have the data of proteinuria by dipstick. 

 

 
Fig 7. Patient enrollment in the part 1 of study 
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4.1.1 Clinical characteristics of CKD stages 3–5 

Table 6 also provides the demographic and clinical characteristics of the participants 

stratified by CKD stages 3–5. The mean age of participants with CKD stages 3–5 was 

67.4 ±11.1 years with a female predominance (53%). 16% were diabetic, 38% were 

hypertensive, and 42% had MetS. The proportion for CKD stages 3–5 was 9.06%, 

which it is 6.61% for CKD stage 3a, 1.84% for CKD stage 3b, 0.45% for CKD stage 4 

and 0.16% for CKD stage 5.  

      Their knowledge of CKD diagnosis, the awareness of CKD, was 5.1% in the 

entire CKD stages 3–5 and increased with CKD stages from 2.9% (stage 3a) to 33.3% 

(stage 5). The average age increased with CKD stages but decreased in CKD stage 4–5 

(67.1 years in stage 3a, 72.7 years in stage 3b, 71.5 years in stage 4, and 61.4 years in 

stage 5) and the average waist circumstance followed with a similar manner (85.4 cm in 

stage 3a, 85.5 cm in stage 3b, 85.8 cm in stage 4, and 82.8 cm in stage 5). Proteinuria 

(≥ 1+ in urine dipstick test) increased with CKD stages (28% in stage 3a, 37% in stage 

3b, 61% in stage 4, and 81% in stage 5). BMI seems to have no obvious difference 

across the CKD stages 3–5.  
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Table 6. Baseline characteristics of the study population stratified by CKD stages 

 
 

Parameters 

 
Overall 

(N=106094) 

eGFR	≥60 
mL/min/1.73 m2 

(N=96480) 

 
 
 

eGFR <60 mL/min/1.73 m2 

Non 
CKD 

CKD 
Stages 

1-2 

 
 

All 
(N=9614) 

CKD stage 3a 
(N=7013) 

CKD stage 3b 
(N=1951) 

CKD stage 4 
(N=476) 

CKD stage 5 
(N=174) 

Proportion to overall - 84.54% 6.40%  9.06% 6.61% 1.84% 0.45% 0.16% 

CKD awareness - -  5.1% 2.9% 7.4% 18.1% 33.3% 
Age (years) 47.7 ± 15.4 45.9 ± 14.4  67.4 ± 11.1 67.1 ± 11.1 72.7 ± 9.4 71.5 ± 11.4 61.4 ± 15.0 
Male 42091 (40) 37542 (39)  4549 (47) 3483 (50) 803 (41) 211 (44) 52 (30) 
BMI (kg/m2) 24.3 ± 3.9 24.1 ± 3.9  25.4 ± 3.9 25.3 ± 3.8 25.4 ± 4.0 25.2 ± 4.0 24.9 ± 4.1 
Waist circumstance (cm) 79.2 ± 11.0 78.6 ± 10.9  84.5 ± 10.4 84.5 ± 10.3 85.5 ± 10.2 85.8 ± 10.9 82.8 ± 10.8 
Diabetes mellitus 5535 (5) 4005 (4)  1530 (16) 969 (14) 385 (20) 137 (29) 39 (23) 
Hypertension 13918 (13) 10298 (11)  3620 (38) 2481 (36) 828 (43) 246 (52) 65 (38) 

Metabolic syndrome 23709 (22) 19674 (20)  4035 (42) 2726 (39) 959 (49) 270 (57) 80 (46) 
Proteinuria by dipstick         

Missing 33774 (32) 31130 (32)  2644 (28) 1894 (27) 533 (27) 129 (27) 88 (51) 
Non and trace 65767 (91*) 60752 (93*)  5015 (72*) 3971 (78*) 894 (63*) 134 (39*) 16 (19*) 
1+ 3325 (5*) 2596 (4*)  729 (10*) 490 (10*) 168 (12*) 58 (17*) 13 (15*) 
2+ 1863 (3*) 1262 (2*)  601 (9*) 364 (7*) 164 (12*) 60 (17*) 13 (15*) 
3+ 1162 (2*) 649 (1*)  513 (7*) 253 (5*) 160 (11*) 68 (20*) 32 (37*) 
4+ 203 (0.2*) 91 (0.1*)  112 (2*) 41 (1*) 32 (2*) 27 (8*) 12 (14*) 

Data are mean ± standard deviation (SD) or number (%).  *indicates the proportion without considering the missing  
Abbreviation: eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; BMI, body mass index. 



doi:10.6342/NTU201900529

  

 51 

4.1.2 Prevalence of CKD stages 3-5 in subgroups 

Our estimates of the prevalence of CKD stages 3–5 according to the characteristics of 

the subjects are presented in Table 7. Prevalence increased with age (1.1% and 19.9% 

for ages 20–49 and ≥50 years, respectively) and severity of proteinuria (from 7.63% to 

55.17%). Moreover, compared with their opposing counterparts, higher prevalence was 

observed in males (men, 10.81%; women, 7.91%) and those who had DM (yes, 26.64%; 

no, 7.95%), hypertension (yes, 26.01%; no, 6.43%), or MetS (yes, 17.02%; no, 6.77%). 

    

4.1.3 Incidence of CKD 

Our estimates of the incidence of progression from the normal cohort to CKD stages 3–

5 by age, gender, comorbidity, MetS, and proteinuria are presented in Table 7. The 

incidence of CKD stages 3–5was 16.89/1000 PY. Incidence increased with age (from 

2.74/1000 PY to 38.09/1000 PY) and severity of proteinuria (from 15.34/1000 PY to 

64.29/1000 PY) and was higher in males (men, 23.03/1000 PY; women, 13.86/1000 PY) 

and those who had DM (yes, 55.57/1000 PY; no, 25.35/1000 PY), hypertension (yes, 

49.48/1000 PY; no,13.14/1000 PY), or MetS (yes, 37.2/1000 PY; no, 12.69/1000 PY).  

       Table 8 and Table 9 show that the overall incidence of CKD stages 1–5 and 

CKD stage 5 are 27.21/1000 PY and 0.43/1000 PY, respectively. The pattern of 

incidence of CKD stages 1–5 and CKD stage 5 in different groups was similar to that of 

CKD stages 3–5.  
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Table 7. The prevalence and incidence of CKD stages 3–5 

 
 
 
Characteristics 

Prevalence  Incidence of CKD stages 3–5 

CKD 
stages 3-5 

(%) 

 
 
 

Number of 
participants 
with CKD 
stages 0–2 

Case 
progressing 

to CKD 
stages 3–5 

Follow-up 
(PY) 

Estimate 
(1000 PY) 

Overall 9.06  97332 3888 230163 16.89 
Age (years)       
   20-49 1.1  60499 384 140221 2.74 
					≥50 19.9  35981 3504 91982 38.09 
Gender       
   Male 10.81  37542 1750 75989 23.03 
   Female 7.91  58938 2138 154174 13.86 
Diabetes       
   No 7.95  90421 3315 216013 15.35 
   Yes 26.64  4005 437 7837 55.76 
Hypertension       
   No 6.43  84364 2650 201669 13.14 
   Yes 26.01  10298 1134 22918 49.48 

Me��       
   No 6.77  76806 2421 190759 12.69 
   Yes (score≥3) 17.02  19674 1467 39404 37.20 
Proteinuria       
   Non and trace 7.63  60752 1731 112802 15.34 
   1+ 21.92  2596 163 5436 29.98 
   2+ 32.26  1262 133 3160 42.08 
   3+ 44.15  649 89 1439 61.85 
   4+ 55.17  91 9 140 64.29 

CKD stage 0 indicates non CKD. Abbreviation: CKD, chronic kidney disease; Mets, metabolic 

syndrome; PY, person-year. 
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Table 8. The incidence of CKD stages 1–5 

 
Characteristics 

Number of 
participants 

without CKD  

Cases progressing 
to CKD stages 1–5 

Follow-up 
(PY) 

Estimate 
(1000 PY) 

 
 

Overall 76803 4102 150778 27.21 

Age (years)     
   20-49 46591 1140 84272 13.53 
    ≥50 30212 2962 67505 43.88 
Gender     
    Male 30175 1760 52206 33.71 
    Female 46628 2342 98572 23.76 
Diabetes     
    No 72522 3622 142079 25.49 
    Yes 2877 331 4835 68.46 
Hypertension     
    No 67667 3030 132510 22.87 
    Yes 7965 981 15114 64.91 
Mets     
    No 61413 2777 125126 22.19 
    Yes (score≥3) 15390 1325 25652 51.65 

Abbreviation: CKD, chronic kidney disease; Mets, metabolic syndrome; PY, person-year. 
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Table 9. The incidence of CKD stage 5 

 
Characteristics 

Number of 
participants with 
CKD stages 0–4 

Cases 
progressing to 
CKD stage 5 

Follow-up 
(PY) 

Estimate 
(1000 PY) 

 
 

Overall 105927 109 258797 0.42 

Age (years)     

   20-49 61136 12 143195 0.08 

    ≥50 44791 97 115602 0.84 

Gender     

    Male 42039 49 88636 0.55 

    Female 63888 60 170161 0.35 

Diabetes     

    No 98104 76 240750 0.32 

    Yes 5496 31 10725 2.9 

Hypertension     

    No 90060 50 220192 0.23 

    Yes 13856 59 32330 1.8 

Mets     

    No 82297 52 209316 0.25 

    Yes (score≥3) 23630 57 49481 1.15 

Proteinuria     

    Non and trace 65755 11 123614 0.08 

    1+ 3313 4 7049 0.57 

    2+ 1851 18 4475 4.02 

    3+ 1131 25 2303 10.86 

    4+ 191 8 268 29.85 

CKD stage 0 indicates non CKD. Abbreviation: CKD, chronic kidney disease; Mets, 
metabolic syndrome; PY, person-yea. 
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4.1.4 ADT in CKD stages 3-5 

Table 10 presents the ADT of CKD stages 3–5 stratified by sex, age, and comorbidities. 

The overall ADT was 5.37 years (95% confidence interval [CI]: 5.17–5.57) for CKD 

stages 3–5. Differences in ADT according to age, gender, hypertension, and MetS were 

also observed; specifically, participants who were ≥50 years of age, female, 

hypertensive, or without MetS demonstrated a higher ADT than their opposing 

counterparts. Table 6 reveals that elderly women have the longest ADT (5.35 years, 

95% CI: 5.06–5.62) while young males have the shortest ADT (2.56 years, 95% CI: 

2.05–3.12) among all age and gender groups surveyed. 

      Moreover, Table 11 shows that elderly women (≥50 years) had the longest ADT 

(5.35, 95% CI: 5.02-5.62) of all age and gender groups and young male (20–49 years) 

had the shortest ADT (2.56 95% CI: 2.05-3.12). The ADT in female with age 20–49 

years was 5.12 (95%CI, 4.35–5.93), showing less difference to the group of female with 

age ≥50 years. The ADT in male with age ≥50 years was 4.69 (95%CI, 4.44–5.95), 

showing obvious different to the group of male with age 20–49 years.  
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Table 10. The average dwelling time in CKD stages 3-5 

 
Characteristics 

Average dwelling time 

P/I ratio (95%CI) aP/I ratio (95%CI) 
All 5.37 (5.17–5.57) 3.32 (3.08-3.57) 
Age (year)   
    20-49 4.02 (3.54–4.53) - 

    ≥50 5.23 (5.03–5.43) - 
Gender   
    Male 4.70 (4.44–4.95) - 
    Female 5.62 (5.33–5.88) - 
Diabetes   
    No 5.24 (5.03–5.44) 5.04 (4.65-5.44) 
    Yes 4.97 (4.48–5.47) 4.50 (3.93-5.15) 
Hypertension   
    No 4.95 (4.74–5.18) 5.36 (4.94-5.78) 
    Yes 5.27 (4.91–5.61) 6.47 (5.82-6.46) 
Metabolic syndrome   
    No 5.34 (5.09–5.59) 5.15 (4.78-5.56) 
    Yes (score>3) 4.57 (4.32–4.83) 4.58 (4.17-5.03) 

Abbreviation: CKD, chronic kidney disease, aP/I, adjusted prevalence incidence 

ratio. 

The multivariable model was adjusted by age and sex. 
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Table 11. Average dwelling times in CKD stages 3–5, stratified by gender and age 

 
Characteristics Prevalence of CKD stages 3–5  

 Incidence of CKD stages 3–5  
 Average dwelling time 

Cases Total 
number 

Estimate 
(%) 

 
 Events Follow-up 

(PY) 
Estimate 
(1000 PY) 

 
 

P/I ratio (95%CI) 

Sex and age (years)          

    Male, age 20–49 204 22660 0.90  150 42452 3.53  2.56 (2.05–3.12) 

    Male, age ≥50 4345 19431 22.36  1600 33537 47.7  4.69 (4.44–4.95) 

    Female, age 20–49 469 38512 1.22  234 97768 2.39  5.12 (4.35–5.93) 

    Female, age ≥50 4596 25491 18.03  1904 56405 32.76  5.35 (5.06–5.62) 

Abbreviation: CKD, chronic kidney disease; PY, person years��P/I, prevalence/incidence; CI, confidence interval. 
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4.2 Part 2 The initiators and progressors of CKD 

Fig 8 shows the enrolled participants in part II of this study. As urinary analyses were 

not obtained in 1999 and 2000, we included 100,169 participants from 2001 to 2009 in 

our study. There were 90,713 participants with eGFR ≥60 mL/min/1.73 m2. The mean 

age of these participants was 45.8 ± 14.1 years. Overall, 38.7% of these participants 

were men, 4.3% were diabetic, 11% had hypertension and 4.6% had CAD. Moreover, 

there were 8871 participants with eGFR 59–30 mL/min/1.73 m2. The mean age of these 

participants was 69.2 ± 10.2 years. Overall, 47.7% of these participants were men, 16% 

were diabetic, 38.4% had hypertension and 19.3% had CAD (Table 12). Other 

information about these two cohorts is presented in Table 12. 

 

 
Fig 8. Patient enrollment in the part II of study 
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Table 12. Baseline characteristics of the population in study II 

 
Parameter 

eGFR ≥60  
mL/min/1.73 m2 

(n = 90,713) 

eGFR 59–30  
mL/min/1.73 m2 

(n = 8,871) 
Age (years) 45.9 ± 14.1 69.2 ± 10.2 
Male sex 35092 (38.7) 4232 (47.7) 
BMI (kg/m2) 24.2 ± 3.9 25.3 ± 3.8 
Diabetes (%) 3847 (4.3) 1384 (16) 
Hypertension (%) 9842 (11) 3348 (38.4) 
CAD (%) 4134 (4.6) 1665 (19.3) 
SBP (mmHg) 123 ± 20 137 ± 22 
DBP (mmHg) 77 ± 12 81 ± 13 
Waist circumference (cm) 78.4 ± 10.9 85 ± 10 
Smoker (%) 25237 (28.0) 2448 (27.7) 
Alcohol drinker (%) 21629 (24.1) 1610 (18.3) 
Betel quid chewer (%) 6463 (7.2) 197 (2.2) 
Regular exerciser (%) 55470 (62.4) 5929 (40.7) 
Metabolic syndrome (%)  18294 (20.2) 3613 (40.7) 
Total cholesterol (mg/dL) 195 ± 39 208 ± 43 
Triglyceride (mg/dL) 127 ± 120 157 ± 114 
LDL (mg/dL) 113 ± 33 122 ± 36 
HDL (mg/dL) 57 ± 15 56 ± 15 
Glucose (mg/dL) 94 ± 28 106 ± 50 
Hemoglobin (mg/dL) 14.0 ± 4.3 13.6 ± 1.7 
Albumin (mg/dL) 4.5 ± 0.3 4.4 ± 0.4 
Uric acid (mg/dL) 5.6 ± 1.6 6.8 ± 1.9 
Proteinuria   
  Grade 0 (%) 67331 (89.7) 5493 (69.7) 
  Grade 1 (%) 2258 (3.0) 370 (4.7) 
  Grade 2 (%) 3087 (4.1) 786 (10.0) 
  Grade 3 (%) 1497 (2) 634 (8.0) 
  Grade 4 (%) 783 (1) 505 (6.4) 
  Grade 5 (%) 100 (0.1) 93 (1.2) 
Events of state change (%)  3018 (3.3) 322 (3.6) 

Abbreviations: eGFR, estimated glomerular filtration rate; BMI, body mass index; 
CAD, coronary artery disease; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein. 
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4.2.1 Factors associated with the progression of state 1 in the CKD 

transition model 

During a median follow-up of 4.0 years (IQR: 2.4–6.0), 3018 participants showed 

progression to state 2 (eGFR 59–30 mL/min/1.73 m2) from state 1 (eGFR ≥60 

mL/min/1.73 m2). In the crude analysis, the significant predictors for CKD initiation 

included old age [hazard ratio (HR): 1.11; 95%CI, 1.10–1.1], male gender (HR:1.95; 

95%CI, 1.76–2.18) , DM (HR:3.66; 95%CI, 3.10–4.32), previous CVD (HR:2.97; 

95%CI, 2.51–3.53), components of MetS (HR:1.54; 95%CI, 1.49–1.61), lifestyle 

including smoking (HR,1.36; 95%CI, 1.06–1.35), alcohol consumption (HR,1.20; 

95%CI, 1.06–1.35),  and regular exercise (HR,1.40; 95%CI, 1.24–1.58); proteinuria 

(HR:1.35; 95%CI, 1.28–1.42), uric acid level (HR:3.66; 95%CI, 3.10–4.32 ), albumin 

level (HR:0.61; 95%CI, 0.52–0.71), low-density lipoprotein (LDL) level (HR:1.68; 

95%CI, 1.51–1.87), and eGFR (HR:0.91; 95%CI, 0.90–0.92 ),  (all P < 0.05) (Table 

13).  

      In the multivariable analysis, only older age (HR, 1.08; 95% CI, 1.07–1.09), DM 

(HR, 1.49; 95%CI, 1.23–1.81), MetS scores (HR, 1.13; 95%CI, 1.08–1.19), proteinuria 

(HR, 1.16; 95%CI, 1.10–1.22), uric acid level (HR, 1.12; 95%CI, 1.08–1.17), LDL level 

>130 mg/dL (HR, 1.15; 95%CI, 1.02–1.30), and eGFR (HR, 0.94; 95%CI, 0.93–0.95) 

remained significant (Table 13). 
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Table 13. Progression analysis for participants with eGFR ≥60 mL/min/1.73 m2 

 
Parameter 

Crude Multivariable 

HR (95%CI) P aHR (95%CI) P 
Demography       

Age (years) (per 1 year) 1.11 (1.10, 1.12) <0.001 1.08 (1.07, 1.09) <0.001 
    50~69  vs. 20–49 10.4 (8.54, 12.6) <0.001   

    ≥70    vs. 20–49 38.7 (30.5, 49.1) <0.001   

Sex (male vs. female) 1.95 (1.76, 2.18) <0.001 1.00 (0.85, 1.18) 0.998 
Comorbidity     
Diabetes mellitus (yes vs. no) 3.66 (3.10, 4.32) <0.001 1.49 (1.23, 1.81) <0.001 
CAD (yes vs. no) 2.97 (2.51, 3.53) <0.001 0.89 (0.73, 1.07) 0.215 

MetS scores (per 1 unit) 1.54 (1.49, 1.61) <0.001 1.13 (1.08, 1.19) <0.001 
Individual components      
   Triglyceride (yes vs. no) 1.83 (1.63, 2.04) <0.001   
   HDL (yes vs. no) 1.67 (1.47, 1.88) <0.001   
   Waist (yes vs. no) 2.06 (1.85, 2.30) <0.001   
   Glucose (yes vs. no) 2.47 (2.19, 2.77) <0.001   
   Blood pressure (yes vs. no) 2.82 (2.51, 3.17) <0.001   

Lifestyle (ever vs. never)     

Smoking 1.36 (1.22, 1.53) <0.001 1.10 (0.93, 1.28) 0.261 
Alcohol drinking  1.20 (1.06, 1.35) <0.001 1.04 (0.89, 1.22) 0.615 

Betel nuts chewing 0.78 (0.59, 1.03) 0.075 1.34 (0.97, 1.84) 0.076 

Regular exercise  1.40 (1.24, 1.58) <0.001 1.04 (0.91, 1.18) 0.556 

Laboratory data     
Proteinuria (per 1 degree) 1.35 (1.28, 1.42) <0.001 1.16 (1.10, 1.22) <0.001 
Uric acid (per 1 mg/dL) 1.27 (1.23, 1.30)  <0.001 1.12 (1.08, 1.17) <0.001 

Albumin (per 1 mg/dL) 0.61 (0.52, 0.71) <0.001 0.92 (0.77, 1.10) 0.359 
Hemoglobin (per 1 g/dL) 1.00 (0.99, 1.01)  0.621 1.01 (0.97, 1.57) 0.669 
LDL (>130 mg/dL) 1.68 (1.51, 1.87) <0001 1.15 (1.02, 1.30) 0.020 
eGFR (per 1 unit) 0.91 (0.90, 0.92) <0.001 0.94 (0.93, 0.95) <0.001 

Abbreviations: aHR, adjusted hazard ratio; CI, confidence interval; CAD, coronary artery disease;  
MetS, metabolic syndrome; HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFR, 
estimated glomerular filtration rate 
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4.2.2 Factors associated with the progression of state 2 in the CKD 

transition model 

322 participants showed progression to state 3 (eGFR <30 mL/min/1.73 m2) from state 

2 (eGFR 59–30 mL/min/1.73 m2) during a median follow-up of 3.9 years (IQR: 2.1–

5.7). In the crude analysis, the significant predictors for CKD progression included 

older age (HR, 1.04; 95%CI, 1.02–1.06), DM (HR, 3.21; 95%CI, 2.18–4.73), previous 

CAD (HR, 1.81; 95%CI, 1.25–2.63), components of MetS (HR, 1.52; 95%CI, 1.34–

1.73),  proteinuria (HR, 1.70; 95%CI,1.50–1.91), uric acid level(HR, 1.21; 95%CI, 

1.13–1.31 ), hemoglobin level (HR, 0.83; 95%CI, 0.75–0.91),  and eGFR (HR, 0.86; 

95%CI, 0.84–0.88) (all P < 0.05) (Table 14). However, life styles had no significant 

association with  the progression of CKD. 

      In the multivariable analysis, only previous CAD (HR, 1.57; 95%CI, 1.04–2.36), 

MetS scores (HR, 1.31; 95%CI, 1.12–1.53), proteinuria (HR, 1.48; 95%CI, 1.31–1.67), 

uric acid (HR, 1.11; 95%CI, 1.02–1.22), hemoglobin level (HR, 0.84; 95%CI, 0.75–

0.95), and eGFR (HR, 0.89; 95%CI, 0.87–0.91) remained significant (Table 14). 
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Table 14. Progression analysis for participants with eGFR 30–59 mL/min/1.73 m2 
 
 
Parameter 

Crude Multivariable 

HR (95%CI) P aHR (95%CI) P 
Demography       

Age (years) (per 1 year) 1.04 (1.02, 1.06) <0.001 1.00 (0.98, 1.02) 0.831 

    50~69  vs. 20–49 3.35 (1.05, 10.8) 0.001   

    ≥70    vs. 20–49 6.69 (2.09, 21.4 ) 0.041   

Sex (male vs. female) 1.24 (0.91, 1.68) 0.179 1.56 (0.99, 2.48) 0.057 

Comorbidity     

Diabetes mellitus (yes vs. no) 3.21 (2.18, 4.73) <0.001 1.48 (0.92, 2.34) 0.087 

CAD (yes vs. no) 1.81 (1.25, 2.63) 0.001 1.57 (1.04, 2.36) 0.031 

MetS scores (per 1 unit) 1.52 (1.34, 1.73) <0.001 1.31 (1.12, 1.53) <0.001 

Individual components     

   Triglyceride (yes vs. no) 2.04 (1.49, 2.82) <0.001   

   HDL (yes vs. no) 1.95 (1.39, 2.75) <0.001   

   Waist (yes vs. no) 1.74 (1.27, 2.41) <0.001   

   Glucose (yes vs. no) 2.02 (1.46, 2.78) <0.001   

   Blood pressure (yes vs. no) 1.61 (1.14, 2.27) 0.007   

Lifestyle (ever vs. never)     

Smoking  1.09 (0.76, 1.60) 0.634 1.01 (0.63, 1.61) 0.978 

Alcohol drinking  0.99 (0.66, 1.48) 0.952 0.93 (0.56, 1.54) 0.780 

Betel nuts chewing  0.96 (0.31, 1.42) 0.529 –– –– 

Regular exercise 1.12 (0.78, 1.62) 0.529 1.15 (0.75, 1.77) 0.514 

Laboratory data     

Urine protein (per 1 degree) 1.70 (1.50, 1.91) <0.001 1.48 (1.31, 1.67) <0.001 

Uric acid (per 1 mg/dL) 1.21 (1.13, 1.31) <0.001 1.11 (1.02, 1.22) 0.022 

Albumin (per 1 mg/dL) 0.73 (0.47, 1.12) 0.150 1.02 (0.61, 1.69) 0.949 

Hemoglobin (per 1 g/dL) 0.83 (0.75, 0.91) <0.001 0.84 (0.75, 0.95) 0.005 

LDL (>130 mg/dL) 0.83 (0.59, 1.15) 0.261 1.01 (0.69, 1.48) 0.946 

eGFR (per 1 unit) 0.86 (0.84, 0.88) <0.001 0.89 (0.87, 0.91) <0.001 

Abbreviations: aHR, adjusted hazard ratio; CI, confidence interval; CAD, coronary artery disease;  
MetS, metabolic syndrome; HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFR, 
estimated glomerular filtration rate 
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4.2.3 Factors influencing state transition of CKD 

A summary of the initiators and progressors of CKD with multivariable adjusting is 

shown in Fig 9. The elderly had a higher risk for developing, but not for progression of 

CKD. Gender and smoking seems play no role in the initiation and progression of CKD. 

CAD just had an effect on CKD progression and DM just had an effect on CKD 

development. Those with lower proteinuria and higher eGFR had a better outcome in 

developing and progression of CKD. However, those with more components of MetS 

and hyperuricemia had hazardous impacts on CKD development and progression. 

Anemia had a poor outcome in progression but not in the initiation of CKD. LDL (>130 

mg/dL) was an independent risk for CKD initiation. 

 
 

 
Fig 9. A summary of the influencing factors on the state transition of CKD. 
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      Fig 10 shows the cumulative transition probabilities of the different 

characteristics of three subjects who each represented different risk groups. The 

components of risks for CKD initiation included age, gender, DM, MetS scores, 

proteinuria, Uric acid, LDL and eGFR. Moreover, the components of risks for CKD 

progression included age, gender, DM, CAD, MetS scores, proteinuria, Uric acid, 

hemoglobin and eGFR. The subject with high-risk characteristics had a high probability 

for CKD development and progression in a 10-year follow-up. The subject with 

low-risk characteristics had very low probability for CKD development and 

progression.   

      The probability of CKD initiation in the high-risk group was 7.6% in the first 

year, 53.3% at 3 years, 88.6% at 6 years, and 99.9% after 10 years.  Such probability 

in the moderate-risk group was 0.4% in the first year, 4.2% at 3 years, 16.2% at 6 years, 

and 39.% after 10 years. The probability for the low-risk group was <0.1% in the first 

year, 0.08% at 3 years, 0.36% at 6 years, and 1.03% after 10 years (Fig 10A).   

      The probability of CKD progression in the high-risk group was 7.2% in the first 

year, 55.2% at 3 years, 97.2% at 6 years, and 99.9% after 10 years.  Such probability 

of for the moderate-risk group was 0.4% in the first year, 4.6% at 3 years, 18.8% at 6 

years, and 46.5% at 10 years. The probability for the low-risk group was <0.1% in the 

first year, 0.08% at 3 years, 0.37% at 6 years, and 1.13% after 10 years (Fig 10B).   



doi:10.6342/NTU201900529

  

 66 

 
Fig 10. An illustration of the cumulative probabilities by time  

of three hypothetical conditions in different risk groups. (A) Initiation and (B) 

Progression of chronic kidney disease. 
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4.2.4 Risk prediction functions of CKD state transition 

Two risk prediction functions are shown below: 

(1) Score I for initiation of CKD	=exp[−2.06×(3.21−0.04×(Age)−0.02×(Male) 

−0.18×(DM)−0.06× (MetS score)−0.07×(Proteinuria)  −0.06×(Uric acid) 

−0.06×(LDL>130 mg/dL) + 003×(eGFR))]. 

(2) Score P for progression of CKD 	=  exp[ − 2.35 × (0.04 − 0.002 × (Age) 

− 0.17 × (Male) − 0.17 × (DM) − 0.20 × (CAD) − 0.14 × (MetS score)  

− 0.24× (Proteinuria)− 0.05 	×	 (Uric acid)+ 0.08 	×	 (Hemoglobin) 	+	 0.05 	×

	(eGFR))]. 

    The functions of cumulative probability for state transition are shown below, 

where T indicates the follow-up duration in years. 

(1) Cumulative risk to state 2 from state 1 =	1 − exp(−,-./0	1 × T3.56). 

(2) Cumulative risk to state 3 from state 2 =1 − exp(	−,-./0	8 × T3.9:). 

 

Moreover, Fig 10 shows the cumulative transition probabilities of the different 

characteristics of three subjects who each represented different risk groups using the 

above predictive equations in train dataset. The group with high-risk characteristics had 

a high probability for CKD development and progression with a steeper slope in a 

10-year follow-up. Otherwise, the group with low-risk characteristics had a very low 

chance for CKD development and progression. 
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4.2.5 Model discrimination and Validation. 

C statistic was 0.79 (95% CI, 0.78–0.80) for the prediction model of CKD initiation and 

was 0.80 (95% CI, 0.77–0.83) for the prediction model of CKD progression (Fig 11). 

Moreover, we evaluated the goodness of fit between train dataset and valid dataset by 

testing the risk probability in three different risk profiles during a 10 years observation, 

which was shown in Fig 10. The p value of Hosmer-Lemeshow test were 0.999 and 

0.183 for initiation and progression of CKD respectively, indicating there was lacking 

statistical difference between the trained and validated dataset. 

 

 
 

Fig 11. ROC curve for the prediction function.  

      (A) The initiation of CKD (B) The progression of CKD 
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4.3 Part 3 Stochastic Markov model of CKD 

4.3.1 Prevalence of CKD in the subgroups  

Of 106,094 participants recruited into our study (mean age, 47.7 ± 15.4 years), 39.7% 

were male, 5.3% had DM, 13.4% had hypertension, and 5.8% had CAD (Table 15). 

Clinical characteristics are shown in Table 15. Men were older and had higher body 

mass index values (24.9 vs. 23.9 kg/m2), more comorbidities [DM (6.1% vs. 4.8%), 

hypertension (16.1% vs. 11.6%), and CAD (6.2% vs. 5.5%)], more hazardous lifestyles 

[smoking (56.9% vs. 9.7%), alcohol consumption (45.6% vs. 9.4%), and betel nut 

chewing (16.1% vs. 0.8%)], and higher prevalence of metabolic syndrome (32.2% vs. 

15.9%) than women. 

       In Table 16, our estimates of the prevalence of States 1– 3 in all population 

were 90.9%, 8.5%, and 0.7%, respectively. Women (92.1%, 7.3%, and 0.6%, 

respectively) had less moderate and advanced CKD than men (89.2%, 10.2%, and 0.7%, 

respectively). Moreover, the prevalence of State 1 (98.9% to 63.5%) decreased with age, 

and the prevalence of states 2 (1% to 34.9%) and 3 (0.1% to 0.7%) increased with age in 

the overall population. Men and women also followed this pattern. The distribution of 

CKD in diabetic participants was 72.4% for state 1, 24.5% for state 2 and 3.2% for state 

3. The diabetic participant with more severe proteinuria had a higher prevalence of 

advanced CKD. 
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Table 15. Baseline characteristics of study population, stratified by sex    

Characteristics All 
(n = 106,094) 

Sex 

Women 
(n = 64,003) 

Men 
(n = 42,091) P value 

Age (years) 47.7 ± 15.4 46.6 ± 14.8 49.4 ± 16.1 <0.001 

BMI (kg/m2) 24.3 ± 3.9 23.9 ± 4.0 24.9 ± 3.6 <0.001 

Waist circumstance (cm) 79.1 ± 11.0 75.2 ± 10.0 85.2 ± 9.7 <0.001 

Diabetes mellitus (yes) 5535 (5.3) 3034 (4.8) 2501 (6.1) <0.001 

Hypertension (yes) 13,932 (13.4) 7299 (11.6) 6633 (16.1) <0.001 

CAD (yes) 6009 (5.8) 3448 (5.5) 2561 (6.2) <0.001 

Smoking (ever) 29,901 (28.4) 6132 (9.7) 23,769 (56.9) <0.001 

Alcohol drinking (ever) 24,880 (23.8) 5934 (9.4) 18,946 (45.6) <0.001 

Betel nut chewing (ever) 7215 (6.9) 502 (0.8) 6713 (16.1) <0.001 

Hemoglobin (g/dL) 14.0 ± 4.3 13.2 ± 5.3 15.2 ± 1.6 <0.001 

Uric acid (mg/dL) 5.6 ± 1.8 5.0 ± 1.6 6.4 ± 1.8 <0.001 

Albumin (g/dL) 4.4 ± 0.7 4.4 ± 0.7 4.5 ± 0.6 <0.001 

Mets (yes) 23,709 (22.4) 10,167 (15.9) 13,542 (32.2) <0.001 

Abbreviations:  BMI, body mass index; CAD, coronary artery disease; Mets, metabolic 
syndrome. 
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Table 16. The distribution of eGFR among participants  

Parameter Number 
State 1 State 2 State 3 

eGFR ≥60 
mL/min/1.73 m2 

eGFR  59–30 
mL/min/1.73 m2 

eGFR <30 
mL/min/1.73 m2 

Overall  106094 96480 (90.9) 8964 (8.5) 650 (0.6) 

   20–49 years (%) 61172 60499 (98.9) 614 (1.0) 59 (0.1) 

   50–64 years (%) 27121 24852 (91.6) 2130 (7.9) 139 (0.5) 

   ≥65 years (%) 17801 11129 (62.5) 6220 (34.9) 452 (2.5) 

Women (age) 64003 58938 (92.1) 4678 (7.3) 387 (0.6) 

   20–49 years (%) 38512 38043 (98.8) 433 (1.1) 36 (0.1) 

   50–64 years (%) 16644 15374 (92.4) 1185 (7.1) 85 (0.5) 

   ≥65 years (%) 8847 5521 (62.4) 3060 (34.6) 266 (3.0) 

Men (age) 42091 37542 (89.2) 4286 (10.2) 263 (0.6) 

   20–49 years (%) 22660 22456 (99.1) 181 (0.8) 23 (0.1) 

   50–64 years (%) 10477 9478 (90.5) 945 (9.0) 54 (0.5) 

   ≥65 years (%) 8954 5608 (62.6) 3160 (35.3) 186 (2.1) 

Diabetes  5535 4005 (72.4) 1354 (24.5) 176 (3.2) 

   Proteinuria (non to 2+) 4006 2909 (72.6) 988 (24.7) 109 (2.7) 

   Proteinuria (3+ to 4+) 1529 1096 (71.2) 366 (23.9) 67 (4.2) 

Abbreviation: eGFR, estimate glomerular filtration rate 
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4.3.2 Annual transition rate in a multi-state model  

Our estimates of the annual transition rates between CKD states in a five-state Markov 

model are presented in Table 17. In all participants, the annual transition rate was 

0.0169 (95% CI, 0.0164–0.0173) form eGFR ≥60 to 59–30 mL/min/1.73m2, was 

0.0259 (95%CI, 0.0240–0.0278) form eGFR 59-30 to <30 mL/min/1.73m2, was 0.0988 

(95% CI, 0.0902–0.1075) from eGFR <30 mL/min/1.73m2 to dialysis. The annual death 

rate increased with decreased eGFR [0.0082 to 0.2352]. However, the annual death rate 

became better after receiving dialysis (0.1778).  

 

4.3.2.1 The subgroups by gender and age 

In Table 17, men had higher annual incidence of eGFR 59–30 mL/min/1.73m2 than 

women [0.0218 (95%CI, 0.0209–0.0228) vs. 0.0138 (95%CI, 0.0133–0.0144)]. The 

progression rate since the state of eGFR 59–30 mL/min/1.73m2 was almost the same 

between genders. 

     Our estimates of the annual transition rates between states, by gender and age, are 

presented in Table 18.  The younger men (age ≤60 years) have high annual transition 

rate from eGFR ≥60 to 59-30 mL/min/1.73m2 [0.0071(95%CI, 0.0064–0.0078) vs. 

0.0033(95%CI, 0.0029–0.0036)] and form eGFR <30 mL/min/1.73m2 to dialysis 

[0.2760 (95%CI, 0.2143–0.3377) vs. 0.2243 (95%CI, 0.1839–0.2647)] than younger 

women. The older men (age >60 years) have lower annual transition rate form eGFR 

<30 mL/min/1.73m2 to dialysis than older women [0.0799 (95%CI, 0.0660–0.0939) vs. 

0.0905 (95%CI, 0.0781–0.1029)]. It is interesting to note that men had poor survival 

outcome in all states than women even in different age groups. 
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Table 17. The estimate of parameters in CKD transition model by gender 

Parameters 
All Female Male 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

λ12 

(eGFR ≥60 to eGFR 59–30) 
0.0169 

(0.0164–0.0173) 
0.0138 

(0.0133–0.0144) 
0.0218 

(0.0209–0.0228) 
λ23 

(eGFR 59–30 to eGFR <30) 
0.0259 

(0.0240–0.0278) 
0.0275 

(0.0248–0.0301) 
0.0248 

(0.0219–0.0276) 
λ34 

(eGFR <30 to dialysis) 
0.0988 

(0.0902–0.1075) 
0.1004 

(0.0891–0.1116) 
0.0976 

(0.0840–0.1112) 
u1 

(eGFR ≥60 to death) 
0.0082 

(0.0077–0.0087) 
0.0043 

(0.0038–0.0048) 
0.0154 

(0.0143–0.0165) 
u2 

(eGFR 59–30 to death) 
0.1452 

(0.1405–0.1499) 
0.1308 

(0.1245–0.1372) 
0.1646 

(0.1576–0.1717) 
u3 

(eGFR <30 to death) 
0.2352 

(0.2174–0.2531) 
0.2150 

(0.3418–0.4234) 
0.2691 

(0.1391–0.2992) 
u4 

(dialysis to death) 
0.1778 

(0.1575–0.1908) 
0.1706 

(0.1455–0.1956) 
0.1912 

(0.1567–0.2257) 
Abbreviation: CKD, chronic kidney disease; eGFR, estimated glomerular filtration; CI, confidence interval. 
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Table 18. The estimate of parameters in CKD transition model by age and gender 

Parameters 

Female Male 

≤60 years >60 years ≤60 years >60 years 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

λ12 

(eGFR ≥60 to eGFR 59–30) 
0.0033 

(0.0029–0.0036) 
0.0626 

(0.0600–0.0653) 
0.0071 

(0.0064–0.0078) 
0.0663 

(0.0632–0.0695) 

λ23 

(eGFR 59-30 to eGFR <30) 
0.0267 

(0.0220–0.0314) 
0.0269 

(0.0237–0.0300) 
0.0293 

(0.0229–0.0357) 
0.0224 

(0.0193–0.0255) 

λ34 

(eGFR <30 to dialysis) 
0.2243 

(0.1839–0.2647) 
0.0905 

(0.0781–0.1029) 
0.2760 

(0.2143–0.3377) 
0.0799 

(0.0660–0.0939) 

u1 

(eGFR ≥60 to death) 
0.0029 

(0.0025–0.0033) 
0.0056 

(0.0037–0.0074) 
0.0069 

(0.0060–0.0078) 
0.0257 

(0.0228–0.0285) 

u2 

(eGFR 59-30 to death) 
0.0909 

(0.0779–0.1040) 
0.1639 

(0.1569–0.1708) 
0.2025 

(0.1809–0.2242) 
0.1826 

(0.1754–0.1898) 

u3 

(eGFR <30 to death) 
0.1101 

(0.0634–0.1569) 
0.2396 

(0.2149–0.2642) 
0.1316 

(0.0620–0.2013) 
0.2959 

(0.2638–0.3281) 

u4 

(dialysis to death) 
0.0689 

(0.0440–0.0938) 
0.2694 

(0.2269–0.3111) 
0.1224 

(0.0779–0.1668) 
0.2428 

(0.1928–0.2928) 
Abbreviation: CKD, chronic kidney disease; eGFR, estimated glomerular filtration; CI, confidence interval. 
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4.3.2.2 The subgroups by DM and proteinuria 

In Table 19, the participants with higher proteinuria had higher annual incidence of 

CKD state transition than those with mild proteinuria, showing 0.0753 (95%CI, 0.0658–

0.0848) vs. 0.0383 (95%CI, 0.0348–0.0419) from eGFR ≥60 to 59–30 mL/min/1.73m2, 

0.1122 (95%CI, 0.0958–0.1286) vs. 0.0335 (95%CI, 0.0280–0.0390) from eGFR 59–30 

to <30 mL/min/1.73m2, 0.1761(95%CI, 0.1533–0.1989) vs. 0.0894 (95%CI, 0.0733–

0.1056) from eGFR <30 mL/min/1.73m2 to dialysis. The annual death rate in the state 

of eGFR ≥60 mL/min/1.73m2 was mildly elevated in the group with high proteinuria 

but the death rates in other states of CKD were almost the same.   

      In Table 20, for diabetic participants, the annual transition rate was 0.0576 (95% 

CI, 0.0531–0.0613) form eGFR ≥60 to 59–30 mL/min/1.73m2, was 0.0575 (95%CI, 

0.0501–0.0649) form eGFR 59-30 to <30 mL/min/1.73m2, was 0.1585 (95% CI, 

0.1383–0.1787) from eGFR <30 mL/min/1.73m2 to dialysis. The annual death rate 

increased with CKD states (0.0179 to 0.3147).  

      Our estimates of the annual transition rates between states, by DM and the level 

of proteinuria, are presented in Table 20. The diabetic participants with higher 

proteinuria (3+ to 4+) had high annual transition rate form eGFR ≥60 to 59-30 

mL/min/1.73m2 [0.0986 (95%CI, 0.0830–0.1143) vs. 0.0532 (95%CI, 0.0489–0.0575)], 

form eGFR 59–30 to <30 mL/min/1.73m2 [0.1241(95%CI, 0.1009–0.1472) vs. 0.0464 

(95%CI, 0.0376–0.0551)] and from eGFR <30 mL/min/1.73m2 to dialysis [0.2128 

(95%CI, 0.1806–0.2450) vs. 0.1080 (95%CI, 0.0840–0.1321)] than those with low 

proteinuria (1+ to 2+).  
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Table 19. The estimate of parameters in CKD transition by proteinuria 

Parameters 
No proteinuria and trace 1+ and 2+ 3+ and 4+ 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

λ12 

(eGFR ≥60 to eGFR 59–30) 
0.0155 

(0.0150–0.0159) 
0.0383 

(0.0348–0.0419) 
0.0753 

(0.0658–0.0848) 

λ23 

(eGFR 59–30 to eGFR <30) 
0.0212 

(0.0190–0.0235) 
0.0335 

(0.0280–0.0390) 
0.1122 

(0.0958–0.1286) 

λ34 

(eGFR <30 to dialysis) 
0.0668 

(0.0570–0.0766) 
0.0894 

(0.0733–0.1056) 
0.1761 

(0.1533–0.1989) 

u1 

(eGFR ≥60 to death) 
0.0075 

(0.0070–0.0080) 
0.0168 

(0.0131–0.0204) 
0.0239 

(0.0142–0.0336) 

u2 

(eGFR 59–30 to death) 
0.1532 

(0.1479–0.1586) 
0.1312 

(0.1186–0.1437) 
0.1019 

(0.0813–0.1226) 

u3 

(eGFR <30 to death) 
0.3120 

(0.2811–0.3429) 
0.1935 

(0.1636–0.2233) 
0.1954 

(0.1649–0.2259) 

u4 

(dialysis to death) 
0.1333 

(0.1080–0.1586) 
0.2132 

(0.1627–0.2637) 
0.2054 

(0.1678–0.2429) 

 

Abbreviation: CKD, chronic kidney disease; eGFR, estimated glomerular filtration; CI, confidence interval. 
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Table 20. The estimate of parameters in CKD transition by DM and proteinuria 

Parameters 
Non DM DM 

DM with 
low proteinuria 

DM with 
high proteinuria 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

Estimate 
(95% CI) 

λ12 

(eGFR ≥60 to eGFR 59–30) 
0.0148 

(0.0144–0.0153) 
0.0576 

(0.0531–0.0613) 
0.0532 

(0.0489–0.0575) 
0.0986 

(0.0830–0.1143) 
λ23 

(eGFR 59–30 to eGFR <30) 
0.0202 

(0.0184–0.0221) 
0.0575 

(0.0501–0.0649) 
0.0464 

(0.0376–0.0551) 
0.1241 

(0.1009–0.1472) 
λ34 

(eGFR <30 to dialysis) 
0.0731 

(0.0645–0.0816) 
0.1585 

(0.1383–0.1787) 
0.1080 

(0.0840–0.1321) 
0.2128 

(0.1806–0.2450) 

u1 

(eGFR ≥60 to death) 
0.0074 

(0.0070–0.0079) 
0.0179 

(0.0140–0.0217) 
0.0161 

(0.0122–0.0201) 
0.0274 

(0.0125–0.0423) 

u2 

(eGFR 59–30 to death) 
0.1449 

(0.1398–0.1499) 
0.1635 

(0.1505–0.1765) 
0.1731 

(0.1579–0.1882) 
0.1233 

(0.0942–0.1524) 

u3 

(eGFR <30 to death) 
0.2391 

(0.2176–0.2606) 
0.2387 

(0.2063–0.2712) 
0.3184 

(0.2637–0.3731) 
0.1939 

(0.1544–0.2335) 

u4 

(dialysis to death) 
0.1171 

(0.0967–0.1376) 
0.3147 

(0.2675–0.3620) 
0.3387 

(0.2606–0.4167) 
0.2733 

(0.2170–0.3296) 

Abbreviation: CKD, chronic kidney disease; DM, diabetes mellitus; eGFR, estimated glomerular filtration; CI, confidence interval. 
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4.3.3 Kinetic epidemiological curves of CKD stages 

Fig 12 shows the predicted probabilities of progression to eGFR 59–30 mL/min/1.73m2, 

eGFR <30 mL/min/1.73m2, dialysis, and death for a cohort of eGFR ≥ 60 

mL/min/1.73m2 by gender. As time goes by, in all participants, the proportions 

progressing to eGFR 59–30 mL/min/1.73m2 is 6.9% at 10 years, and drop to 6.6% at 20 

years and 5.4% after 30 years. The proportions progressing to eGFR <30 

mL/min/1.73m2 is 4.5% at 10 years, 5.3% at 20 years and drop to 4.4% after 30 years. 

The proportion of   death increases steadily. The risk of progressing to death increases 

steadily over time. The kinetic curve for male and female follows a similar shape. 

However, the absolute risks of all stages are consistently lower in women.  

    Fig 13 shows the predicted probabilities of progression to eGFR 59–30 

mL/min/1.73m2, eGFR <30 mL/min/1.73m2, dialysis, and death for a cohort of eGFR 

≥60 mL/min/1.73m2 by DM and proteinuria. As time goes by, in all diabetic 

participants, the proportions progressing to eGFR 59-30 mL/min/1.73m2 is 14.3% at 10 

years, and drop to 8.3% at 20 years and 4.1% after 30 years. The proportions 

progressing to eGFR <30 mL/min/1.73m2 is 2.0% at 10 years, 1.4% at 20 years and 

drop to 0.7% after 30 years. The proportion of death increases steadily. The risk of 

progressing to death increases steadily over time. The kinetic curve for DM with low or 

high proteinuria follows a similar shape. However, the probability from eGFR ≥60 to 

59–30 mL/min/1.73m2 in the DM with high proteinuria elevated higher than those with 

low proteinuria in the initial 5 years. 
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Fig 12. Transition probabilities from a cohort of eGFR ≥60 mL/min/1.73m2 by gender. 

(A) All participants (B) female (C) male 
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Fig 13. Transition probabilities from a cohort of eGFR ≥60 mL/min/1.73m2 by DM 

and proteinuria. 

(A) Diabetes (B) Diabetes with low proteinuria (C) Diabetes with high 

proteinuria 
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4.3.4 Average dwelling time (ADT)  

Table 21 shows that the ADT of eGFR 59–30 mL/min/1.73m2 was 5.84 years (95%CI, 

5.62–6.07), where 5.27 years (95%CI, 5.01–5.57) in men and 6.31 years (95%CI, 5.97–

6.69) in women. Moreover, the ADT of eGFR <30 mL/min/1.73m2 was 2.99 years 

(95%CI, 2.77–3.25), were 2.72 years (95%CTable 18I,2.43–4.48)  in men and 3.17 

years (3.32–1.86) in women.   The long ADT in women is mainly a reflection of their 

lower mortality rate in any stages than men, shown in Table 18.  

    The ADT of eGFR 59–30 mL/min/1.73m2 was 4.52 years (95%CI, 4.14–4.98 in 

DM and 6.05 years (95%CI, 5.81–6.32) in non-DM. Moreover, the ADT of eGFR <30 

mL/min/1.73m2 was 2.52 years (95%CI, 2.22–2.90) in DM and 3.20 years (95%CI, 

2.92–3.54) in non-DM.  The ADT of eGFR 59–30 mL/min/1.73m2 decreased as the 

severity of proteinuria (5.73–4.67 years from non to severe). However, the participant 

with moderate proteinuria had the longest ADT of eGFR <30 mL/min/1.73m2 among 

the three groups of proteinuria.  

   In Table 22, younger women (age, ≤60 years) had the longest ADT of eGFR 59-30 

mL/min/1.73m2 (8.50 years; 95%CI, 7.38–10.01), where the younger men have the 

shortest ADT(4.31 years; 95%CI, 3.84–4.09). The ADT of eGFR <30 mL/min/1.73m2 

varied within small range among the groups. DM with low proteinuria had lower ADT 

of eGFR 59-30 mL/min/1.73m2 but higher ADT of eGFR <30 mL/min/1.73m2 than 

those with low proteinuria. 
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Table 21. The average dwelling time using stochastic process 

Parameters 

Average dwelling time (years, 95%CI) 

The state of 

eGFR 59–30 mL/min/1.73m2 

The state of 

eGFR <30 mL/min/1.73m2 

All 5.84 (5.62–6.07) 2.99 (2.77–3.25) 

   Women 6.31 (5.97–6.69) 3.17 (2.32–1.86) 

   Men 5.27 (5.01–5.57) 2.72 (2.43–4.48) 

Diabetes   

   Yes 4.52 (4.14–4.98) 2.52 (2.22–2.90) 

   No 6.05 (5.81–6.32) 3.20 (2.92–3.54) 

Proteinuria   

 No proteinuria (0 to trace ) 5.73 (5.49–5.99) 2.63 (2.38–2.95) 

  Moderate (1+ to 2+) 6.07 (5.47–6.82) 3.53 (3.04–4.22) 

  Severe (3+ to 4+) 4.67 (3.98–5.64) 2.69 (2.35–2.69) 

Abbreviation: eGFR, estimate glomerular filtration rate. 



doi:10.6342/NTU201900529

  

 83 

 
 

 

Table 22. The average dwelling time in different groups 

Parameters 

Average dwelling time (years, 95%CI) 

The state of 
eGFR 59–30 

mL/min/1.73m2 

The state of 
eGFR <30 

mL/min/1.73m2 

Gender and age (years)   

  Women with age ≤60 8.50 (7.38–10.01) 2.99 (2.71–4.04) 

  Women with age >60 5.24 (4.98–5.53) 3.02 (2.72–3.41) 

  Men with age ≤60 4.31 (3.84–4.90) 2.45 (1.85–3.61) 

  Men with age >60 4.87 (4.64–5.13) 2.66 (2.36–3.03) 

DM and proteinuria   

 DM with low proteinuria 4.55 (4.11–5.11) 2.34 (1.97–2.87) 

 DM with high proteinuria 4.04 (3.33–5.12) 2.45 (2.08–2.98) 

Abbreviation: eGFR, estimate glomerular filtration rate; DM, diabetes mellitus. 
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Chapter 5  Discussion and Future Work 

5.1 part I Epidemiologic study 

5.1.1 The main finding of part I 

This population-based study utilized the CKD-EPI equation to determine the eGFR of 

patients with the objective of demonstrating the epidemiologic features of CKD in 

Taiwan. Our analyses indicated that the overall prevalence of CKD stages 1–5 was 

15.46% with an incidence of 27.21/1000 PY. Moreover, the prevalence of CKD 

stages 3–5 was 9.06% with an incidence of 16.89/1000 PY. The estimated ADT in 

CKD stages 3–5 was 5.37 years, and the ADTs in the subgroups are shown in Tables 

5 and 6. This study not only confirmed the high prevalence and incidence of CKD in 

the Taiwanese population but also quantified the ADT in CKD stages 3–5. Our results 

add to the literature concerning the prevalence and incidence of CKD stages in 

Taiwan, thereby providing a reliable reference for policymakers when establishing 

medical programs for CKD management. 

 

5.1.2 Discussion of part I   

The increase in ESRD populations worldwide is concerning for many countries 

because ESRD expenditures are gradually consuming increasing proportions of the 

healthcare budget [5, 156]. In Taiwan, although ESRD patients represent only 0.15% 
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of the total population, they are responsible for 7% of the total annual budget of 

Taiwan’s NHI Program owing to their use of dialysis. The high incidence of CKD 

stages 3–5 identified in our study could partly explain this medical burden. 

Unfortunately, limited data concerning the incidence of new-onset CKD in other 

countries are available. The Framingham Offspring study, which was conducted in 

Massachusetts, USA, comprised 2,585 participants with no pre-existing kidney 

disease. After a mean follow-up of 18.5 years, 244 participants (9.4%) had developed 

kidney disease [157]. In a retrospective cohort study of 405,000 participants in 

Southampton, UK, the estimated annual incidence of CKD (serum creatinine ≥ 1.7 

mg/dL) was 1,700 per million population [158] at a mean follow-up of 5.5 years. An 

Iranian community-based cohort (3,313 participants with eGFR ≥ 60 mL/min/1.73 m2) 

with a mean follow-up of 9.9 years reported an incidence of CKD stages 3–5 of 

21.5/1000 PY[159]. One study reported that, during a 10-year follow up with 123,764 

participants in Japan, 19,411 subjects exhibited CKD stages 3–5 (incidence of about 

15.6/ 1000 PY) [160]. Compared with these studies, Taiwan appears to have a higher 

incidence of CKD stages 3–5. 

  In the present study, the estimated ADT in CKD stages 3–5 was 5.37 years. 

Kuo et al. [22] reported that the prevalence and incidence of clinically detectable 

CKD in Taiwan using NHI claims data are 9.3% and 13.5/1000 PY respectively, 
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thereby indicating an estimated ADT (P/I ratio) of 6.89 years. The difference in ADTs 

between these two studies mainly stems from disparities in incidence because using 

clinically detectable CKD will underestimate the incidence of CKD. Moreover, in the 

subgroup analysis, those aged <50 years had a lower ADT in CKD stages 3–5, which 

indicates that a young age may be a risk factor of CKD progression; this supposition 

is consistent with previous studies [161, 162]. Interestingly, participants without 

hypertension exhibited a lower ADT than those with hypertension. We thus 

hypothesize that extensive use of renin-angiotensin-aldosterone system (RAAS) 

blockers for hypertension treatment also protects hypertensive patients from CKD 

because these blockers have been proven to confer renal protective effects [163, 164]. 

One study has reported the median time spent in different stages of CKD using the 

data from Chronic Renal Insufficiency Cohort study in the USA [162].  It showed 

that participants with systolic blood pressure (SBP) ≥140 mmHg was associated with 

shorter median time than those with SBP <140 mmHg. The discrepancy comparing to 

our current study may be due to the different populations (hospital-based vs. 

community-based) or target subgroups (SBP control vs. hypertension history). 

Therefore, a further study is needed to clarify it.  

  A sex difference in the epidemiologic features of CKD was observed; 

specifically, women exhibit a higher proportion of predialysis CKD than men in most 
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regions, with the opposite findings in Japan and Singapore [165]. We observed a sex 

difference in the epidemiology of CKD in our study, with women exhibiting a lower 

prevalence and incidence than men. This finding is consistent with that in other Asian 

countries. Moreover, while a higher ADT in CKD stages 3–5 was noted in female 

participants aged ≥ 50 years, the shortest ADT was observed in male participants aged 

20–49 years. Some potential mechanisms of this gender difference have been 

proposed, including differences in nitroxide (NO) metabolism, sex steroids, and the 

impact of sex on lifestyle and risk factors. One animal study showed that female rats 

have higher NO levels than their male counterparts [166], and NO was determined to 

play an essential role in the regulation of vascular tone and endothelial function [167]. 

Some animal models also demonstrate that endogenous estrogens exert antifibrotic 

and antiapoptotic effects on the kidney [168]. Another potential explanation for the 

broad differences observed between sexes may involve differences in the impact of 

lifestyle and traditional risk factors on men and women with CKD [169]. Further 

studies are needed to elucidate the actual mechanisms responsible for these differing 

relationships. 

      Few study participants with CKD were aware of their disease, and only 33.3% 

of the participants were aware of their advanced CKD status. Therefore, education 

regarding early CKD recognition may aid in delaying disease progression. Moreover, 
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those patients with underlying diabetes, hypertension, and MetS revealed a higher 

prevalence and incidence of CKD stages 3–5 than those without. These associations 

are clinically relevant because strict glycemic control [170], antihypertensive therapy 

with the use of RAAS blockers [171], lipid-lowering agents [172], and treatment of 

MetS [173] have been shown to slow the progression of kidney disease. 

 

5.1.3 the limitation of part I 

The present study has several strengths. First, it examined differences in CKD stages 

in a large cohort of individuals over a relatively long period of 10 years, thereby 

enabling assessment of a sufficient number of CKD events. Second, we utilized the 

CKD-EPI formula to calculate eGFRs. This equation provides more accurate 

estimations of GFR than those generated by the Modification of Diet in Renal Disease 

equation, which was adopted in previous studies. Third, although an earlier study 

reported the incidence of clinically detectable CKD (approximately equivalent to 

CKD stages 3–5) in Taiwan using NHI claims data [22], we examined the incidence 

of biochemically recognized CKD stages 3–5 in our study. Considering these 

strengths, we also acknowledge the potential limitations of our work. First, a large 

proportion of quantitative data regarding proteinuria was missing from the records we 

collected. Therefore, the prevalence of CKD stages 1–2 may have been overestimated. 



doi:10.6342/NTU201900529

  

 89 

Second, as we used only one laboratory result to define the CKD stage, and 

measurement errors may introduce bias to the results. However, a large sample size 

could reduce this limitation under the assumption of random measurement errors. 

Third, the number of participants lost to follow-up may also induce bias in the 

estimation of incidence. However, the incidence of CKD stage 5 (0.42/1000 PY) in 

our study was very similar to the incidence of ESRD requiring RRT (0.45/1000 

population-year) reported by the US Renal Data System [5]. This similarity validates 

our findings because CKD stage 5 is a surrogate for the disease state that requires 

dialysis. 

 

5.1.4 The conclusion of part I 

This study provides an epidemiological description of CKD in Taiwan. Using a large 

population-based screening program, we documented a high prevalence and incidence 

of biochemically recognized CKD stages 3–5. Moreover, we estimated ADT in the 

main CKD burden (stages 3–5) as 5.37 years. Further exploration about the factors 

associated with the shifting of this ADT will facilitate the CKD management. 
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5.2 part II Risk determents of CKD transition 

5.2.1 main finding of part II 

This population-based study demonstrated the factors influencing state transition in a 

three-state CKD model. We showed the independent initiators and progressors in CKD 

transition and consequently provided the risk prediction functions for the initiation and 

progression of CKD. Those parameters used in our models are checked routinely in 

the general health examination, of which the calculated risks can be conjoined 

easily with the information reporting system. Knowledge of the factors influencing 

the different state transitions of CKD can help clinical physicians arrange for an 

specialized plan for risky population to prevent CKD and slow the progression of CKD. 

Moreover, identifying higher-risk patients can provide more efficient management of 

CKD. 

 

5.2.2 Discussion of part II  

It is not surprising that age, DM, and the components of MetS were well known as risk 

factors for the development of CKD, and the difference in the distribution of these 

factors can be seen in these two different groups. Some previous studies reported results 

[65, 67, 70, 174-176] similar to our findings. Proteinuria and eGFR can worsen with an 

increase in the severity of kidney damage [99, 177], and low proteinuria and high eGFR 

indicate good preservation of kidney function. Therefore, it is reasonable to consider 

that individuals with high renal damage may be prone to the development and 

progression of CKD. Uric acid has been proposed to have a causal role in the 

development of de novo CKD owing to the possible mechanism of causing endothelial 

dysfunction in vascular cells [178] and renal damage via fructose [179]. Moreover, 
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some studies have mentioned that uric acid is associated with the progression of CKD 

[180, 181]. In our study, uric acid was not only an initiator but also a progressor of 

CKD. Finally, lifestyle, including smoking, alcohol consumption, betel-nut chewing and 

regular exercise appears to not be an independent risk factor for CKD development, 

indicating that the influence on CKD might be through other consequent factors, such as 

MetS or proteinuria.  

In our study, DM appears to not have an independent effect on the progression 

of CKD, which is supported by a meta-analysis showing that DM was not a progressor 

of CKD [70]. One possible explanation for this phenomenon is that DM may affect 

CKD progression via proteinuria mainly, which is a hallmark of renal damage caused 

by DM. Age had no independent effect on the progression of CKD. One hypothesis is 

that the effect of age on CKD progression was modulated by residual renal function, 

such as eGFR and serum hemoglobin level. It has been shown that anemia occurs when 

nephron loss develops owing to a decrease in the production of erythropoietin [182]. 

Thus, a lower serum hemoglobin level without any evidence of blood loss may indicate 

higher nephron loss, and this will induce a tendency for CKD progression. One recent 

study reported that poor lifestyle was associated with the progression of CKD (50% 

eGFR decrease or ESRD) in a 4-year cohort with 3006 CKD participants [183]; 

however, our study did not identify such an association. This discrepancy may be 

associated with the difference in endpoints.  

Elucidation of the factors that influence the state transition of CKD is valuable 

for the prevention of CKD. From a practical perspective, the identification of initiators 

can help in the design of individually tailored prevention programs, and the elucidation 

of promoters may enable the consideration of individually tailored strategies in 

multidisciplinary CKD care, which has been shown by a team consisting of 
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nephrologists, nurses, dietitians, social workers, and surgeons [13]. Moreover, in risk 

stratification, we found that progression is much quicker in high-risk patients than in 

low-risk patients. Some studies have reported that late referral to nephrologists is 

associated with poor prognosis [8-10]. Therefore, higher-risk patients could receive 

more intensive intervention and early nephrology referral; whereas low-risk patients 

could be attended by the primary care physician.  

 

5.2.3 The limitation of part II 

This study had several strengths. First, it examined the changes in CKD states in a large 

cohort of individuals over a long period of 8 years, which enabled assessments of a 

sufficient number of desired events. Second, a multi-state transition model can offer 

more details about the influence of risk factors on the clinical progression history of 

CKD. Third, using an AFT model with a Weibull distribution can estimate the absolute 

risk of CKD state transition, which it can be understood straightforwardly and be 

interpreted easily. However, there were some potential limitations in our study. First, 

we used only one laboratory result to define the participant’s current eGFR state, which 

it will lead a bias due to the variability of eGFR measurement. However, under the 

assumption of random measurement error of eGFR, large sample size can alleviate this 

bias. Second, the medication history was not available in our study because some 

medications can affect the decrease in eGFR [184, 185]. However, medical access is 

unrestricted for Taiwanese individuals owing to the health insurance program, which 

this can reduce the bias. Finally, the risk prediction functions for CKD transition still 

need the further external validation to test their generalization.  
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5.2.4 The conclusion of part II 

We documented the independent initiators and progressors in a three-state CKD 

transition model to classify the risk for the clinical course of CKD. Moreover, we 

successfully developed two absolute risk functions for predicting the initiation and 

progression of CKD. Such information is beneficial for alerting the physicians to early 

transfer the risky patients to receive the nephrologist based MDC� 
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5.3 Part III stochastic Markov model of CKD 

 
5.3.1 Main finding of part III 

This large-scale community-based study elucidates a kinetic view of the CKD 

development process by quantifying transitions between states in a five-state Markov 

model. It offers the approximated natural history of CKD in Taiwan. In subgroups 

analysis, it shows that women had a lower incidence of CKD and better survival rate 

than did men, which can explain the different CKD loading in genders in Taiwan. We 

also offered a clinical history of DM-related CKD, disclosing that the progression rates 

of CKD in diabetic participants were faster than those in non-DM participants. 

Moreover, the ADT for eGFR 59–30 mL/min/1.73m2 and eGFR <30 mL/min/1.73m2 in 

different groups were estimated and are shown in Table 20 and 21, of which the result 

can support our finding about the ADT in CKD stages 3–5 in the study part I. Finally, 

such finding can be applied to the cost-effectiveness analysis of CKD intervention. 

 

5.3.2 Discussion of part III 

Two studies have proposed a stochastic model for the progression of chronic kidney 

disease using the same data source [130, 186], which one is 6-state model form eGFR 

59–30 mL/min/1.73m2 to death [130] and another is 5-state model form eGFR 90–60 

mL/min/1.73m2 to death [186]. However, the data source was from dialysis hospital, 

which may indicate the higher severity of CKD with intervention in this group. The 

hospital-based disease course is always different to the natural history of the disease. 

their annual transition rate between CKD states were obviously higher than our study, 

of which the stochastic model was proposed from eGFR ≥60 mL/min/1.73m2 to death. 
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For example, the annual transition rate from eGFR 59–30 to ≤30 mL/min/1.73m2 is 

0.27 in the 5-state model [186] and 0.149 in the 6-state model [130]. However, it is 

0.026 in our 5-state model. Davies et al. had reported the average decline in GFR was 

0.96 ml/min/1.73 m2/ year [187], which the annual transition rate from the CKD state of 

eGFR 59–30 to ≤30 mL/min/1.73m2 is about 0.032. Its result is very similar to our 

estimation. Thereafter, such information can be applied to the general population.   

     GFR declining with normal aging, perhaps inevitably, usually begins since 30–40 

years of age and accelerates in the 50–60 years, which was evidenced by the studies 

conducted in the 1930’s–1950’s [188]. Our results also confirmed this finding, which it 

showed that the participants with age >60 years have the higher annual incidence and 

progression rate of CKD than those with age ≤60 years in both male and female 

participants. This decline appears to be a part of the normal physiologic process of 

cellular in the kidneys. DM with proteinuria has been known as a strong risk factor for 

CKD [189]. Therefore, our study also provided the clinical history of diabetic 

nephropathy.  

      The ADT in CKD stages 3–5 in our previous study is 5.37 years using the 

formula of prevalence incidence (P/I) ratio of CKD stages 3–5. The departure form 

CKD stages 3–5 involve regression and progression from CKD stages 3-5 and death. 

Regression is of less possibility because CKD is thought to cause progressive and 

irreversible damage to the kidney in the long-run [190]. The estimated ADT in CKD 

stages 3–5 in our study part III is 5.64 years (5.84×(8.45/9.06)+2.99×(0.61/9.06)), 

which is consistent with the result via the method of P/I ratio (5.37 years in CKD stages 

3–5) in our study part I. Because not all the participants in CKD stage 3 can enter the 

stage 4–5, actually most participants died before entering the advanced CKD stage, the 
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ADT of CKD stages 3–5 is not simple as ADT in stage 3 plus ADT in stages 4–5. 

Therefore, we should weight their contribution to ADT by their distribution in 

population. Finally, such finding of ADT can offer a reference to clinical physicians and 

policymakers. 

      We can observe the different CKD burden in gender form our data. The kinetic 

picture of transitions between states by gender in Fig 12 made a significant contribution 

to explain the obvious gender difference, which men have a higher prevalence of CKD 

stages 3–5 than women (10.9% VS. 7.9%). High CKD incidence rate in men (two times 

than women; 0.0218 vs. 0.0138 ) contributed this gender discrepancy. Moreover, adding 

the higher mortality to men introduced a lower ADT in CKD stage 3 than women (5.27 

vs. 6.31 years). Some potential mechanisms of this gender difference in CKD have been 

proposed, including differences in nitroxide (NO) metabolism [166], sex steroids  [168] 

and the impact of sex on lifestyle and risk factors [169]. 

      In general, the prevalence of CKD was greater in women than in men, regardless 

of age. Although the longer life expectancy of women and inappropriate use of the 

eGFR equation had been proposed, the real explanation remains undetermined. 

Conversely, population studies in Asian countries showed the reverse finding that men 

had a higher CKD prevalence than women [191, 192]. Wen et al. [16] reported a higher 

CKD prevalence in men than in women in Taiwan (7.6% vs. 6.7% eGFR 

<60 mL/min/1.73 m2), which was comparable with our findings. In our data, it is 

reasonable that women had a lower CKD prevalence than men because women had a 

lower incidence of CKD. Longer life expectancy of women contributed to the longer 

ADT of CKD, but not the lower prevalence of CKD. 
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5.3.3 The limitation of part III 

This study had several strengths. First, it examined the changes in CKD stage in a large 

cohort of individuals over a long period of 10 years, which enabled assessments of a 

sufficient number of CKD transitions. Second, we used the CKD-EPI formula to 

calculate eGFR; this equation provided more accurate estimations of GFR than those 

generated by the MDRD equation, which has been adopted in previous studies. 

However, there are several potential limitations to our study. First, we used only one 

laboratory result to define the CKD stage, which it needed sustained renal impairment 

for three months to be defined. However, large sample size can alleviate this bias [193]. 

Second, a natural history of disease represents the progression course without any 

medical intervention for the disease. Therefore, it is hard to estimate the natural history 

of CKD because of its long disease course and the convenient medical access in Taiwan. 

However, using community-based data may approximate the natural history of CKD. 

Furthermore, our estimation of the natural history of CKD was validated by our Part I 

study because of the similar estimation of ADT in CKD stages 3–5. Third, the annual 

death rate in dialysis state may be overestimated in the subgroup analysis due to the 

insufficient case numbers. 

 

5.3.4 The conclusion of part III 

We developed a 5-state stochastic Markov model of CKD and the results we found 

sounds reasonable. This modeling may help to quantify disease progression and the 

estimates can be used to predict incidences and prevalence over some time horizon. 

Moreover, the approximated natural history of CKD in our Markov model can be used 

to compare the economic and health outcomes of public health interventions (Fig 14).  
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Fig 14. A decision tree for the CKD intervention based on Markov model.  

The five-state Markov model is based on the result from our study. The intervention can 

be the public policy for CKD management. Non to mild CKD: stages 0–2; moderate 

CKD, stage 3; severe CKD, stages 4–5. 
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5.4 Further work 

In the future, we can extend our current study into the following topics, including 

Bayesian clinical reasoning prediction model and semi-Markov analysis. The 

preliminary ideas are shown below. 

 

5.4.1 Prediction model for dialysis using Bayesian clinical reasoning 

Aside from our study Part II, a prediction model of CKD progression using accelerated 

failure time model, I would like to establish another prediction function for incident 

dialysis using Bayesian clinical reasoning model in the further work. The Bayesian 

clinical reasoning model had been used in developing the prediction function of 

hypertension in the general population [194]. Such a method can offer a quick reference 

for the physicians and it also allows us to update the risk as the same manner when a 

new risk factor is applied.  

 

Step 1: Specify baseline age-sex-specific risk (prior information) 

We will use the logistic regression model with the parameters of sex and age to estimate 

the baseline risk for incident dialysis from CKD stage 3. This baseline risk will be 

considered as a prior of risk for dialysis. 

 

      %&'()	+(-;/0, /2, /3) = 6 + 80/0 + 82/2 + 83/3 

        where /0 = &9:;<=>)(&?	@;<(&?. 

              /2 = A;B 

              /3 = C'; 

     			+DEFGE =
HIJ	(KLMNONLMPOPLMQOQ)

0LHIJ	(KLMNONLMPOPLMQOQ)
                       (5-1   
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Step 2: Establish metabolic score  

We will collect the laboratory parameters related to CKD progression according to our 

prior analysis of risk for CKD progression. We will standardize the values of each 

parameters and then do the summation with natural log transformation. 

 

      Score=log(R0STUVWXN
YZXN

+
R2STUVWXP

YZXP
+

R3STUVWXQ
YZXQ

+
R[STUVWX\

YZX\
+ ⋯� 

(5-2) 

 

Step 3: Formulate the likelihood ratio (LR) by progression score of CKD 

Let and be the probability density function for subjects 

diagnosed as ESRD and those in the absence of ESRD, where Y represents a random 

variable of metabolic score (MS) of CKD, and  the mean of MS for ESRD and 

non-ESRD, respectively, and  are two corresponding parameters of standard 

deviation.   Given Y=y 
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Step 4: Formulate the likelihood ratio by other bivariate risk factors 

For other risk factors, X, with binary property, the likelihood ratios follows two 

binomial distributions for D with and with . 

 

       
                         (5-4) 

	

Step 5: Posterior probability model 

X: is a vector of gender, age, and period 

Y: Metabolic score 

Z: other risk factors 

 

	 	 	 	 	 	 	
  = Prior	Odds × LR             (5-5) 

	

Step 6: Predictive distribution with Monte Carlo Markov Chain (MCMC) 

simulation 

We will derive the predictive distribution for an unobserved event (ghijk) of developing 

ESRD in 10-year conditional on the observed data (glmn), with the following formula, 
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         PopDEUqr = ∫ @opDEUq, tupGvwrxt =∫@opDEUqut, pGvw	r@(t|pGvw)xt 

         =∫ @opDEUqutr@(t|pGvw)xt , where t is a vector for parameters  

(5-6) 

 

Step 7: Internal validation and external validation  

I will separate our dataset into 2/3 and 1/3. The 2/3 dataset will be used as the training 

dataset and the other 1/3 dataset will be used for the internal validation. I will also try to 

find a dataset from another place for the �xternal validation. 



doi:10.6342/NTU201900529

  

 103 

5.4.2 Semi-Markov application to CKD transition  

It is reasonable that the time spent in the current state will have an impact on the 

transition to the next state in our CKD multistate transition model. The related analysis 

is called semi-Markov, which emphasized the importance of staying time in a particular 

state. Foucher et al. had applied the semi-Markov model in the following-up after renal 

transplantation [133]. Therefore, I will try to use the semi-Markov model to our CKD 

data.  

 

Step 1: The hazard function in the semi-Markov process 

Let S={1,2,3,4,5} be a finite state space representing the possible states of the evolution 

of a patient. Suppose that the sample is constituted of n subjects, denoted by k 

(k=1,2,...,n), r=0,...,z{. z{ represents the number of transitions for the subject k. We 

also consider the observed durations dk,r in the state Xk,r , before the transition to the 

state Xk,r+1. The probabilities of jumping from state i to state j, associated with this 

chain, can be expressed as   

      +F| = +(/{,EL0 = }|/{,E = () for r=0,1,2….z{-1       (5-6) 

         ∑ +F| = 1	|  if state i is not absorbing. +F| = 0 is state i is absorbing. 

 

Formally, the time scale of interest is x{,Er =){,EL0−){,E. Thus, the probability density 

function (PDF) of the time spent in state i, before passing to state j, is given by  
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ÇF|ox{,Er = lim
Öq→áà

â(qä,ãåZä,ãçqä,ãà∆è|Oä,ãàNê|,Oä,ãêF)

∆q
                (5-7) 

 

and the hazard function is as 

 

				ëF|ox{,Er = lim
Öq→áà

+ox{,E ≤ -{,E < x{,EL∆qu-{,E > x{,E, /{,EL0 = }, /{,E = (r

∆x
	 

             = ÇF|ox{,Er AF|ox{,Erì                                     (5-8) 

 

the hazard function of the semi-Markovian process,	>F|, can be defined  

 

	6F| = lim
Öq→áà

+ox{,E ≤ -{,E < x{,EL∆q, /{,EL0 = }			u-{,E > x{,E, /{,E = (r

∆x
 

   = +F|ÇF|ox{,Er AF.ox{,Erì                                        (5-9) 

 

Step 2: Distribution of duration  

We assume the distribution of duration is Weibull distribution. Therefore, the hazard 

function is  

ëF| = ïF|/
oñóòS0r 

when in the consideration with parameters (ôöõúùû) 

ëF| = ëá,F|(B);B@o8F|
ü × †°¢CF|r	            (5-10) 
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Step 3: Probabilities of initial state  

We define that the π§,• is the probability of initial state and P• is the distribution of 

state in our CKD cohort.  

 

π§,• = P•/(∑ P•
ß
Fê0 ) (where h is total number of state we can observe in our cohort; h is 

3 (state 1, state2, and state 3 in our CKD model))                             

(5-11) 

 

Step 4: Probabilities of different event types 

Fig 15 shows the possible event types when a transition occurs in our model. Three 

types will be observed in our multistate CKD model, shown below. 

 

(1) Right censoring 

No transition event was detected during two consequent screening, belongs 

to right censoring. For example, one participant stayed in state 1 in the time 

of screening 1 and still stay in state 1 in the time of screening 2. 

 

†{,E
® =	+o-{,E > x{,E

á u/{,E = (	r = ∑ +(/{,EL0 = }|/{,E = () ∫ ÇF|(©)x©
™

qä,ã
´|¨F  

=∑ +|¨F F|
AF|ox{,E

á r 

      =AF.ox{,Eá r                                             (5-12) 

 

(2) Interval censoring 

The transition event is detected during two consequent screening, which this 

is called interval censoring. For example, one participant stayed in state 2 in 
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the time of screening 1 and then was detected as state 3 in the time of 

screening 2. We know this participant had the transition event from state 2 to 

state 3 between the time of two consequent screening. However, we don’t 

know the exact time of state transition. 

  

			†{,E
≠ = +(x{,E

á < -{,E < x{,E
0 , /{,EL0 = }|/{,E = (	) 

=+(/{,EL0 = }|/{,E = () ∫ ÇF|(©)x©
qä,ã
N

qä,ã
´  

=+F|(∫ ÇF|(©)x©
qä,ã
N

á
− ∫ ÇF|(©)x©

qä,ã
´

á
) 

=+F|(AF|ox{,Eá r − AF|ox{,E
0 r)                             (5-13) 

 

 

(3) Exact observation of event   

The dialysis and death events were fully observed due to national 

Registration System, meaning that we know the definite occurrence date of 

dialysis or death.  

  	

													†{,E
Æ = lim

Öq→áà
+ox{,E < -,E < x{,EL∆q, /{,EL0 = }u/{,E = (	r/∆x 

=+F|ÇF|ox{,Er                                   (5-14) 
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Fig 15. The illustration of event types. 

      Subject A is the type of interval censoring; subject B is the type of event with 

exact observation time; and subject C is the type of right censoring 

 
 

 

Step 5: Likelihood function of semi-Markov 

		Ø(∞;Ø(ℎ&&x =

∏ {π§,• ∏ ∏ (†{,E
Æ ¥ä,ã

µ

Oä,ãêF,Oä,ãàNê| †{,E
≠ ¥ä,ã

∂

)F|
W
{ê0 ∏ ∏ (†{,E

® ¥ä,ã
∑

Oä,ãêF )F| }    (5-14) 

      Where π{,E∫  (Z=E, I, and R) is an indicator for event types 
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Appendix 

The SAS code for the estimation of parameters in the 5–state CKD Markov model. 
 
/*Markov estimate*/ 
 
data markov; 
 set CKDdata; 
 where transition in (10, 20, 30, 11, 12, 13, 14, 15, 21, 22, 23, 24, 25, 33, 34, 35,     
    45,140, 240, 340, 450); 
run; 
 
data a1; 
 set markov; 
 tt=round(tratime); 
 if tt=0 then tt=0.5; 
run; 
 
proc freq data=a1; 
 table tt*transition/out=model noprint; 
run; 
 
 
proc iml; 
 use model; 
 read all var{transition} into mode; 
 read all var{count} into num; 
 read all var{tt} into tt; 
 m=nrow(mode); 
 
 start pmtrx(h,t); 
 Q=J(5,5,0); 
 Q[1,1]=-(h[1]+h[4]);  
 Q[1,2]=h[1]; 
 Q[1,5]=h[4]; 
 Q[2,2]=-(h[2]+h[5]); 
 Q[2,3]=h[2]; 
 Q[2,5]=h[5]; 
 Q[3,4]=h[3]; 
 Q[3,5]=h[6]; 
 Q[3,3]=-(h[3]+h[6]); 
 Q[4,4]=-h[7]; 
 Q[4,5]=h[7]; 
 
 
 A=teigvec(Q); 
 v=teigval(Q); 
 D=diag(exp(v[,1]#t)); 
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 PP=A*D*inv(A); 
 return(PP); 
 finish pmtrx; 
 
 
 start f_logL(h) global(mode, m, num, tt); 
 sum=0; 
 do i=1 to m; 
 
 P=pmtrx(h,tt[i]); 
 value=0;   
 
 if mode[i]=10 then  value=P[1,1]/(P[1,1]+P[1,2]+P[1,3]); 
 if mode[i]=20 then  value=P[1,2]/(P[1,1]+P[1,2]+P[1,3]); 
 if mode[i]=30 then  value=P[1,3]/(P[1,1]+P[1,2]+P[1,3]); 
 if mode[i]=11 then  value=P[1,1]; 
 if mode[i]=12   then value= P[1,2]; 
 if mode[i]=13   then value= P[1,3]; 
 if mode[i]=14   then value= P[1,3]*h[3]; 
 if mode[i]=15   then value= P[1,1]*h[4]+P[1,2]*h[5]+P[1,3]*h[6]; 
 if mode[i]=22   then value= P[2,2]; 
 if mode[i]=21   then value= P[2,2]; 
 if mode[i]=23   then value= P[2,3]; 
 if mode[i]=24   then value= P[2,3]*h[3]; 
 if mode[i]=25   then value= P[2,2]*h[5]+P[2,3]*h[6]; 
 if mode[i]=32   then value= P[3,3]; 
    if mode[i]=33   then value= P[3,3]; 
 if mode[i]=34   then value= P[3,3]*h[3]; 
 if mode[i]=35   then value= P[3,3]*h[6]; 
   if mode[i]=45   then value= P[4,4]*h[7]; 
    if mode[i]=140  then value= 1-P[1,4]; 
 if mode[i]=240  then value= 1-P[2,4]; 
 if mode[i]=340  then value= 1-P[3,4]; 
    if mode[i]=450  then value= 1-P[4,5]; 
   
 
 if value>0 then sum=sum+ num[i]*log(value); 
 else return(.); 
 end; 
 return (sum); 
 finish f_logL; 
 
 h0 ={ 0.012  0.002  0.001  0.001  0.001  0.001  0.001 }; 
 con={ 1.e-5  1.e-5  1.e-5   1.e-5   1.e-5  1.e-5  1.e-5 , 
        .    .    .   .   .   .    . }; 
 test=f_logL(h0);  
 print test; 
 
 optn={1 2}; 
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 call nlpnra(rc,xres,"f_logL",h0,optn,con); 
 estimate=xres`; 
 call nlpfdd(f,g,hes2,"f_logL",estimate); 
 cov=-inv(hes2); 
 print "Variance-Covariance Matrix"; 
 print cov; 
 prob=.05; 
 norqua=probit(1-prob/2); 
 stderr=sqrt(vecdiag(cov)); 
 lowbound=estimate-norqua*stderr; 
 upbound=estimate+norqua*stderr; 
 print "Asymptotic 95% Confidence Interval"; 
 print lowbound estimate upbound stderr; 
 print rc; 
quit; 
run; 
 




