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Background: Prostate cancer remains a significant global health burden, with biochemical recurrence (BCR) affecting 20–50% of 
patients post-radical prostatectomy. This study aimed to investigate the relationship between preoperative PSA levels and BCR-free 
survival in Asian populations.
Methods: We conducted a retrospective cohort study of 3,092 prostate cancer patients who underwent radical prostatectomy at Yonsei 
University College of Medicine, Korea (1992–2014). The exposure variable was preoperative PSA level, and the primary outcome was 
BCR-free survival. Covariates included age, Gleason score, pathological stage, surgical margins, and other clinical factors. Patients were 
followed quarterly for two years post-surgery, semi-annually for three years, then annually thereafter (median follow-up: 66 months).
Results: Using piecewise linear regression, we identified a significant threshold effect at PSA 5.1 ng/mL. Above this threshold, each 
unit increase in LnPSA was associated with a 6.10-month reduction in BCR-free survival (95% CI: −7.64 to −4.56, P<0.0001). Higher 
PSA levels correlated with increased adverse pathological features and shorter BCR-free survival across all risk groups.
Conclusion: This study establishes a critical PSA threshold of 5.1 ng/mL for BCR risk stratification in Asian populations. Above this 
threshold, each unit increase in LnPSA correlates with a 6.10-month reduction in BCR-free survival, providing valuable guidance for 
post-operative monitoring and personalized treatment strategies.
Keywords: prostate cancer, prostate-specific antigen, PSA, biochemical recurrence, nonlinearity

Introduction
Prostate cancer remains one of the most common malignancies among men worldwide.1 According to GLOBOCAN 2022 
data, approximately 1.47 million new cases of prostate cancer are reported annually, ranking as the leading male cancer in 118 
countries.2 The disease burden shows marked geographical variations, with significantly higher incidence rates in developed 
countries compared to developing regions.3 Recent epidemiological studies have revealed substantial racial and ethnic 
disparities in incidence and mortality rates.4 In China, the projected new cases for 2024 exceed 100,000, with an age- 
standardized incidence rate of 9.68 per 100,000.5 Recent preclinical studies have provided valuable molecular insights into 
PSA regulation in prostate cancer. Li et al (2024)6 demonstrated that microRNA-34a (miR-34a), frequently downregulated in 
prostate tumors with TP53 alterations (present in approximately 46% of primary prostate cancer patients), significantly 
influences PSA expression through posttranscriptional mechanisms. Their research revealed that miR-34a targets key path-
ways involved in cancer stem cell survival, potentially explaining inter-patient variations in PSA dynamics.7 This molecular 
heterogeneity exhibits population-specific characteristics influenced by ethnicity-specific genetic polymorphisms, providing 
a potential molecular basis for the different PSA thresholds observed between Asian and Western populations. These 
molecular mechanisms offer new frameworks for understanding the population-specific PSA behavior observed in our study.

Prostate-Specific Antigen (PSA), a glycoprotein secreted by prostatic epithelial cells, is a widely used biomarker for prostate 
cancer screening and diagnosis.8 While its primary clinical application is guiding biopsy decisions and confirming diagnosis, its 
potential value in predicting BCR-free survival remains an area of active research, despite recognized limitations in specificity 
and being influenced by multiple factors beyond cancer progression. According to the European Association of Urology 
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guidelines, PSA plays a crucial role not only in early diagnosis but also in evaluating treatment efficacy and predicting recurrence 
risk.9 Studies have demonstrated that dynamic changes in PSA levels accurately reflect tumor burden, with elevations often 
indicating disease progression or increased recurrence risk.10,11 Multiple investigations have confirmed strong correlations 
between preoperative PSA levels and prognostic factors such as pathological stage and Gleason score.12–15

For patients undergoing radical prostatectomy (RP), biochemical recurrence (BCR) serves as a critical prognostic 
indicator.16,17 Recent 2024 studies indicate that even among patients maintaining consistently low post-operative PSA levels, 
approximately 15–20% may experience late BCR.18,19 Recent meta-analyses have demonstrated a significant positive 
correlation between preoperative PSA levels and BCR risk.20,21 However, some studies suggest this correlation may be 
influenced by factors such as tumor stage and surgical approach.22–24 These inconsistencies might be attributed to population 
heterogeneity, varying follow-up periods, and different BCR definitions, underscoring the need for further investigation.

This retrospective cohort study aims to conduct a secondary analysis of data from 3,092 prostate cancer patients who 
underwent radical prostatectomy at Yonsei University College of Medicine, Seoul, Korea, between 1992 and 2014. Our 
study features several distinctive strengths: first, it focuses on an Asian population, providing specifically relevant 
insights for Asian clinical practice; second, it employs a rigorous follow-up protocol (quarterly visits for the first two 
years post-surgery, semi-annual visits for the next three years, and annual visits thereafter) with a median follow-up 
duration of 66 months, ensuring data reliability and completeness; third, it offers innovative analysis of the relationship 
between PSA and BCR, accounting for various influencing factors. The findings from this study will contribute valuable 
evidence for developing individualized treatment strategies and follow-up protocols, particularly for Asian populations, 
while advancing our understanding of PSA’s role in predicting biochemical recurrence risk.

Methods
Study Population
This retrospective cohort study was conducted at Yonsei University College of Medicine, Seoul, Korea, enrolling patients 
who underwent radical prostatectomy between 1992 and 2014. Of the 4,404 patients initially identified, 3,092 were 
included in the final analysis after applying selection criteria. Inclusion criteria encompassed patients who underwent 
radical prostatectomy during the study period. Exclusion criteria comprised patients who received neoadjuvant therapy, 
those with incomplete pathological or follow-up data, and those with lymph node metastasis identified during surgery. All 
patient data were extracted from the institutional prostate cancer database using standardized data collection forms by 
trained research personnel. Patients were followed up until 2014, with a median follow-up duration of 66 months.

Variables
The primary exposure variable was preoperative PSA level, measured using immunoradiometric assay from venous 
blood samples collected within one week before surgery. The outcome variable was BCR-free survival, defined as the 
time from surgery to biochemical recurrence. Biochemical recurrence was defined as two consecutive PSA measurements 
≥0.2 ng/mL after surgery. Follow-up assessments were conducted every three months for the first two years post-surgery, 
every six months for the subsequent three years, and annually thereafter. Covariates included age, RP Gleason score, 
pathological tumor stage, seminal vesicle invasion, positive surgical margins, extracapsular extension, preoperative risk 
grouping, year of surgery, and adverse pathological findings. These covariates were selected based on previous research 
evidence and clinical expert consensus to control for potential confounding factors. All pathological assessments were 
performed by dedicated genitourinary pathologists using standardized reporting templates. Missing data, which 
accounted for less than 5% of the total data, were handled using complete case analysis.

Ethic Statement
This study represents a secondary analysis of anonymized data published by Jang WS et al (2016)25 in PLOS ONE. The 
original data collection received institutional review board approval from Yonsei University College of Medicine 
(YUHS-2016-0724). In accordance with established research ethics guidelines, secondary analyses of publicly available 
anonymized datasets do not typically require additional ethical approval. We have properly cited the original source and 
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adhered to PLOS ONE’s data usage policies throughout our analysis. The study was conducted in compliance with the 
Declaration of Helsinki and maintained patient privacy through secure data management protocols. All procedures 
followed applicable ethical standards for medical research involving human data.

Statistical Analysis
Continuous variables were expressed as mean ± standard deviation (for normal distribution) or median (interquartile 
range), while categorical variables were presented as frequencies or percentages. PSA values were natural log- 
transformed (LnPSA) to improve normality. Between-group differences were assessed using chi-square test for catego-
rical variables and Student’s t-test or Mann–Whitney U-test for continuous variables based on their distribution.

The analysis was conducted in three steps:

Step 1: Association Analysis
We employed univariate and multivariate linear regression models with progressive adjustment strategies:

● Model 1: Unadjusted model.
● Model 2: Adjusted for demographic characteristics.
● Model 3: Model 2 plus additional covariates presented in Table 1

The changes in effect estimates across different adjustment strategies were examined to assess the robustness of our 
findings. LnPSA was used as the exposure variable in all models.

Table 1 Demographic and Clinical Characteristics of Study Population by LnPSA Tertiles

Characteristic Low Tertile Middle Tertile High Tertile P-value

Age (years) 64.55 ± 7.30 64.82 ± 7.33 65.82 ± 6.77 <0.001

Year of operation 2009.57 ± 2.57 2009.08 ± 2.93 2008.74 ± 3.75 <0.001

LnPSA 1.34 ± 0.71 2.10 ± 0.18 3.13 ± 0.67 <0.001

BCR-free survival (months) 45.51 ± 30.90 43.06 ± 30.69 31.52 ± 32.26 <0.001

Revised pathological Gleason score, n (%) <0.001

0 40.3 28.6 15.0

1 46.3 52.7 49.7

2 13.4 18.6 35.3

Pathological T stage, n (%) <0.001

T0 58.0 43.7 28.7

T1 39.1 48.7 52.6

T2 2.9 7.6 18.7

Seminal vesicle invasion, n (%) <0.001

Yes 2.9 7.6 18.7

No 97.1 92.4 81.3

Positive surgical margin, n (%) <0.001

Yes 35.7 46.9 61.7

No 64.3 53.1 38.3

Extracapsular extension, n (%) <0.001

Yes 41.7 55.7 70.3

No 58.3 44.3 29.7

Risk group, n (%) <0.001

Low (0) 35.8 22.7 0.0

Intermediate (1) 32.8 38.4 28.8

High (2) 31.4 38.8 71.2

Adverse pathological features, n (%) <0.001

Yes 54.2 69.7 80.5

No 45.8 30.3 19.5

Notes: Data are presented as mean ± standard deviation for continuous variables or percentages for categorical variables. 
P-values were calculated using ANOVA for continuous variables and chi-square test for categorical variables. 
Abbreviations: LnPSA, natural logarithm of prostate-specific antigen; BCR, biochemical recurrence.
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Step 2: Non-Linear Relationship Assessment
Generalized additive models and smooth curve fitting (penalized spline method) were used to evaluate the non-linear relationship 
between LnPSA and outcomes. When non-linearity was detected, we calculated the inflection point using a recursive algorithm 
and constructed a two-piecewise linear model on both sides of the inflection point. The likelihood ratio test was used to compare 
the standard linear regression model with the two-piecewise model to determine which better explained the true association.

Step 3: Stratified Analysis
Stratified linear regression models or generalized additive models were used for subgroup analyses. For continuous 
stratification variables, we first converted them to categorical variables based on clinical cut-points or tertiles, followed 
by interaction tests. Effect modification in subgroup indicators was assessed using likelihood ratio tests.

Sensitivity Analysis
To verify the robustness of our findings, LnPSA was converted into a categorical variable for trend analysis, validating 
the continuous variable analysis results and exploring potential non-linear relationships.

All statistical analyses were performed using R statistical software (http://www.R-project.org, The R Foundation). 
Two-sided P-values < 0.05 were considered statistically significant.

Results
Baseline Characteristics of Participants
A total of 3092 patients were stratified into three tertiles based on LnPSA levels, with significant differences observed across 
multiple clinicopathological characteristics (all P<0.001). The high LnPSA tertile was characterized by older age (65.82±6.77 
vs 64.55±7.30 years in low tertile) and significantly shorter biochemical recurrence-free survival (31.52±32.26 vs 45.51±30.90 
months in low tertile). Notably, patients with higher LnPSA levels demonstrated more aggressive pathological features, 
evidenced by a higher proportion of Gleason score group 2 (35.3% vs 13.4% in low tertile), increased rates of seminal vesicle 
invasion (18.7% vs 2.9%), positive surgical margins (61.7% vs 35.7%), and extracapsular extension (70.3% vs 41.7%). The 
presence of adverse pathological features showed a significant ascending trend across LnPSA tertiles (54.2%, 69.7%, and 
80.5%, respectively). Risk stratification analysis revealed that the proportion of high-risk patients increased markedly with 
higher LnPSA levels (71.2% in high tertile vs 31.4% in low tertile), with notably no patients in the high LnPSA tertile 
classified as low-risk, suggesting that elevated LnPSA levels are strongly associated with adverse pathological outcomes and 
higher risk classifications in prostate cancer patients (Table 1).

Multivariate Analysis
Multivariate regression analyses were performed to evaluate the association between LnPSA levels and biochemical 
recurrence-free survival (BCR-free survival). In the continuous variable analysis, LnPSA demonstrated a significant 
negative correlation with BCR-free survival across all models. After full adjustment for potential confounders including 
smoothed age and operation year (Adjust II), each unit increase in LnPSA was associated with a 2.58-month reduction in 
BCR-free survival (95% CI: −3.69 to −1.47, P<0.0001).

When analyzed by LnPSA tertiles, with the low tertile as reference, patients in the high tertile demonstrated 
significantly shorter BCR-free survival. This association remained robust after full adjustment for confounders, with 
the high LnPSA tertile showing a 7.91-month reduction in BCR-free survival (95% CI: −10.48 to −5.34, P<0.0001). 
Although patients in the middle tertile showed a trend toward decreased BCR-free survival (−1.92 months, 95% CI: 
−4.22 to 0.38), this association did not reach statistical significance (P=0.1026). These findings suggest that elevated PSA 
levels independently predict shorter biochemical recurrence-free survival, particularly in patients with PSA levels in the 
highest tertile, even after accounting for other established risk factors (Table 2).

Non-Linear Relationship Between LnPSA and BCR-Free Survival
Smooth curve fitting analysis revealed a significant nonlinear relationship between LnPSA levels and biochemical 
recurrence-free survival. The curve demonstrated a consistent downward trend, with BCR-free survival decreasing as 
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LnPSA levels increased. This negative association was particularly pronounced when LnPSA values exceeded 2, where 
the curve showed a steeper decline. The 95% confidence intervals (represented by the upper and lower bounds) remained 
relatively narrow throughout most of the LnPSA range, indicating the reliability of this association. Notably, the 
relationship appeared more stable in the middle range of LnPSA values (between 0 and 4), while showing wider 
confidence intervals at the extremes, particularly at higher LnPSA levels.(Figure 1)

Table 2 Association Between PSA Levels and BCR-Free Survival

Variables Non-Adjusted Model 1† Model 2‡

Continuous PSA

LnPSA −5.75 (−6.94, −4.56)*** −3.21 (−4.34, −2.08)*** −2.58 (−3.69, −1.47)***

Categorical PSA

LnPSA Tertile

Low Reference Reference Reference

Middle −2.45 (−5.15, 0.26) −2.05 (−4.41, 0.32) −1.92 (−4.22, 0.38)

High −13.99 (−16.69, −11.29)*** −9.27 (−11.89, −6.64)*** −7.91 (−10.48, −5.34)***

Notes: Data are presented as β coefficients with 95% confidence intervals in parentheses. ***P < 0.001. †Model 1: 
Adjusted for age, RPGS (0/1/2), pathological T stage (pT2/pT1/pT0), seminal vesicle invasion (yes/no), positive 
surgical margin (yes/no), extracapsular extension (yes/no), risk group (high/intermediate/low), operation year, and 
anterior prostatic fat (yes/no). ‡Model 2: Adjusted for the same covariates as Model 1, with age and operation year 
treated as smooth terms in the model. Negative β coefficients indicate decreased BCR-free survival. 
Abbreviations: PSA, Prostate-Specific Antigen; BCR, Biochemical Recurrence; RPGS, Revised Prostate Cancer 
Gleason Score.

Figure 1 Association between logarithmically transformed PSA (LnPSA) levels and biochemical recurrence-free survival in prostate cancer patients. The figure shows the smooth curve 
fitting analysis of the relationship between LnPSA levels (x-axis) and biochemical recurrence-free survival in months (y-axis). The solid line represents the fitted curve, while the grey 
shaded area indicates the 95% confidence intervals. The analysis was adjusted for age, Gleason score, pathological T stage, surgical margin status, seminal vesicle invasion, extracapsular 
extension, risk group, operation year, and adverse pathological features. The curve demonstrates a negative association between LnPSA levels and BCR-free survival, with a more 
pronounced decline observed at higher LnPSA values. The relationship remains consistent across the observed LnPSA range, though with wider confidence intervals at extreme values.
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Threshold Effect Analysis
In a cohort of 3,092 patients, we investigated the relationship between LnPSA levels and biochemical recurrence-free 
survival using both linear and piecewise linear regression models with adjustment for multiple clinicopathological 
factors. The initial linear model suggested a uniform negative association, with each unit increase in LnPSA correspond-
ing to a 3.21-month decrease in BCR-free survival (95% CI: −4.34 to −2.08, P<0.0001).

However, a more sophisticated piecewise linear regression analysis identified a significant threshold effect with 
a turning point at LnPSA of 1.63 (equivalent to approximately 5.1 ng/mL PSA). Below this threshold, a marginally 
positive association was observed, with each unit increase in LnPSA associated with a 2.31-month increase in BCR-free 
survival (95% CI: 0.01 to 4.61, P=0.0492). In contrast, beyond this threshold, a strong negative association emerged, with 
each unit increase in LnPSA corresponding to a 6.10-month decrease in BCR-free survival (95% CI: −7.64 to −4.56, 
P<0.0001). The difference in effects between these two segments was substantial at 8.41 months (95% CI: −11.46 to 
−5.36, P<0.0001). At the turning point, the predicted BCR-free survival was 46.78 months (95% CI: 45.22 to 48.34).

Notably, the likelihood ratio test (P<0.001) strongly supported the superiority of the piecewise linear model over the 
simple linear model, indicating that the relationship between PSA levels and biochemical recurrence-free survival is not 
uniformly linear but rather demonstrates a distinct threshold effect at approximately 5.1 ng/mL PSA, which may serve as 
a clinically relevant reference point for risk stratification (Table 3).

Discussion
This study investigated the relationship between preoperative PSA levels (exposure variable) and biochemical recur-
rence-free survival (outcome variable) among 3,092 patients who underwent radical prostatectomy. Based on data from 
Yonsei University College of Medicine, Korea (1992–2014), the study features several notable strengths: a large Asian 
cohort, rigorous follow-up protocol (quarterly visits for first two years post-surgery, semi-annual visits for next three 
years, and annual thereafter), and a median follow-up duration of 66 months. The findings revealed a non-linear 
association between PSA levels and BCR-free survival, with a significant threshold effect at PSA 5.1 ng/mL, above 
which each unit increase in LnPSA was associated with a 6.10-month reduction in BCR-free survival (95% CI: −7.64 to 
−4.56, P < 0.0001). It is important to acknowledge that while our study demonstrates a significant relationship between 
PSA levels and BCR-free survival, PSA alone has recognized limitations as a predictor of recurrence. Traditionally, PSA 
has been primarily used for diagnosis rather than prognostication. However, our identification of a non-linear relationship 

Table 3 Association Between LnPSA and BCR-Free Survival: 
Linear and Piecewise Linear Regression Analysis

Models and Parameters β (95% CI) P value

Model I (Linear)
Overall effect −3.21 (−4.34, −2.08) <0.001

Model II (Piecewise)
Turning point (K) 1.63 –
Segment 1 effect (< K) 2.31 (0.01, 4.61) 0.049

Segment 2 effect (> K) −6.10 (−7.64, −4.56) <0.001

Effect difference (Segment 2–1) −8.41 (−11.46, −5.36) <0.001
Predicted value at turning point 46.78 (45.22, 48.34) –

Likelihood ratio test† – <0.001

Notes: 1. All models were adjusted for age, revised prostate cancer Gleason score 
(RPGS), pathological T stage, seminal vesicle invasion, positive surgical margin, 
extracapsular extension, risk group, operation year, and anterior prostatic fat. 2. 
β coefficients represent the change in BCR-free survival per unit increase in LnPSA. 
3. The turning point (K) represents the LnPSA value where the relationship pattern 
changes. 4. Negative β coefficients indicate decreased BCR-free survival. 5. 
†Likelihood ratio test compares the fit of piecewise linear model (Model II) versus 
simple linear model (Model I). 
Abbreviations: PSA, Prostate-Specific Antigen; BCR, Biochemical Recurrence; CI, 
Confidence Interval.
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and a specific threshold of 5.1 ng/mL offers a novel perspective that may enhance the utility of PSA in risk stratification 
when integrated with other established prognostic factors. This finding does not suggest replacing comprehensive risk 
assessment models with PSA alone, but rather indicates that PSA levels, particularly when above this threshold, may 
warrant more careful consideration within the broader clinical context. This nuanced understanding aligns with recent 
calls for more integrated approaches to prostate cancer management, where multiple biomarkers and clinical features are 
considered collectively for personalized risk assessment.

Our findings on the non-linear relationship between PSA levels and biochemical recurrence complement the latest 
research. According to a 2024 systematic review, approximately one-third of prostate cancer patients experience 
biochemical recurrence after definitive treatment, with PSA kinetics being a crucial prognostic indicator.26 Through 
piecewise linear regression analysis, our study is the first to establish a critical threshold of 5.1 ng/mL in Asian 
populations, providing a more precise early warning value for clinical risk stratification. This finding is particularly 
significant as recent meta-analyses demonstrate the importance of early identification of high-risk patients for subsequent 
treatment decisions.27 Notably, the 2024 European Association of Urology (EAU) guidelines emphasize the importance 
of considering multiple factors, including PSA doubling time and pathological features, when assessing biochemical 
recurrence risk.28 Our study’s unique strengths lie in its extended follow-up period (median 66 months), rigorous follow- 
up protocol, and the application of a piecewise linear regression model, which better captures the non-linear relationship 
between PSA levels and prognosis. These findings not only deepen our understanding of PSA’s importance as 
a prognostic marker but also provide more reliable reference points for individualized risk assessment in Asian 
populations.

The clinical value of our findings extends beyond statistical significance to practical applications in patient care. Our 
identified threshold of 5.1 ng/mL differs from the conventional 4 ng/mL cutoff used in Western populations.29,30 This 
finding aligns with studies showing Asian men demonstrate distinct PSA profiles compared to Western counterparts, with 
potentially different biochemical recurrence patterns.31 Recent research by Liu et al (2024)32 suggests integrating 
population-specific PSA thresholds could enhance current risk assessment frameworks like CAPRA and NCCN guide-
lines. Notably, studies from different Asian regions have reported variable thresholds—Japanese guidelines recommend 4 
ng/mL,33 while Chinese studies suggest values between 4.0–6.3 ng/mL.34 These variations highlight heterogeneity even 
within Asian populations, underscoring the need for region-specific risk stratification approaches in prostate cancer 
management.35 We propose the following clinical applications of this threshold: (1) Post-operative monitoring frequency: 
Patients with preoperative PSA >5.1 ng/mL may benefit from more intensive follow-up protocols, such as monthly PSA 
measurements for the first six months post-surgery, followed by bimonthly testing for one year; (2) Integration with 
existing risk calculators: Our threshold can be incorporated into the Cancer of the Prostate Risk Assessment (CAPRA) 
score by adjusting the PSA stratification intervals specifically for Asian patients; (3) Adjuvant therapy considerations: 
For patients with preoperative PSA >5.1 ng/mL combined with other adverse features (positive margins, extracapsular 
extension), early adjuvant radiotherapy might be considered rather than salvage approaches; (4) Risk counseling: This 
threshold provides a valuable reference point for discussing recurrence risk with Asian patients, potentially improving 
shared decision-making about post-operative management options.

This study’s comprehensive analysis of PSA’s non-linear relationship with BCR-free survival, supported by robust 
long-term follow-up data, offers a more nuanced framework for clinical decision-making compared to traditional linear 
models. Our findings align with recent research indicating that Asian men generally present with different PSA profiles,29 

suggesting the need for ethnicity-specific risk assessment approaches. Analysis of PSA thresholds across Asian popula-
tions reveals notable variations that reflect genetic and environmental heterogeneity. Down et al (2024)30 demonstrated 
significantly lower advanced prostate cancer incidence in Asian men (4.5%, 95% CI: 3.8–5.3%) compared to White men 
(7.5%, 95% CI: 7.2–7.7%) at equivalent PSA elevations. This finding corroborates observed differences in PSA 
dynamics between populations. The genetic basis for these variations has been documented, with Asian men exhibiting 
distinct polymorphisms in genes regulating androgen metabolism and PSA expression.36 Comparative studies consis-
tently show that Asian men present with lower PSA levels for equivalent tumor volumes than Western cohorts, providing 
a biological rationale for why our 5.1 ng/mL threshold diverges from the conventional 4.0 ng/mL Western standard.37,38 

These findings underscore the importance of developing population-specific risk stratification models rather than 
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applying universal cutoffs across diverse ethnic groups.The study’s results advocate for more intensive monitoring and 
potentially earlier intervention strategies for patients with PSA levels above 5.1 ng/mL, particularly given the observation 
that Asian-American men often present with higher grade disease.39 Looking ahead, future research should focus on 
integrating this PSA threshold into existing risk calculators and validating its applicability across different Asian 
subpopulations, while also exploring the development of personalized follow-up protocols based on PSA kinetics.40

Our study demonstrates several significant methodological and operational strengths. First, we included a large cohort 
of 3,092 Asian prostate cancer patients, which is particularly valuable as recent research indicates that Asian patients 
exhibit distinct PSA patterns and disease characteristics compared to Western populations.41 Second, we implemented 
a rigorous follow-up protocol (quarterly visits for the first two years post-surgery, semi-annual visits for the next three 
years, and annual visits thereafter), with a median follow-up duration of 66 months. This systematic follow-up strategy 
aligns closely with the 2024 EAU guidelines for post-prostatectomy monitoring.42 Regarding data analysis, we innova-
tively employed a piecewise linear regression model, which has shown unique advantages in recent biomarker research 
by better capturing the non-linear relationship between PSA and prognosis.43 Furthermore, the study utilized a three-step 
analytical approach (association analysis, non-linear relationship assessment, and stratified analysis) to comprehensively 
evaluate the relationship between PSA and biochemical recurrence, providing valuable reference points for individua-
lized risk assessment in Asian populations.

Several limitations of this study should be acknowledged. First, as a single-center study, the generalizability of our 
findings may be limited.44 Second, our exclusion of patients who received neoadjuvant therapy, those with lymph node 
metastasis, and those with incomplete follow-up data likely introduced selection bias toward lower-risk disease profiles. 
Recent studies by Liu et al (2024)45 demonstrate that PSA’s predictive value varies across risk groups, with paradoxically 
low PSA levels sometimes indicating worse outcomes in high-grade disease. For patients with advanced disease, Hung 
et al (2024)46 and Carrot et al (2024)47 suggest that PSA kinetics rather than absolute values may offer superior 
prognostic information. These findings indicate our exclusion criteria may have limited our evaluation of PSA dynamics 
in advanced disease states. Third, since the study population consisted exclusively of Korean patients, and recent research 
has shown significant differences in PSA screening patterns and prostate cancer characteristics between Asian and 
Western populations,48 caution should be exercised when extrapolating these findings to other populations. Fourth, as 
a retrospective observational study, we could only establish associations rather than causal relationships.49 Additionally, 
PSA screening itself serves as an important confounder that may influence the overall detection rate and proportion of 
low-risk cases.50 Finally, while we adjusted for known confounding factors, our study did not account for several 
potentially significant unmeasured variables. Recent evidence suggests that genetic markers, including family history and 
hereditary susceptibility, substantially influence prostate cancer risk.50 Lifestyle factors such as smoking status, dietary 
patterns, and medication use may modulate PSA levels independently of malignancy.51 Furthermore, metabolic comor-
bidities, particularly central adiposity and components of metabolic syndrome, have demonstrated associations with 
altered PSA concentrations.52 These unmeasured confounders potentially introduce bias in our interpretation. Future 
investigations should incorporate these genetic, environmental, and metabolic parameters to enhance risk assessment 
accuracy and PSA interpretation frameworks.

Conclusion
The relationship between PSA levels and biochemical recurrence is non-linear. The relationship between PSA levels and 
biochemical recurrence-free survival is non-linear. When PSA levels exceeded 5.1 ng/mL, there was a significant 
negative association between PSA and BCR-free survival, with higher PSA levels corresponding to shorter BCR-free 
survival time.
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