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ABSTRACT 

Background.. The optimal timing for initiating urate-lowering therapy ( ULT) in chronic kidney disease ( CKD) remains 
uncertain. Although randomized trials have provided robust evidence, their neutral findings and limited follow-up leave 
questions regarding whether earlier intervention improves long-term outcomes. 
Methods.. Using two nationwide CKD cohorts in Korea ( n = 27 260 and 9727) , we applied the parametric g-formula to 

estimate simulated risks for end-stage kidney disease ( ESKD) and all-cause mortality under alternative ULT thresholds. 
Data were divided into 6-month intervals, and six strategies were simulated: observed practice ( reference) , initiation 

when serum urate ( sUA) reached ≥7, 8, 9, or 10 mg/dl, and no treatment. Models accounted for time-varying confounders 
affected by prior therapy, and cumulative risks were estimated over 22 years. 
Results.. Deferring ULT to higher sUA thresholds or not initiating therapy was associated with dose-dependent increases 
in mortality and ESKD risk. Initiating therapy at 7–8 mg/dl was associated with lower 22-year cumulative risks of 
mortality by –0.76%p ( 95% CI –0.91 to –0.59) and –0.37%p ( –0.44 to –0.29) , and ESKD by –1.23%p ( –1.44 to –0.98) and –0.43%p 

( –0.55 to –0.31) , estimated to correspond to 100–300 fewer deaths or kidney failure events per 10 000 patients. 
Conclusions.. Timely initiation of ULT, particularly before serum urate exceeds 9 mg/dl, is associated with improved 

long-term renal and survival outcomes in CKD. These findings, which may remain undetected in shorter randomized 

trials, underscore the utility of the g-formula in observational studies as a valuable complement to evidence from 

randomized trials. 
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GRAPHICAL ABSTRACT 
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Conclusion: Timely initiation of urate-lowering therapy, particularly before 
serum urate exceeds 9 mg/dL, is associated with improved long-term renal
and survival outcomes in CKD. 

Timing of urate-lowering therapy and risk of kidney failure and 
mortality in CKD: an application of the parametric G-formula

Studies have suggested that hyperuricemia is related to chronic kidney disease, with prevalence increasing as CKD 
advances. Whether urate-lowering therapy (ULT) improves long-term outcomes remains uncertain.

Methods Results

CKD patients (eGFR < 60
or proteinuria)
n = 36,987

Cohort study 
22-year follow-up

Modelling treatment with ULT 
at different uric acid thresholds

Primary outcomes:
•All-cause mortality 
•Kidney failure

100–300 deaths or kidney failure events per 10,000 patients

≥ 7 mg/dL

≥ 8 mg/dL

Never treat

–0.76%

–0.37%

+ 0.35%

Absolute risk reduction
All-cause mortality

≥ 7 mg/dL

≥ 8 mg/dL

Never treat

–1.23%

–0.43%

+ 0.82%

Absolute risk reduction 
Kidney failure

Keywords: causal inference, chronic kidney disease, G-formula, hyperuricemia, urate-lowering therapy 
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KEY LEARNING POINTS 

What was known: 
� Hyperuricemia is common in chronic kidney disease ( CKD) and linked to kidney function decline, but whether lowering 

serum urate improves long-term outcomes remains uncertain. 
� Randomized trials of urate-lowering therapy ( ULT) have shown neutral results, limited by short follow-up and specific study 

populations. 
� Clinical guidelines differ widely on when to start ULT, leaving treatment decisions largely to physician discretion. 

This study adds: 
� Using two large CKD cohorts and the parametric g-formula, we simulated uniform treatment thresholds while accounting 

for time-varying confounding. 
� Earlier ULT at 7–8 mg/dl was associated with lower long-term risks of kidney failure and mortality compared with later or 

no treatment. 
� Inverse associations were consistent across cohorts and most evident in patients with reduced eGFR, thereby supporting 

proactive, risk-based initiation strategies. 

This study adds: 
� These findings suggest that timely ULT may be associated with reduced progression to kidney failure and mortality in CKD. 
� Results help bridge the gap between short-term randomized trials and real-world clinical practice. 
� Incorporating serum urate thresholds and patient risk profiles could guide individualized treatment and clinical decision- 

making. 
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NTRODUCTION 

umerous studies have established that hyperuricemia is 
losely related to chronic kidney disease ( CKD) , with its preva- 
ence increasing as CKD advances, regardless of associated 

ymptoms of gout. [ 1–4 ] Additionally, hyperuricemia acts as an 

ndependent predictor of the onset and progression of CKD, as 
ell as other metabolic diseases. [ 5–8 , 9 ] Given its socioeconomic 
urden, addressing modifiable risk factors is crucial to slowing 
KD progression. [ 10 , 11 ] 

In this context, the impact of lowering serum uric acid ( sUA) 
oncentrations on the prognosis of CKD patients with hyper- 
ricemia has been the subject of research for decades. However, 
he effects of hyperuricemia treatment on CKD outcomes, es- 
ecially for those who are asymptomatic, remain unclear. Re- 
ent meta-analyses have shown that treating asymptomatic hy- 
eruricemia in CKD patients may slow CKD progression, [ 12 , 13 ] 
hile others have yielded inconclusive results, [ 14 , 15 ] and a few 

ave found no benefits. [ 16 ] Moreover, certain studies have iden- 
ified CKD-related benefits only associated with the use of cer- 
ain urate-lowering agents ( ULAs) , such as febuxostat. [ 17 , 18 ] 
owever, current guidelines differ substantially in their recom- 
endations [ 19–21 ], leaving uncertainty in daily practice where 

reatment decisions often rely on physician discretion rather 
han standardized evidence. 

Recently, Johnson et al . [ 22 ] reported that inconsistent re- 
ults across studies may reflect differences in study popula- 
ions and clinical settings, emphasizing the need to identify pa- 
ient groups that could truly benefit from urate-lowering ther- 
py ( ULT) . This question motivated recent large-scale random- 
zed controlled trials ( RCTs) , such as the PERL ( Prevention of 
arly Renal Loss in type 1 Diabetes) and the CKD-FIX ( Controlled 

rial of Slowing of Kidney Disease Progression from the Inhibi- 
ion of Xanthine Oxidase) trials, designed to test the efficacy of 
LAs in CKD. However, these landmark trials yielded negative 

esults, leaving unresolved questions regarding the optimal tar- 
et populations and agents. [ 23 , 24 ] Moreover, given the hetero- 
eneity of CKD patients and the challenges of maintaining long- 
erm follow-up in clinical trials, observational analyses using 
ong-term real-world data remain indispensable complements 
o RCTs. 

To provide additional insights into these unresolved issues, 
e applied the parametric g-formula, first described by Robins. 

 25 ] This method estimates risks under explicitly defined hy- 
othetical interventions while appropriately adjusting for time- 
arying confounders that are themselves affected by prior treat- 
ent. By applying this causal inference framework, we aimed to 
itigate potential biases inherent in observational data and ap- 

roximate the counterfactual data-generating process. [ 26–28 ] 
n this study, we estimated long-term outcomes under different 
reatment strategies for CKD patients with hyperuricemia, using 
he g-formula to explore the impact of each strategy. 

ATERIALS AND METHODS 

tudy participants and data sources 

his study utilized data from two independent cohorts of pa- 
ients with CKD in South Korea. The main cohort consisted of 
atients followed at the nephrology clinic of a tertiary medical 
enter ( Seoul National University Hospital) , while the replica- 
ion cohort was constructed using the data from a university- 
ffiliated hospital ( Seoul National University Boramae Medical 
enter) to confirm the robustness of our fundings. 

From 1 January 2001 to 31 December 2018, a total of 39 938
and 11 440 patients were enrolled in the main and replication
cohorts, respectively, and we applied identical eligibility criteria.
As in our previous studies [ 29 , 30 ], we included adults patients
with CKD, defined as kidney damage or an eGFR < 60 ml/min/1.73
m2 for 3 months or more, in accordance with the Kidney Dis-
ease: Improving Global Outcomes guidelines [ 19 ]. Kidney dam-
age was ascertained by the presence of albuminuria, defined as
an albumin-to-creatinine ratio > 30 mg/g in two or more spot
urine specimens at enrollment. We excluded patients diagnosed
with end-stage kidney disease ( ESKD) at enrollment, those who
experienced an outcome within 3 months of enrollment, and
those with ULA prescriptions 30 days before or 90 days after en-
rollment to exclude prior use ( Supplemental Fig. S1 ) . 

This study was approved by the institutional review board
of Seoul National University Hospital ( no. J-2408-007-1557) and
Seoul National University Hospital Boramae Medical Center ( no.
30-2024-43) , and all investigations were conducted in compli-
ance with the Declaration of Helsinki guidelines. 

Data collection and definitions of covariates 

Patient information, including demographics, laboratory data,
diagnostic history according to the International Classification
of Disease 10th Revision ( ICD-10) codes, nursing records, and
drug prescription history, was collected from electronic med-
ical records ( EMRs) in a deidentified manner. The estimated
glomerular filtration rate ( eGFR) was calculated from Chronic
Kidney Disease Epidemiology Collaboration ( CKD-EPI) equation 

using serum creatinine ( sCr) concentrations. [ 31 ] Comorbidities
were defined using ≥2 ICD-10 codes before enrollment ( Supple
mental Table S1 ) . 

Determination of ULA prescription 

In this study, only allopurinol, febuxostat, and benzbromarone
were used as ULAs. We defined “ULA prescription status”as “pre-
scribed” if any ULA was taken for longer than 180 cumulative
days. The prescribed dosages of each ULA were not considered. 

Outcomes 

The primary outcome of the study was defined as all-cause mor-
tality, with mortality data gathered from EMRs and the National
Statistical Office of South Korea. The secondary outcome was de-
fined as progression to ESKD, identified when a patient required
dialysis ( either hemodialysis or peritoneal dialysis) for 3 months
or longer, or underwent kidney transplantation. Data on ESKD
was sourced from the EMRs and Korean Society of Nephrology
Database. The follow-up period was defined as the interval from
the first sCr measurement until the occurrence of an interested
outcome or the censoring date ( 31 December 2022, for the main
cohort; 31 March 2023, for the replication cohort) , whichever
came first. 

Statistical methods 

We used a target trial framework to conceptualize an ideal
study ( Supplemental Table S2 ) [ 32 ]. We applied the parametric
g-formula, which involved two primary steps. First, using the co-
hort data from the entire follow-up period, we developed regres-
sion models for the time-varying covariates. Second, we simu-
lated time-varying covariates and outcomes under hypothetical
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Labs:
• Serum uric acid
• Serum creatinine

Prescription:
• Uric acid-lowering
  agents

Other status:
• Dialysis* 
• Diabetes 
• Hypertension

Enrollment t–2 t–1 t t+1

Baseline 
characteristics:
• Age
• Sex
• BMI 
• Labs
• Comorbidities
• Medication
  - RAS blockade
  - Diuretics

Labs:
• Serum uric acid
• Serum creatinine

Prescription:
• Uric acid-lowering
  agents

Outcome Outcome Outcome

Other status:
• Dialysis* 
• Diabetes 
• Hypertension

Labs:
• Serum uric acid
• Serum creatinine

Prescription:
• Uric acid-lowering
  agents

Other status:
• Dialysis* 
• Diabetes 
• Hypertension

Figure 1: Illustration of dynamics among time-varying covariates in the process of treating hyperuricemia. This figure illustrates the complex dynamics among time- 
varying covariates in the decision-making process of treating hyperuricemia. When a patient visits the clinic, we mainly check and decide whether to prescribe a drug 

or not. This decision of prescription is affected by the sCr and sUA concentrations at that time ( t − 1) and impacts the labs at the next time point ( t) . In this way, these 
time-varying confounders affect both outcome and exposure, changing over time. Abbreviations: sCr, serum creatinine; sUA, serum uric acid. 
∗Dialysis status was included as a time-varying covariate only if the outcome is death. 
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nterventions based on the estimates from the first step. [ 27 , 28 , 
3–35 ] 

As illustrated in Fig. 1 , we modeled the complex dynamics 
mong covariates in the process of hyperuricemia treatment 
 34 ]. We created regression models for time-varying confounders 
 i.e . sUA and sCr concentrations) , as well as ULA prescription 

tatus and outcomes of interest. Analyses adjusted for time- 
arying ( diabetes, hypertension, and dialysis status) and base- 
ine variables ( demographics, labs, and comorbidities) . Among 
omorbidities, only hypertension and diabetes were treated as 
ime-varying covariates, owing to their high prevalence in CKD 

nd established independent impact on progression. Other co- 
orbidities were treated as baseline covariates to reduce model 

omplexity and avoid overfitting. Patients without lab measure- 
ents for time-varying covariates ( sCr, sUA) over a 24-month pe- 

iod were censored to maintain data integrity. To handle missing 
alues of each covariate, we employed the last observation car- 
ied forward method. 

Follow-up was restructured into 6-month intervals. At each 

nterval, treatment assignment was modeled conditional on co- 
ariates estimated at the immediately preceding time point. 
e examined six different hypothetical scenarios for manag- 

ng hyperuricemia. The first scenario reflected observed practice 
 “real-world practice”) , which served as the reference group. [ 36 ] 

e then simulated four threshold-based strategies where ULA 

herapy was initiated only when sUA concentrations reached 

, 8, 9, or 10 mg/dl, with no treatment provided below these 
hresholds. The final scenario involved never treating hyper- 
ricemia regardless of sUA concentrations. We simulated the 
linical course forward in time by iteratively generating covari- 
tes and applying the assigned intervention strategies at each 

ubsequent interval throughout the follow-up period. This pro- 
ess allowed us to estimate the predicted probabilities of out- 
omes under each strategy. The real-world practice scenario was 
imulated to emulate the observed data patterns as closely as 
ossible, which was referred to as the “natural course” in the g- 
ormula literature. [ 28 , 35 , 36 ] We calculated the standardized cu- 

mulative risk for outcomes using Monte Carlo simulations. [ 33 ]
The 95% confidence intervals ( CIs) were estimated using 1000 
bootstrap replicates. To assess the temporal emergence of treat- 
ment effects, we calculated cumulative risks at truncated hori- 
zons of 5, 10, and 15 years in addition to the full 22-year follow-
up. 

Effect modification was primarily explored based on eGFR 

( < 60 ml/min/1.73 m2 or ≥60 ml/min/1.73 m2 ) , as well as age
( < 30 years or ≥30 years) and body mass index ( BMI) ( < 25 kg/m2 ,
≥25 kg/m2 ) . For comparative purposes, we conducted traditional 
time-varying Cox regression analyses. The time-varying Cox 
models provided supplementary results of the treatment effect,
excluding the evolving association with other time-varying con- 
founders. A two-tailed P value of 0.05 was considered to in-
dicate statistical significance. All analyses were conducted us- 
ing R ( version 4.3.2, R Core Team 2021, Archive Network: https:
//cran.r-project.org) [ 37 ]. 

RESULTS 

Baseline characteristics 

The baseline characteristics of the study participants of the 
main cohort are presented in Table 1 . Among a total of 27 260
CKD patients in the main cohort, 5361 used any type of ULA at
least once. The mean age of the patients was 51.1 ± 15.9 years,
with 49.3% being male. Additionally, 2953 ( 10.9%) patients had 

an eGFR ∼45 ml/min/1.73 m2 at enrollment. In ULA ever-users,
the median UA concentration at the time of ULA initiation was
9.0 mg/dl ( 1st quantile: 8.0 mg/dl, 3rd quantile: 10.2 mg/dl) , and 

the median duration from enrollment to ULA initiation was 5 
years ( 1st quantile: 2 years, 3rd quantile: 10 years) . Compared 

to nonusers, ULA ever-users had a higher proportion of males 
and comorbidities such as diabetes mellitus and hypertension.
The median follow-up duration was 10.6 years for ESKD and 14.9
years for mortality, and during this period, 3290 patients devel- 
oped ESKD, and 5560 patients died. 
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Table 1: Baseline characteristics of the cohort: comparison of ULA ever-users and non-users. 

Ever-user( n = 5361) Non-user( n = 21 899) P -value Missing proportion ( %) 

Age, year 52.43 ± 15.88 50.78 ± 15.86 < 0.001 0 
Sex, male, No. ( %) 3752 ( 69.99) 9342 ( 42.66) < 0.001 0 
BMI, kg/m2 , No. ( %) < 0.001 31 

18.5 − 210 ( 3.92) 605 ( 2.76) –
18.5–23 1377 ( 25.69) 4974 ( 22.71) –
23–25 1153 ( 21.51) 3372 ( 15.40) –
25–30 1701 ( 31.73) 4404 ( 20.11) –
30–35 237 ( 4.42) 594 ( 2.71) –
35 + 54 ( 1.01) 122 ( 0.56) –

Comorbidity 
Diabetic Mellitus, No. ( %) 2067 ( 38.56) 5554 ( 25.36) < 0.001 0 
Hypertension, No. ( %) 3760 ( 70.14) 9271 ( 42.34) < 0.001 0 
Dyslipidemia, No. ( %) 1603 ( 29.90) 5439 ( 24.84) < 0.001 0 
Myocardial infarction, No. ( %) 46 ( 0.86) 88 ( 0.40) < 0.001 0 
Chronic heart failure, No. ( %) 49 ( 0.91) 95 ( 0.43) < 0.001 0 
Peripheral vascular disease, No. ( %) 57 ( 1.06) 122 ( 0.56) < 0.001 0 
Cerebral vascular disease, No. ( %) 217 ( 4.05) 584 ( 2.67) < 0.001 0 
Liver disease, No. ( %) 300 ( 5.6) 1004 ( 4.58) 0.002 0 
Cancer, No. ( %) 444 ( 8.28) 1537 ( 7.02) 0.002 0 
Laboratory findings 
White blood cell, ×103 / μl 6.92 ± 2.66 6.47 ± 2.38 < 0.001 17 
Hemoglobin, mg/dl 13.25 ± 2.28 13.33 ± 1.93 0.01 13 
C-reactive protein, mg/dl 0.93 ± 3.21 0.74 ± 3.00 0.01 64 
Albumin, g/dl 3.98 ± 0.56 4.13 ± 0.51 < 0.001 6 
Glucose, mg/dl 120.17 ± 58.22 110.22 ± 45.88 < 0.001 6 
Total bilirubin, mg/dl 0.84 ± 1.25 0.82 ± 0.72 0.09 6 
Total cholesterol, mg/dl 194.6 ± 56.15 194.03 ± 51.82 0.49 6 
Protein, mg/dl 7.14 ± 0.79 7.24 ± 0.69 < 0.001 6 
Creatinine, mg/dl 1.5 ± 0.92 1.12 ± 0.84 < 0.001 0 
eGFR, ml/min/1.73m2 < 0.001 0 
Stage 

1–2 2615 ( 48.78) 17 252 ( 78.78) –
3a 1257 ( 23.45) 2463 ( 11.25) –
3b 867 ( 16.17) 1130 ( 5.16) –
4 495 ( 9.23) 732 ( 3.34) –
5 127 ( 2.37) 322 ( 1.47) –

Uric acid, mg/dl 7.58 ± 2.20 5.58 ± 1.81 < 0.001 0 

ULA ever-user refers to individuals who have used any type of ULA at least once during the follow-up period. Values for continuous variables given as mean ± standard 

deviation. Abbreviations: ULA, uric acid-lowering agent; BMI, body mass index; eGFR, estimated glomerular filtration rate; and ESKD, end-stage kidney disease. 
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able 2 summarizes the risk estimates under the hypothetical 
reatment scenarios. Model-simulated risks closely matched ob- 
erved data, demonstrating good calibration ( Supplemental Figs 
2 a–b) . [ 38 ] The simulated 22-year cumulative risks of all-cause 
ortality and ESKD by the g-formula were 23.6% and 19.6%, 

espectively. The never-treating scenario was associated with 

reater risks of all-cause mortality and ESKD compared to both 

eal-world practice and treatment strategies based on sUA con- 
entration thresholds. Additionally, initiating treatment at lower 
UA thresholds was associated with progressively lower risks of 
oth outcomes. 

Compared to the real-world practice, delaying treatment or 
mitting it entirely was associated with an increasing risk for 
oth outcomes over time ( Fig. 2 ) . When evaluated using the 22- 
ear cumulative risk, the RD for all-cause mortality when treat- 
ent was initiated at an sUA concentration of ≥10 mg/dl was 

.15%p ( 95% CI: 0.05–0.26) and in the never-treating scenario was 

.35%p ( 95% CI: 0.21–1.47) . A significant risk reduction for mor- 
ality risk was observed at 8 and 7 mg/dl, estimated to corre- 

spond to ∼101 and 207 fewer deaths in our cohort of 27 260 CKD
patients [RD −0.37%p ( 95% CI: −0.44 to −0.29) and RD −0.76%p
( 95% CI: −0.91 to −0.59) , respectively]. A reduction in risk was
also noted at 9 mg/dl; however, this association did not reach
statistical significance. 

Significantly lower risks were also observed when treat-
ment was initiated at sUA concentrations of 8 and 7 mg/dl
[RD −0.43%p ( 95% CI: −0.55 to −0.31) and RD −1.23%p ( 95% CI:
−1.44 to −0.98) , respectively], estimated to correspond to ∼117
and 335 fewer cases of ESKD in our cohort. In contrast, delay-
ing treatment until an sUA concentration exceeded 9 mg/dl, or
never treating, was associated with greater ESKD risk: 9 mg/dl
[RD 0.17%p ( 95% CI: −0.04 −0.36) ], 10 mg/dl [RD 0.53%p ( 95% CI:
0.24 −0.76) ], and the never-treating scenario [RD 0.82%p ( 95% CI:
0.45–1.10) ]. A similar trend was observed in RR estimates across
both outcomes. 

Considering the median follow-up durations of each out-
come, we estimated cumulative risks at 5, 10, and 15 years. ESKD
risk differences were nonsignificant within 5 years, consistent
with prior RCTs. However, with longer follow-up horizons, the

p
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Table 2: Simulated risk estimates for all-cause mortality and ESKD under hypothetical intervention by the g-formula. 

Risk ( %) Risk ratio ( 95% CI) Risk difference ( 95% CI) 

Outcome Intervention Observed 
by the G- 
formula ( % points) 

Primary 
outcome: 
All-cause 
mortality 

Real-world practice ( no intervention) 25.6 23.6 Reference Reference 

Never-treating regardless of sUA – 23.9 1.015 ( 1.009, 1.020) 0.35 ( 0.21, 0.47) 
Treating if sUA ≥10 mg/dl; otherwise, no 
treatment 

– 23.7 1.007 ( 1.002, 1.011) 0.15 ( 0.05, 0.26) 

Treating if sUA ≥9 mg/dl; otherwise, no 
treatment 

– 23.5 0.998 ( 0.994, 1.001) −0.05 ( −0.13, 0.02) 

Treating if sUA ≥8 mg/dl; otherwise, no 
treatment 

– 23.2 0.984 ( 0.981, 0.988) −0.37 ( −0.44, −0.29) 

Treating if sUA ≥7 mg/dl; otherwise, no 
treatment 

– 22.8 0.968 ( 0.962, 0.975) −0.76 ( −0.91, −0.59) 

Secondary 
outcome: ESKD 

Real-world practice ( no intervention) 20.5 19.6 Reference Reference 

Never-treating regardless of sUA – 20.5 1.042 ( 1.023, 1.056) 0.82 ( 0.45, 1.10) 
Treating if sUA ≥10 mg/dl; otherwise, no 
treatment 

– 20.2 1.027 ( 1.013, 1.039) 0.53 ( 0.24, 0.76) 

Treating if sUA ≥9 mg/dl; otherwise, no 
treatment 

– 19.8 1.009 ( 0.998, 1.018) 0.17 ( −0.04, 0.36) 

Treating if sUA ≥8 mg/dl; otherwise, no 
treatment 

– 19.2 0.978 ( 0.972, 0.985) −0.43 ( −0.55, −0.31) 

Treating if sUA ≥7 mg/dl; otherwise, no 
treatment 

– 18.4 0.937 ( 0.927, 0.949) −1.23 ( −1.44, −0.98) 

Real-world practice represented “no intervention”. The risk estimates by the g-formula under the real-world practice scenario closely matched the observed risks from 

the original data for both outcomes, indicating the model’s validity. Risk ratios are presented to three decimal places and risk differences to two decimal places to 
ensure clarity regarding statistical significance. Abbreviations: ESKD, end-stage kidney disease; sUA, serum uric acid. 

Figure 2: The cumulative risk differences of outcomes compared to the real-world practice scenario by the g-formula. Over time, risk differences between intervention 
strategies became more pronounced, with the risk difference for treatment initiation at 7 and 8 mg/dl consistently remaining negative throughout the entire follow-up 
period, indicating a sustained long-term benefit relative to current clinical practice. However, for interventions initiated at higher sUA thresholds, the risk difference 
became positive, highlighting the risks of delayed treatment. The x -axis represents follow-up in 6-month intervals ( e.g. 10 = 5 years, 20 = 10 years) . Abbreviation: ESKD, 

end-stage kidney disease. 
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ssociated with increasing risk, while lower thresholds showed 

ower risks for ESKD. For mortality, a similar trend was observed, 
ith initiating treatment at 7 or 8 mg/dl consistently associ- 

ted with reduced risks across all truncation points, whereas 
urther delays or omission of treatment were associated with 

ither a very small difference or an increase in risk ( Fig. 2 and 

upplemental Table S3 ) . 

Subgroup analyses 

Subgroup analyses stratified by eGFR, age, and BMI ( Supplement 
al Tables S6 –S7 ) showed broadly consistent trends. Patients with
eGFR < 60 ml/min/1.73 m2 , age ≥30 years, or BMI < 25 kg/m2 had
higher absolute risks for both outcomes. Across nearly all sub- 
groups except those aged < 30 years, delaying or omitting treat-

m

 

 

 

ent was linked to increased mortality and ESKD risks, whereas 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag103#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag103#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag103#supplementary-data
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Figure 3: Forest plot of risk differences for outcomes in the entire group and subgroups: comparison of the impact of initiating hyperuricemia treatment when sUA 
concentration reached specific thresholds vs. the real-world practice. In subgroup analysis, the real-world practice scenario served as the reference, reflecting current 
clinical practices where treatment is initiated based on physician’s decision. Abbreviations: sUA, serum uric acid; ESKD, end-stage kidney disease; and eGFR, estimated 
glomerular filtration rate. 
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nitiating therapy at 7–8 mg/dl showed the most favorable out- 
omes. The magnitude of this estimated reduction was most 
ronounced in lower eGFR and lower BMI groups, corresponding 
o several hundred fewer deaths or ESKD events in our cohort 
 Fig. 3 and Supplemental Tables S5 –S6 ) . 

Replication cohort analysis using the g-formula 

A total of 9727 patients were included in the final analysis
among the replication cohort ( Supplemental Fig. S1 B) . Similar
to the main cohort, the g-formula model demonstrated good
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alibration in the replication cohort, as the simulated risks 
nder the natural course closely tracked the observed risks 
 Supplemental Fig. S2 c–d) . The g-formula produced similar cu- 

ulative risk patterns, with higher risks when treatment was 
eferred or omitted and consistent inverse associations at 7–
 mg/dl ( Supplemental Fig. S3 ) . Subgroup analyses confirmed 

esults largely concordant with the main cohort, reinforcing ro- 
ustness across settings ( data not shown) . 

ISCUSSION 

y modeling different initiation thresholds for ULT, we examined 

ow treatment timing may influence CKD outcomes using the 
arametric g-formula. Our findings indicated that initiating hy- 
eruricemia treatment at sUA concentrations of 7 or 8 mg/dl was 
ssociated with lower risks of both mortality and ESKD, whereas 
elaying treatment to higher thresholds was linked to less favor- 
ble outcomes. These findings suggest that optimizing the tim- 
ng of intervention based on sUA concentrations could help in- 
orm clinical decision-making regarding initiation timing rather 
han relying on heterogeneous practices. 

A key rationale for employing the g-formula in this study was 
o evaluate multiple long-term treatment strategies, a task that 
s practically challenging in RCTs due to the logistical difficul- 
ies of enrolling and retaining vulnerable subjects over decades. 
nlike traditional time-varying Cox models, which may yield in- 
onsistent results due to residual confounding from the feed- 
ack loop between treatments and clinical status ( Suppleme 
tal Table S8 ) , the g-formula explicitly models these dynam- 

cs, reflecting real-world decision-making. [ 27 , 39 ] Through this 
obust modeling approach, our results suggest that treating 
yperuricemia—whether guided by clinician’s decision ( i.e. the 
eal-world practice) or uniform criteria—may be preferable to 
ot treating at all. Although this differs from guidelines recom- 
ending treatment only for symptomatic cases [ 19 , 21 ], our re- 

ults highlight the potential value of considering broader thera- 
eutic approaches while acknowledging the need for careful pa- 
ient selection. Notably, our study provided consistent findings 
egarding all-cause mortality, with risks increasing when treat- 

ent was postponed until sUA exceeded higher thresholds or 
hen omitted entirely. 

Two landmark RCTs ( PERL and CKD-FIX) tested allopurinol 
n CKD but found no survival or renal benefits despite sus- 
ained sUA reduction. [ 23 , 24 ] Similarly, our 5–10 years estimates 
howed little evidence of benefit, but protective associations be- 
ame apparent with extended follow-up beyond 10 years, sug- 
esting that the potential benefits of ULT may require prolonged 

xposure or broader CKD representation. This divergence may 
eflect differences in baseline renal function and inclusion crite- 
ia, as most RCT participants had advanced or diabetic CKD [ 40 ], 
s well as the use of a single agent and high dropout rates due 
o safety concerns, which may have led to an underestimation 

f efficacy. [ 22 ] Together, these observations illustrate how the 
-formula can complement trial evidence by providing insights 
nto long-term and population-wide associations not easily as- 
essed in short-term RCTs. 

Similarly, the FEATHER trial and several smaller studies re- 
orted overall neutral results but observed benefit in selected 

ubgroups, particularly those with preserved renal function and 

inimal proteinuria. [ 41–43 ] In contrast, our subgroup analyses 
ndicated that patients with an eGFR < 60 ml/min/1.73 m2 or age 
30 year showed consistent associations with lower risk when 

LT was initiated at lower sUA thresholds, particularly below 

–9 mg/dl. In contrast, those with preserved kidney function or 

younger age showed minimal risk differences across thresholds.
These findings suggest that treatment decisions might benefit 
from being stratified by baseline renal risk rather than applying 
uniform thresholds, and that unnecessary intervention in very 
low-risk patients should be approached with caution. 

Experimental studies have demonstrated that hyperuricemia 
can trigger inflammation and endothelial dysfunction, promot- 
ing renal fibrosis and a self-perpetuating cycle in CKD. Ini- 
tial increases in sUA can elevate blood pressure, while chronic 
conditions, such as reduced nephron numbers, play a role in
maintaining high blood pressure and its sequelae. [ 22 , 44–46 ]
Therefore, early identification of the suitable timing and patient 
groups for hyperuricemia treatment is crucial, especially given 

that the sUA concentrations linked to increased risk of total and
cardiovascular mortality—4.7 and 5.6 mg/dl, respectively [ 47 ]—
suggesting that the thresholds for adverse outcomes in CKD may 
be considerably lower than the current clinical definitions of hy- 
peruricemia. 

Like other causal inference methods, the g-formula relies 
on assumptions of no unmeasured confounding, accurate mea- 
surement, and correct model specification. It is sensitive to vi- 
olations, as errors can propagate through the analysis. [ 28 , 34 ]
Specifically, unmeasured factors such as medication adherence 
or detailed lifestyle habits ( e.g. diet) could not be fully captured 

in this EMR-based dataset. Although residual bias cannot be 
excluded, our estimates under the real-world practice scenario 
closely predicted observed values, supporting model calibration.
[ 38 ] We adjusted for potential confounders and performed sen-
sitivity analyses, but did not compare the effectiveness of indi-
vidual ULAs or other urate-lowering drugs. [ 40 ] 

In summary, our findings suggest that timely initiation of 
ULT—particularly before sUA exceeds 9 mg/dl—is associated 

with improved renal and survival outcomes in CKD. By lever- 
aging long-term follow-up and simulating uniform treatment 
strategies, our study revealed potential long-term benefits that 
may remain undetected in shorter trials, particularly among pa- 
tients with eGFR < 60 ml/min/1.73 m2 or aged ≥30 years. More-
over, this study underscores the value of the g-formula as a tool
for pharmacoepidemiologic research using observational data,
enabling robust estimation of treatment strategies while serv- 
ing as a complement to evidence from randomized trials. 
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