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ABSTRACT 

Background. Elevated alkaline phosphatase ( ALP) levels are associated with mortality. However, the significance of ALP 
variability, particularly in chronic kidney disease ( CKD) , has not been well explored. This study examined the associations 
of baseline ALP and its variability with all-cause mortality and end-stage kidney disease ( ESKD) in patients with CKD. 
Methods. This retrospective cohort study analyzed data from tertiary hospitals in Taiwan and Korea ( 2001–2021) . Adults 
with CKD, defined by at least two estimated glomerular filtration rate ( eGFR) values < 60 ml/min/1.73 m2 obtained ≥3 
months apart, were included. ALP variability was measured using the standard deviation ( SD) , coefficient of variance 
( CoV) , and variance, categorized into quartiles. The Cox proportional hazards model evaluated the associations between 

ALP indices, mortality, and ESKD. 
Results. In the baseline ALP cohort ( n = 14 862) , higher ALP levels were associated with progressively increased risks of 
mortality and ESKD, with the highest quartile showing a 1.47-fold higher mortality risk [95% confidence interval ( CI) 
1.32–1.64] than the lowest. In the variability cohort ( n = 12 531) , greater ALP variability was significantly associated with 

increased all-cause mortality ( SD, aHR: 1.82, 95% CI: 1.61–2.05; CoV, aHR: 1.50, 95% CI: 1.34–1.68; variance, aHR: 1.81, 95% 

CI: 1.60–2.04) and showed directionally consistent, although attenuated, associations with ESKD risk. Subgroup analysis 
stratified by hypertension, diabetes, and cardiovascular disease demonstrated consistent association across 
comorbidities. 
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Conclusion. Given the significant impact of ALP levels and their variability on mortality and kidney disease progression, 
targeted monitoring and stabilization of ALP over time may help improve long-term outcomes in patients with CKD. 

Keywords: alkaline phosphatase, chronic kidney disease, mortality, variability 

KEY LEARNING POINTS 

What was known: 

• While ALP is a key liver marker, elevated ALP levels in CKD patients are associated with increased mortality risk and pro- 
gression to end-stage kidney disease ( ESKD) 

This study adds: 

• The study shows that not only high ALP levels but also variability in these levels significantly increase the risks of mortality 
and ESKD progression.

Potential impact: 

• Monitoring ALP variability, along with baseline levels, could improve patient management and outcomes, potentially reduc- 
ing mortality and disease progression in CKD.
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NTRODUCTION 

lkaline phosphatase ( ALP) is an enzyme widely distributed 
hroughout the body, with the highest concentrations found 
n the liver, bone, bile ducts, and kidney, corresponding to 
he tissue-nonspecific ALP ( TNALP) isoenzyme [1 ]. ALP plays a 
entral role in bone mineralization and is involved in hepatic 
etabolism and detoxification processes [2 , 3 ]. Accordingly, ALP 

s frequently used as a biomarker for diagnosing and monitoring 
epatic and bone disorders [4 , 5 ]. Although serum ALP mainly re- 
ects activity derived from the liver and bone, intestinal ALP can 
lso contribute modestly to circulating ALP activity. Impaired 
idney function is closely associated with systemic fluctuations 
n ALP levels, particularly in chronic kidney disease ( CKD) [6 , 7 ]. 

CKD is a rapidly growing medical condition worldwide that 
ontributes significantly to both medical and socioeconomic 
urdens [8 , 9 ]. As critical end organs, the kidneys have complex 
nteractions with other systems, and their impairment leads to 
 cascade of systemic health issues, including cardiovascular 
omplications, mineral and bone disorders, anemia, and fluid 
verload [10 –12 ]. These complications not only worsen patient 
ealth but also intensify the clinical burden of CKD, resulting 
n increased healthcare costs and resource use [13 ]. Therefore,
dentifying and managing modifiable risk factors are crucial for 
ontrolling CKD and improving outcomes. 

In CKD, mineral and bone disorder ( CKD-MBD) and vascular 
alcification are major complications that correlate with altered 
LP levels [14 ]. Elevated ALP levels are associated with an in- 
reased risk of mortality and progression to end-stage kidney 
isease ( ESKD) [7 ]. However, as with serum creatinine and other 
aboratory biomarkers, ALP levels fluctuate over time owing to 
ultiple biological and clinical factors, including aging, nutri- 

ional status, and comorbid bone or liver diseases [15 ]. In this 
ontext, it is imperative to shift the focus from single-point mea- 
urements of ALP levels to an appreciation of their variability,
hereby enhancing the clinical interpretation and management 
f CKD-related complications. 
While previous studies in CKD patients have investigated 

ime-varying ALP levels in relation to mortality [16 –18 ], evi- 
ence on intra-individual ALP variability, particularly among 
on-dialysis CKD patients, remains limited. Given that elevated 
LP levels in patients with CKD are associated with increased 
ortality and progression to ESKD, we examined the impact of 
LP levels and their variability on these outcomes in patients 
ith CKD. 

ATERIALS AND METHODS 

tudy populations 

his retrospective cohort study utilized data from Taiwan 
 hospital care system of Kaohsiung Medical University) and 
orea ( hospital care system of Seoul National University) col- 
ected between January 2001 and December 2021. We included 
dult patients aged 18 years or older with CKD confirmed by 
t least two measurements of estimated glomerular filtration 
ate ( eGFR) < 60 ml/min/1.73 m2 or the presence of proteinuria 
btained at intervals of at least 3 months, in accordance with 
DIGO criteria. Only patients who were regularly followed at the 
ephrology clinic on at least two occasions were eligible, and 
he second qualifying measurement was defined as the baseline 
ime point. The eGFR was calculated using the CKD-EPI ( Chronic 
idney Disease Epidemiology Collaboration) equation [19 ]. Pa- 
ients were excluded if they had no data on ALP values or if they
rogressed to ESKD within the first 3 months of follow-up. 

ata acquisition and definition 

y reviewing the electronic medical record database, we ob- 
ained clinical data for all patients from the retrospective co- 
orts. Clinical data included demographic details, such as age,
ex, and body mass index ( BMI) , and laboratory data, such as 
emoglobin, serum albumin, aspartate aminotransferase ( AST) ,
lanine aminotransferase ( ALT) , ALP, total calcium, phosphorus,
ric acid, electrolytes, total cholesterol, and eGFR. We also ob- 
ained diagnostic information on hypertension, diabetes, and 
ardiovascular disease based on the International Classification 
f Diseases 9th version ( ICD-9) , International Classification of 
iseases 10th version ( ICD-10) codes, or a history of taking med- 
cation. 

To evaluate ALP variability, we collected ALP values from 

easurements taken at least three times, with an interval of 
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 ± 2 months between each measurement. ALP variability was 
efined using the standard deviation ( SD) , coefficient of variance 
 CoV) , and variance. The formulas used to calculate these met-
ics were as follows: SD is calculated by taking the square root of
he average of the squared differences between each data point
nd the mean of the dataset. The CoV was calculated by divid-
ng the SD by the mean, and then multiplying the result by 100 to
xpress it as a percentage. The variance was calculated by aver-
ging the squared differences between each data point and the
ean of the dataset. ALP variability was categorized into quar-

iles for analysis, with the first quartile serving as the reference.
he main results are presented based on the analyses using SD
s the primary metric. 

The primary outcome was all-cause mortality, while the risk 
f ESKD was assessed as a secondary outcome. In the Korean co-
ort, mortality was confirmed through linkage with the Statis- 
ics Korea National Death Registry, which provides complete 
ause-of-death data for all registered residents. In the Taiwanese 
ohort, cause of death was fully ascertained through linkage 
ith the Taiwan National Death Registry. In both cohorts, ESKD
vents were identified from electronic medical record data, de- 
ned as initiation of chronic dialysis or kidney transplantation.
he outcomes were tracked and confirmed based on the data
ollected on 31 December 2022. We initially conducted an anal-
sis to determine the impact of baseline ALP levels on outcomes,
ollowed by a comprehensive evaluation of the effects of ALP
ariability on these outcomes. 

easurement of serum ALP 

n both the Korean and Taiwanese cohorts, the measure- 
ent method for ALP has remained consistent since 2001,

ollowing the International Federation of Clinical Chemistry 
 IFCC) -recommended kinetic colorimetric principle using p- 
itrophenyl phosphate as the substrate at 37°C. In Korea, ALP
as analyzed at each participating center using automated clini- 
al chemistry analyzers ( typical reference range 40–130 IU/l; de- 
ection range 10–4000 IU/l) , and all laboratories participated in 
he Korean Association of External Quality Assessment Service 
rogram to ensure calibration consistency. In Taiwan, ALP was 
easured in the central biochemistry laboratory of Kaohsiung 
edical University Hospital using automated chemistry analyz- 
rs, most recently the Abbott Alinity ci Total Laboratory Automa- 
ion system ( reference range 40–150 IU/l; detection range 9–4555 
U/l) . All ALP concentrations were expressed in units per liter
 U/l) . 

tatistical analysis 

he baseline characteristics were compared according to the 
uartiles of ALP variability using SD values. Continuous vari- 
bles were analyzed using ANOVA and are presented as the
ean ± SD, while categorical variables were analyzed using the 
hi-square test and are presented as numbers ( percentages) .
e performed multivariate Cox proportional hazards regression 
nalysis to evaluate the impact of ALP and its variability on all-
ause mortality and ESKD development. The variables used for 
djustment in the multivariate analysis included age, sex, BMI,
omorbidities ( e.g. hypertension, diabetes, and cardiovascular 
isease) , and laboratory parameters ( e.g. hemoglobin, serum al- 
umin, uric acid, total calcium, total cholesterol, ALP, AST, ALT,
nd eGFR) . To explore the varying effects of ALP variability based
n underlying comorbidities, we conducted subgroup analyses 
tratified by hypertension, diabetes, and cardiovascular disease.
A time-dependent Cox proportional hazards model was then
pplied to assess the association between ALP levels and the
isk of all-cause mortality and ESKD. To incorporate ALP as a
ime-varying covariate, the data were structured in a start–stop
ormat. Each time interval was defined from the previous ALP
easurement to the next, and the final interval extended to the
ccurrence of the event of interest ( mortality or ESKD) or the
nd of follow-up, whichever came first. 

To explore potential nonlinear relationships between ALP 
nd the outcomes, restricted cubic spline functions were ap-
lied and plotted. The ALP threshold with statistical significance
as defined as the first point at which the lower bound of the
5% CI for the hazard ratio exceeded 1.0. In addition, to exam-
ne the robustness of the associations over the long inclusion
eriod ( 2001–2021) , supplementary analyses were performed af- 
er stratifying participants by enrollment era ( ERA I: 2001–2007,
RA II: 2008–2014, and ERA III: 2015–2021) . The same multivariate
ox regression models were applied within each era to evaluate
hether temporal trends in measurement or clinical practice af-

ected the observed relationships between ALP variability and
utcomes. 
To assess the combined effect of baseline ALP levels and ALP

ariability on mortality and ESKD, patients were categorized into
wo groups based on ALP levels ( high and low) and ALP vari-
bility ( high and low) using the SD. This yielded four combined
roups: low ALP and low variability, low ALP and high variability,
igh ALP and low variability, and high ALP and high variability.
he ALP-low/low variability group served as a reference. P val-
es < .05 were defined as significant when they were set to two-
ided. Logistic regression analysis was performed to evaluate the
actors associated with ALP variability. In the multivariate anal-
sis, we included variables with a P value of < .1 from the uni-
ariate analysis. Statistical analyses were performed using SPSS
 version 23.0; IBM Corp., Armonk, NY, USA) , and survival analy-
es were performed using R software ( version 4.5.1; R Project for
tatistical Computing, Vienna, Austria) . 

thical consideration 

he study protocol was approved by the Institutional Review
oards of the participating hospitals at Kaohsiung Medical Uni-
ersity Hospital ( KMUHIRB-E( I) -20200062) , Seoul National Uni- 
ersity Hospital ( no. J-2310–035-1473) and Seoul National Univer- 
ity Boramae Medical Center ( no. 20–20223-46) . The requirement 
or informed consent was waived by the IRB given the retrospec-
ive data used. This study was conducted in accordance with the
rinciples of the Declaration of Helsinki. 

ESULTS 

tudy populations 

mong the 23 767 patients with CKD, 14 862 were included in
he analysis assessing the association between baseline ALP lev-
ls and clinical outcomes ( Fig. 1 ) . The mean age was 64.0 ± 13.6
ears, with 9089 ( 61.2%) male participants. The mean eGFR was
6.4 ± 14.0 ml/min/1.73 m2 . Among the participants, 10 018
 67.4%) , 3566 ( 24.0%) , and 1278 ( 8.6%) had CKD stages 3, 4, and
, respectively ( Table 1 ) . According to the quartile range of ALP,
atients in the highest quartile tended to be older and exhib-
ted higher levels of systolic blood pressure, serum potassium,
ST, ALT, and ALP, as well as a higher prevalence of hyperten-
ion, diabetes, and cardiovascular disease. Conversely, these pa-
ients demonstrated lower values of BMI, hemoglobin, serum



4 Y. Kim et al.

Patients without value of ALP
(n = 8226)

Patients with < 3 ALP
measurements
(n = 2331)

Included patients to evaluate
the impact of baseline ALP

(n = 14 862)

Patients who progressed to
end-stage kidney disease
within 3 months
(n = 679)

Included patients to evaluate
the impact of ALP variability

(n = 12 531)

CKD patients with
regular follow-up

in Taiwan
(n = 9080)

CKD patients with
regular follow-up

in Republic of Korea
(n = 14 687)

Figure 1: Flow diagram of the study. 
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lbumin, total calcium, serum sodium, total cholesterol, and 
GFR ( Table 1 ) . 

The baseline characteristics of the 12 531 patients included 
n the ALP variability analysis were similar to those of the 
verall patient population; detailed results are provided in 
upplementary Table S1. 

mpact of ALP on all-cause mortality and ESKD 

uring a follow-up period of 9.1 ± 5.5 years, a total of 3568 
atients ( 24.0%) experienced mortality. The risk of mortality 
ncreased progressively across the quartiles of ALP, with the 
ighest quartile exhibiting a 1.47-fold increase in risk [95% 

onfidence interval ( CI) : 1.32, 1.64] compared to the first quartile 
 Fig. 2 a) . In addition, 6147 patients ( 41.4%) progressed to ESKD 

ver a follow-up period of 7.7 ± 5.5 years. Higher quartiles of ALP 
ere associated with a significantly increased risk of ESKD com- 
ared to the first quartile ( aHR 1.19, 95% CI 1.03, 1.36) ( Fig. 2 b) .
estricted cubic spline analysis further demonstrated a gradual,
onlinear increase in both mortality and ESKD risk beginning 
t ∼70–80 U/l, which lies within the conventional normal range 
 40–129 U/l) ( Supplementary Fig. S1) . This indicates that higher 
LP levels, even within the normal range, were associated with 
rogressively elevated risks of mortality and kidney disease 
rogression. 

ndex of ALP variability 

LP variability was evaluated using three metrics: SD, CoV,
nd variance. The mean values of each measurement ac- 
ording to the quartile range of ALP levels are shown in 
upplementary Table S2. Both SD and v ariance showed a con- 
istent increasing pattern across the ALP quartiles, whereas CoV 

id not exhibit this trend. For the analysis of ALP variability,
2 531 patients who had at least three ALP measurements during 
ollow-up were included. 

mpact of ALP variability on all-cause mortality 

ompared to the first quartile of the ALP variability group, the 
igher quartiles showed an incrementally increased risk of all- 
ause mortality, regardless of the measurement method used 
 Supplementary Fig. S2) . These results remained consistent af- 
er adjusting for age, sex, blood pressure, BMI, comorbidities, and 
aboratory parameters, especially when SD or variance measure- 
ents were used ( Table 2 ) . Specifically, the fourth quartile of ALP 
ariability showed a 1.82 times increased risk ( 95% CI: 1.61, 2.05) 
ith SD, a 1.50 times increased risk ( 95% CI: 1.34, 1.68) with CoV,
nd a 1.82 times increased risk ( 95% CI: 1.61, 2.05) with variance 
easurements. 
In supplementary time-dependent Cox analyses incorpo- 

ating ALP as a time-updated covariate, the associations with 
ortality remained robust and directionally consistent, further 
upporting the prognostic relevance of ALP variability inde- 
endent of temporal fluctuation in ALP levels ( Supplementary
able S3) . 

Subgroup analyses stratified by enrollment era ( 2001–
007, 2008–2014, and 2015–2021) demonstrated consistent as- 
ociations across periods, indicating that the long inclusion 
eriod did not materially influence the observed relation- 
hip between ALP variability and mortality ( Supplementary
able S4) . 

mpact of ALP variability on ESKD 

ncreased ALP variability represented by the quartile range sig- 
ificantly increased the risk of ESKD, regardless of the measure- 
ent method used ( Supplementary Fig. S3) . Although the pat- 

ern of incrementally increased risk was maintained in model 
, which was adjusted for anthropometric parameters and co- 
orbidities, this pattern disappeared after additional adjust- 
ents for laboratory parameters ( Table 3 ) . Specifically, the sec- 
nd to fourth quartile of ALP variability showed a 1.32-, 1.24-,
nd 1.29-times increased risk with SD, respectively, and a 1.33- 
 1.25-, and 1.20-times increased risk with variance measure- 
ents, respectively, with all results being statistically significant 

 P < .05) .
Consistent findings were observed in time-dependent Cox 

nalyses accounting for temporal changes in ALP levels 
 Supplementary Table S3) , indicating that the observed associa- 
ion between ALP variability and kidney disease progression was 
ot driven by short-term ALP fluctuation or measurement tim- 
ng. 

Similarly, the associations between ALP variability and 
SKD risk were directionally consistent across enrollment eras 
 Supplementary Table S5) , supporting the robustness of these 
ndings against potential temporal or methodological bias. 

ifferential impact of ALP variability according to 
nderlying comorbidities 

or the risk of all-cause mortality, the incrementally increased 
isk according to the quartile range of SD values for ALP variabil- 
ty was maintained after adjusting for all variables, regardless of 
he presence of underlying comorbidities, such as hypertension,

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
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Table 1: Baseline characteristics according to the quartile of ALP a . 

Total 
( n = 14 862) 

First quartile 
( n = 3 757) 

Second 
quartile 

( n = 3 610) 
Third quartile 
( n = 3 743) 

Fourth 
quartile 

( n = 3 752) P value 

Age, years 64.0 ± 13.6 63.3 ± 14.3 64.1 ± 13.6 64.2 ± 13.4 64.4 ± 13.1 .002 
Male 9 089 ( 61.2) 2 306 ( 61.4) 2 282 ( 63.2) 2 317 ( 61.9) 2 184 ( 58.2) < .001 
Systolic blood pressure, mmHg 134.7 ± 22.3 133.3 ± 20.1 134.5 ± 21.9 135.4 ± 23.0 135.7 ± 23.9 < .001 
Diastolic blood pressure, mmHg 78.1 ± 13.1 78.1 ± 12.8 78.4 ± 13.2 78.3 ± 13.3 77.7 ± 13.3 .293 
BMI, kg/m2 23.8 ± 3.9 24.2 ± 3.8 23.9 ± 3.9 23.7 ± 3.8 23.4 ± 4.0 < .001 
Hemoglobin, mg/dl 11.8 ± 2.2 12.0 ± 2.2 12.1 ± 2.2 11.7 ± 2.2 11.3 ± 2.1 < .001 
Serum albumin, g/dl 3.9 ± 0.5 4.0 ± 0.5 4.0 ± 0.5 3.9 ± 0.5 3.8 ± 0.6 < .001 
Total calcium, mg/dl 9.0 ± 0.7 9.1 ± 0.6 9.1 ± 0.6 9.0 ± 0.6 8.9 ± 0.7 < .001 
Phosphorus, mg/dl 3.7 ± 0.8 3.6 ± 0.8 3.7 ± 0.8 3.7 ± 0.8 3.8 ± 0.9 < .001 
Alkaline phosphatase, U/l 87.4 ± 61.9 49.1 ± 8.1 67.1 ± 4.3 83.8 ± 5.9 148.9 ± 97.1 < .001 
Aspartate aminotransferase, U/l 25.2 ± 19.6 23.6 ± 15.4 23.1 ± 13.7 23.8 ± 14.3 30.1 ± 29.5 < .001 
Alanine aminotransferase, U/l 22.3 ± 21.8 20.2 ± 17.6 20.6 ± 16.9 21.7 ± 21.2 26.6 ± 28.7 < .001 
Uric acid, mg/dl 7.1 ± 2.1 7.0 ± 2.0 7.1 ± 2.1 7.1 ± 2.0 7.1 ± 2.1 .135 
Sodium, mEq/l 139.5 ± 3.6 139.8 ± 3.8 139.8 ± 3.1 139.6 ± 3.4 138.9 ± 4.0 < .001 
Potassium, mEq/l 4.6 ± 0.7 4.6 ± 0.8 4.6 ± 0.6 4.7 ± 0.7 4.7 ± 0.7 < .001 
Total cholesterol, mg/dl 178.7 ± 50.9 181.6 ± 53.2 180.6 ± 48.7 178.6 ± 50.0 174.2 ± 51.3 < 0 .001 
eGFR, ml/min/1.73 m2 36.4 ± 14.0 38.5 ± 13.4 37.7 ± 13.6 36.3 ± 13.7 33.0 ± 14.5 < 0 .001 
Hypertension, n ( %) 8 069 ( 54.3) 1 985 ( 52.8) 1 926 ( 53.4) 2 056 ( 54.9) 2 102 ( 56.0) .022 
Diabetes, n ( %) 6 398 ( 43.0) 1 502 ( 40.0) 1 456 ( 40.3) 1 677 ( 44.8) 1 763 ( 47.0) < .001 
Cardiovascular disease, n ( %) 2 410 ( 16.2) 534 ( 14.2) 555 ( 15.4) 638 ( 17.0) 683 ( 18.2) < .001 
CKD stage 

3 10 018 ( 67.4) 2 744 ( 73.0) 2 606 ( 72.2) 2 530 ( 67.6) 2 138 ( 57.0) < .001 
4 3 566 ( 24.0) 784 ( 20.9) 754 ( 20.9) 919 ( 24.6) 1 109 ( 29.6) 
5 1 278 ( 8.6) 229 ( 6.1) 250 ( 6.9) 294 ( 7.9) 505 ( 13.5) 

Death, n ( %) 3 568 ( 24.0) 781 ( 20.8) 785 ( 21.7) 951 ( 25.4) 1 051 ( 28.0) < .001 
Follow-up for death, years 9.1 ± 5.5 9.4 ± 5.2 9.6 ± 5.5 9.3 ± 5.6 8.0 ± 5.7 < .001 
ESKD, n ( %) 6 147 ( 41.4) 1 164 ( 31.0) 1 330 ( 36.8) 1 630 ( 43.5) 2 023 ( 53.9) < .001 
Follow-up for ESKD, years 7.7 ± 5.5 8.2 ± 5.2 8.3 ± 5.5 7.7 ± 5.5 6.5 ± 5.5 < .001 

a ALP variability was assessed by SD 

0.8 1.0 1.2 1.4 1.6 1.8

4th quartile

3rd quartile

2nd quartile

1st quartile 

0.8 1.0 1.2 1.4 1.6 1.8

4th quartile

3rd quartile

2nd quartile

1st quartile 

a  All-cause mortality b  End-stage kidney disease

Adjusted hazard ratio Adjusted hazard ratio

Figure 2: Risk of ( a) all-cause mortality and ( b) ESKD according to the quartile range of ALP. The x -axis represents the adjusted hazard ratio and the y -axis represents 

the quartile range of ALP. The analysis was adjusted for age, sex, BMI, comorbidities ( hypertension, diabetes, and cardiovascular disease) , and laboratory parameters 
( hemoglobin, serum albumin, uric acid, total calcium, total cholesterol, ALP, AST, ALT, and eGFR) . 
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iabetes, and cardiovascular disease, consistent with the main 
esults ( Supplementary Table S6) . 

By contrast, for ESKD outcomes, a significantly increased 
isk was observed only in patients with comorbidities. Specif- 
cally, the risk was highest in those with cardiovascular dis-
ase, with patients in the fourth quartile having a 2.23-times
 95% CI: 1.47, 3.37) higher risk than those in the first quartile
 Supplementary Table S7) . 
E  
ombined effect of baseline ALP values and ALP 
ariability 

e found that higher variability was significantly associated
ith an increased risk of mortality, regardless of the ALP levels

 Fig. 3 a and b) . In addition, even in the ALP-low group, patients
ith high variability had a higher mortality risk than those in
he ALP high/variability low group. Although the significance of
SKD outcome was attenuated after adjusting for all laboratory

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfag022#supplementary-data
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Figure 3: Kaplan–Meier survival curves and Cox proportional hazards models stratified by baseline ALP levels and ALP variability for mortality and ESKD outcomes. 

( a) The Kaplan–Meier survival curves for all-cause mortality. ( b) The results from the Cox proportional hazards model for the same outcome. ( c) The Kaplan–Meier 
survival curves for ESKD. ( d) The corresponding Cox proportional hazards model results. The groups were defined as follows: ALP-Low & Variability Low ( blue) , ALP- 
low & Variability High ( green) , ALP High & Variability Low ( purple) , and ALP High & Variability High ( red) . In the Cox proportional hazards models, the ALP-Low & 
Variability Low groups were used as references. Model 1 was adjusted for age, sex, systolic blood pressure, BMI, and comorbidities including hypertension, diabetes, 

and cardiovascular disease. Model 2 included additional adjustments for laboratory variables, such as hemoglobin, serum albumin, uric acid, total calcium, total 
cholesterol, ALP, AST, ALT, and eGFR. 
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ovariates, it remained evident that the impact of higher vari- 
bility was greater than that of ALP levels, similar to the findings 
or mortality ( Fig. 3 c and d) . 

actors associated with baseline ALP values and ALP 
ariability 

ost variables showed a significant association with both ALP 
evels ( Table 4 ) and variability ( Table 5 ) . Among these, lower BMI,
erum albumin, sodium, and eGFR were consistently associated 
ith higher ALP levels and greater ALP variability. In addition,
he presence of cardiovascular disease and higher potassium,
ST, and total cholesterol levels were significantly associated 
ith increased ALP levels. Conversely, the presence of diabetes,
ale sex, lower hemoglobin levels, and higher ALT and ALP lev- 
ls were significantly associated with increased ALP variability. 
ISCUSSION 

igher ALP levels, even those within the normal range, signifi- 
antly increased the risk of all-cause mortality and progression 
o ESKD. In addition, increased variability in ALP levels was as- 
ociated with a progressively elevated risk of all-cause mortal- 
ty regardless of the measurement method used. Although the 
attern of incrementally increasing risk for ESKD diminishes,
igher ALP variability significantly increases the risk of this out- 
ome. Moreover, the combined effect of ALP levels and their vari- 
bility further underscores the critical role of variability, suggest- 
ng that greater attention should be paid to fluctuations in ALP 
evels as key factors in risk assessment and patient monitoring.
hese findings highlight the importance of monitoring not only 
aseline ALP levels, but also their variability over time, as both 
re crucial predictors of all-cause mortality and ESKD progres- 
ion in the CKD population. 
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Table 4: Relative factors associated with increased ALP. 

Model 1 Model 2 

Variables OR ( 95% CI) P value aOR ( 95% CI) P value 

Age, year 1.00 ( 1.00, 1.01) .047 1.00 ( 1.00, 1.00) .881 
Female 0.85 ( 0.79, 0.92) < .001 0.96 ( 0.84, 1.09) .500 
Systolic blood pressure, mmHg 1.00 ( 1.00, 1.01) .008 1.00 ( 1.00, 1.00) .627 
BMI, kg/m2 0.96 ( 0.95, 0.98) < .001 0.97 ( 0.96, 0.99) .001 
Hemoglobin, mg/dl 0.86 ( 0.85, 0.88) < .001 0.95 ( 0.92, 0.99) .005 
Albumin, g/dl 0.52 ( 0.49, 0.55) < .001 0.78 ( 0.69, 0.88) < .001 
Uric acid, mg/dl 0.99 ( 0.97, 1.01) .439 
Total calcium, mg/dl 0.62 ( 0.58, 0.65) < .001 0.87 ( 0.79, 0.96) .005 
Phosphorus, mg/dl 1.19 ( 1.14, 1.24) < .001 1.03 ( 0.96, 1.11) .425 
Aspartate aminotransferase, U/l 1.02 ( 1.02, 1.02) < .001 1.01 ( 1.01, 1.02) < .001 
Alanine aminotransferase, U/l 1.01 ( 1.01, 1.01) < .001 1.00 ( 1.00, 1.01) .017 
Sodium, mEq/l 0.93 ( 0.92, 0.94) < .001 0.97 ( 0.96, 0.99) < .001 
Potassium, mEq/l 1.13 ( 1.07, 1.20) < .001 1.06 ( 0.97, 1.15) .209 
Total cholesterol, mg/dl 1.00 ( 1.00, 1.00) < .001 1.00 ( 1.00, 1.00) .002 
eGFR, ml/min/1.73 m2 0.98 ( 0.97, 0.98) < .001 0.99 ( 0.98, 0.99) < .001 
Hypertension 1.10 ( 1.02, 1.18) .014 0.98 ( 0.86, 1.11) .739 
Diabetes 1.24 ( 1.15, 1.33) < .001 1.19 ( 1.06, 1.34) .004 
Cardiovascular disease 1.21 ( 1.10, 1.33) < .001 1.19 ( 1.03, 1.38) .019 

Table 5: Relative factors associated with increased ALP variability. 

Model 1 Model 2 

Variables OR ( 95% CI) P value aOR ( 95% CI) P value 

Age, year 1.00 ( 1.00, 1.01) .005 1.00 ( 0.99, 1.00) .869 
Female 0.71 ( 0.65, 0.77) < .001 0.77 ( 0.66, 0.90) .001 
Systolic blood pressure, mmHg 1.00 ( 1.00, 1.00) .555 
BMI, kg/m2 0.95 ( 0.94, 0.96) < .001 0.98 ( 0.96, 1.00) .023 
Hemoglobin, mg/dl 0.79 ( 0.77, 0.80) < .001 0.89 ( 0.86, 0.93) < .001 
Albumin, g/dl 0.44 ( 0.41, 0.47) < .001 0.66 ( 0.56, 0.78) < .001 
Uric acid, mg/dl 0.98 ( 0.96, 1.00) .069 1.01 ( 0.97, 1.05) .598 
Total calcium, mg/dl 0.56 ( 0.53, 0.60) < .001 1.02 ( 0.89, 1.16) .801 
Phosphorus, mg/dl 1.13 ( 1.07, 1.19) < .001 0.95 ( 0.86, 1.05) .329 
Alkaline phosphatase, U/l 1.03 ( 1.03, 1.04) < .001 1.03 ( 1.03, 1.03) < .001 
Aspartate aminotransferase, U/l 1.01 ( 1.01, 1.01) < .001 1.00 ( 0.99, 1.00) .264 
Alanine aminotransferase, U/l 1.01 ( 1.01, 1.01) < .001 1.01 ( 1.00, 1.01) .030 
Sodium, mEq/l 0.91 ( 0.90, 0.92) < .001 0.97 ( 0.95, 0.99) .003 
Potassium, mEq/l 1.16 ( 1.09, 1.24) < .001 0.94 ( 0.84, 1.05) .240 
Total cholesterol, mg/dl 1.00 ( 1.00, 1.00) < .001 1.00 ( 1.00, 1.00) .356 
eGFR, ml/min/1.73 m2 0.98 ( 0.97, 0.98) < .001 0.99 ( 0.99, 1.00) .008 
Hypertension 0.97 ( 0.89, 1.05) .411 
Diabetes 1.34 ( 1.24, 1.45) < .001 1.15 ( 1.00, 1.33) .049 
Cardiovascular disease 1.18 ( 1.06, 1.31) .003 1.00 ( 0.84, 1.19) .977 
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Previous studies have consistently demonstrated that ele- 
ated ALP levels are associated with increased mortality in both
he general population and patients with CKD, independent of 
iver function and traditional cardiovascular risk factors [20 , 21 ].
n CKD, phosphate retention, secondary hyperparathyroidism,
nd altered vitamin D metabolism lead to increased bone 
urnover and elevated ALP levels, which may further contribute 
o vascular calcification and cardiovascular fibrosis through 
etabolic and inflammatory pathways [22 –25 ]. The prognostic 
alue of ALP has also been confirmed in patients with ESKD,
here higher baseline ALP levels have been linked to greater 
ortality risks [26 , 27 ]. However, evidence regarding ALP as a
isk factor for kidney disease progression has been less consis-
ent [28 ]. Our findings extend these previous observations by
emonstrating that higher ALP levels are associated not only
ith mortality but also with progression to ESKD across different
thnic cohorts. Importantly, the association with ESKD became 
ess pronounced after adjustment for metabolic and laboratory
arameters, suggesting that the relationship between ALP and
idney outcomes may be mediated through disturbances in
ineral metabolism, nutritional status, or systemic inflam- 
ation rather than representing a direct causal effect [29 , 30 ].
his attenuation highlights the complex interplay between ALP
ctivity and the metabolic milieu in CKD. Taken together, these
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esults indicate that ALP reflects multiple underlying patho- 
hysiologic processes and serves as a useful prognostic marker 
n patients with CKD. 

Restricted cubic spline analysis further demonstrated a grad- 
al, nonlinear increase in mortality and ESKD risk beginning 
t ∼70–80 U/l, which lies well within the conventional normal 
ange ( 40–129 U/l) . Given that the cutoff level for the reference 
roup was 59.0 U/l, these findings indicate that maintaining ALP 
evels near the lower end of the normal range may be associ- 
ted with lower risk. Although these results are based on an 
bservational design and should be interpreted as data-driven 
rognostic points rather than causal thresholds, they highlight 
he potential value of early detection and longitudinal monitor- 
ng of ALP elevation in assessing adverse outcomes among pa- 
ients with CKD. Consistent with these findings, additional time- 
ependent Cox analyses confirmed that the association between 
LP and adverse outcomes persisted when ALP was modeled as 
 time-updated covariate, indicating that the observed relation- 
hip reflects a sustained, rather than transient, effect of ALP el- 
vation during follow-up. 

Despite numerous studies demonstrating the association be- 
ween ALP levels and mortality, the role of ALP as a risk fac- 
or for ESKD progression has not been consistently established 
n the literature [28 ]. However, the findings of this study, pro- 
ide robust evidence that elevated ALP levels are associated with 
ncreased risk of ESKD in different ethnic groups. Importantly,
he observed similar elevation in risk from the second to fourth 
uartiles, compared to the first quartile, highlights the critical 
mportance of maintaining ALP levels at the lower limit of the 
ormal range to mitigate the risk of ESKD progression. Although 
he exact mechanisms have not been fully elucidated, increased 
LP levels are associated with vascular calcification, inflamma- 
ion, and oxidative stress. These biological processes may also 
nderlie the link between ALP variability and kidney function 
nstability, suggesting its potential role as a marker of CKD pro- 
ression. 

One of the key findings of this study was the effect of ALP 
ariability on mortality and progression to ESKD. Although the 
xact mechanisms underlying ALP variability and kidney func- 
ion instability remain uncertain, several plausible biological 
athways may explain this association. ALP fluctuations may 
eflect dynamic alterations in systemic inflammation, oxidative 
tress, and nutritional status, all of which are closely linked 
o CKD progression [29 , 30 ]. Variability in ALP could also mir- 
or oscillations in bone–mineral metabolism, such as intermit- 
ent activation of parathyroid hormone or vitamin D deficiency,
hich influence phosphate homeostasis and vascular calcifica- 
ion [31 ]. These findings suggest that ALP variability captures 
 broader spectrum of systemic metabolic stress rather than a 
ingle organ-specific process. Considering the physiology of ALP 
eneration, fluctuations in ALP levels can result from changes 
n bone or hepatic metabolism, and intestinal ALP have also 
een reported to contribute a small proportion of circulating ALP 
ctivity, which may represent another physiological source of 
ntra-individual variation [32 , 33 ]. 

However, ALP variability may also reflect other factors, such 
s aging, changes in weight, and nutritional status [34 –36 ]. El- 
vated or fluctuating ALP levels have been linked to reduced 
uscle mass, lower physical performance, and increased adi- 
osity, suggesting that ALP may serve as an indirect marker of 
utritional and metabolic status. Based on the results of this 
tudy, it is crucial to recognize that ALP variability has a greater 
mpact than baseline ALP levels alone in predicting and re- 
ucing the risk of major outcomes. Common factors influenc- 
ng both ALP levels and ALP fluctuations include lower BMI,
erum albumin level, sodium level, and eGFR, which may be 
inked to nutritional status. Although the exact reasons for ALP 
uctuations remain unclear, these findings underscore the im- 
ortance of considering comorbidities, nutritional status, and 
etabolic conditions as contributing factors. Importantly, lon- 
itudinal changes in relatively lower blood ALP levels reflect 
hanges in nutritional status over time in hemodialysis patients,
ndependent of bone metabolism markers, inflammation, and 
iver enzymes [17 ]. Higher ALP levels have been linked to mal- 
utrition in hemodialysis patients, unlike the association with 
nsulin resistance and high-fat mass in the general population 
34 ]. Importantly, various fibrate treatments primarily targeting 
ipid metabolism have been shown to improve liver function, in- 
luding ALP levels, particularly in patients with metabolic syn- 
rome [37 ]. These findings highlight the multifaceted nature of 
LP regulation in CKD and suggest that both the static and dy- 
amic aspects of ALP should be considered when evaluating pa- 
ient risk and designing management strategies. 

Although specific treatment strategies aimed at lowering 
LP levels have not yet been established, targeting ALP could 
e more effective than focusing on PTH levels in managing 
isturbed bone turnover in CKD [38 , 39 ]. In patients with ESKD,
one-specific ALP has shown greater predictive power for CKD- 
BD-related outcomes [40 ], and TNAP has also been identified 
s a more specific marker of cardiovascular disease in patients 
ith CKD [41 ]. While these findings underscore the bone-related 
nd cardiovascular implications of ALP, total ALP as measured 
n this study likely represents a composite signal reflecting 
epatic function, systemic inflammation, and nutritional status 
n addition to bone turnover. Its elevation should therefore 
e interpreted within the broader context of metabolic and 
nflammatory disturbances commonly observed in CKD. From 

 translational perspective, although our observational data 
o not directly evaluate therapeutic modulation of ALP, several 
xperimental approaches have targeted tissue-nonspecific 
LP ( TNAP) activity. In particular, various epigenetic therapies 
esigned to inhibit vascular calcification without affecting 
one mineralization have been developed [42 –44 ]. Beyond bone 
etabolism, decreasing circulating ALP activity itself may have 
roader clinical implications. Lowering ALP levels through 
mprovement of metabolic and inflammatory status, such as 
ptimizing lipid and glucose control, maintaining bone–mineral 
alance, and reducing systemic inflammation, could contribute 
o better kidney and cardiovascular outcomes. Furthermore,
merging pharmacological strategies including epigenetic, anti- 
brotic, and anti-calcific agents, may offer novel therapeutic 
venues to mitigate disease progression in CKD [41 , 44 , 45 ].
hus, focusing on both metabolic optimization and targeted 
LP modulation could be a powerful strategy for improving the 
utcomes of patients with CKD. 
This study highlights the clinical importance of considering 

aseline ALP levels and their variability. Specifically, the finding 
hat elevated ALP levels additively contribute to variability un- 
erscores the need for a dual approach for risk evaluation and 
linical monitoring. These results indicate that a multifaceted 
trategy is essential for addressing modifiable metabolic and 
nflammatory factors associated with ALP elevation and for 
xploring potential upstream mechanisms, including epigenetic 
egulation, that may influence ALP activity. By integrating these 
erspectives, clinicians may better identify high-risk individ- 
als and monitor disease trajectories, ultimately improving 
atient outcomes. The strength of this study include its large 
ulti-ethnic cohort and long-term follow-up, which enhance 
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he generalizability and reliability of the findings. Detailed 
nalysis of ALP variability provides valuable insights into its 
ole in CKD progression and mortality. Nevertheless, several 
imitations should be acknowledged. First, ALP variability was 
easured at three fixed intervals, and more frequent moni- 

oring may have affected the outcomes. Second, bone-specific 
r liver-specific ALP isoenzymes, as well as related biomarkers 
uch as parathyroid hormone and 25-hydroxyvitamin D, were 
navailable, limiting the ability to distinguish tissue-specific 
ources of ALP variation. Third, given the multicenter design 
nd extended inclusion period ( 2001–2021) , minor differences 
n analyzers, reagents, or site-specific calibration could not be 
ully excluded, although the same IFCC-recommended kinetic 
olorimetric method was consistently applied across all centers.
ourth, despite adjusting for confounders, residual confound- 
ng from unmeasured factors remained possible. Finally, as a 
etrospective observational study, this work is subject to inher- 
nt biases and cannot establish causality. While it identifies 
ey associations, further research is needed to explore the 
nderlying mechanisms and validate these findings in other 
opulations. 

ONCLUSION 

his study highlights the significant impact of the ALP level and
ariability on mortality and CKD progression. ALP may serve as a
rognostic biomarker reflecting systemic metabolic and inflam- 
atory dysregulation in patients with CKD. Further studies are 

equired to explore the underlying mechanisms and to validate 
hese findings in prospective settings. 

UPPLEMENTARY DATA 

upplementary data are available at Clinical Kidney Journal online .
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