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ABSTRACT
Objectives: Older individuals usually have greater arterial stiffness, lower serum Klotho levels and a greater incidence of chronic 
kidney disease (CKD). The current study aimed to evaluate the interaction effect of estimated pulse wave velocity (ePWV) and 
serum Klotho levels on CKD in Americans.
Methods: Data from the National Health and Nutrition Examination Survey database from 2007 to 2016 were used. Participants 
with data for the assessment of ePWV and serum Klotho and for the assessment of CKD were enrolled. The associations between 
ePWV and serum Klotho levels were analyzed via restricted cubic spline analysis and a linear regression model. The associations 
between exposure factors and CKD prevalence were assessed via a logistic regression model. Subgroup analysis was performed 
for each confounding factor to assess the robustness of the results.
Results: This study enrolled 13,273 participants, 3859 of whom were CKD patients. CKD patients had higher ePWV 
(9.66 ± 1.75 m/s vs. 8.48 ± 1.64 m/s, p < 0.001) and lower levels of serum Klotho (816.35 ± 290.47 pg/mL vs. 869.87 ± 315.87 pg/mL, 
p < 0.001). A significant negative linear association was found between ePWV and serum Klotho. According to the fully adjusted 
model, a significant interaction effect between ePWV and serum Klotho was observed on the risk of CKD (p < 0.001). Compared 
with individuals with a lower ePWV and higher serum Klotho, individuals with an increased ePWV and lower serum Klotho had 
a significantly elevated risk of CKD (OR: 1.847, 95% confidence interval: 1.467–2.325; p < 0.001). The subgroup analysis revealed 
that the results were robust.
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Conclusions: The study demonstrated significant interaction effect of ePWV and serum Klotho on the prevalence of CKD. 
Individuals with increased ePWV and decreased serum Klotho levels had the highest risk of CKD. The assessment of the combi-
nation of ePWV and serum Klotho for CKD management should be considered routine in clinical practice.

1   |   Introduction

With the aging of populations worldwide, the prevalence of 
chronic diseases, such as heart failure, cognitive impairment, and 
chronic kidney disease (CKD), is increasing annually worldwide. 
CKD is defined as the impairment of kidney function or structure 
of prolonged duration exceeding 3 months, leading to cardiovas-
cular diseases (CVDs), the need for dialysis or kidney transplan-
tation, or even death. There is a bidirectional association between 
CKD and aging. The prevalence of CKD increases with age, and 
CKD can also promote biological aging via several mechanisms. 
Owing to the progressive aging of the population worldwide, CKD 
is predicted to be the 5th most common cause of mortality world-
wide by 2040 and the second leading cause of mortality by the end 
of this century in aging countries [1]. These conditions are related 
to high prevalence, high costs, and poor outcomes [2]. The identifi-
cation of predictors for the prevalence and development of CKD is 
highly important for its prevention and treatment, which may help 
achieve healthy aging in older individuals.

The kidney, as an organ with low arteriolar resistance and re-
quiring high blood flow, is easily damaged by arterial stiffen-
ing due to elevated microvascular pressure coupled with an 
enhanced pulse wave [3]. Arterial stiffness increases with age, 
and atherosclerosis is the most characteristic manifestation 
of vascular aging [4]. The assessment of pulse wave velocity 
(PWV) is a tangible and straightforward modality for quan-
tifying arterial stiffness. Several studies have reported that 
elevated carotid-femoral PWV (cfPWV) is associated with a 
decline in the renal function of CKD patients [5, 6] and pro-
gression to end-stage kidney disease [7]. The estimated PWV 
(ePWV), which is considered to be a proxy of the cfPWV [8], is 
calculated on the basis of age and blood pressure. The ePWV 
was similar to the measured cfPWV for major cardiovascular 
events [9]. It is suitable for large-scale investigations and rou-
tine or even daily monitoring because of its nearly zero cost, 
especially when the PWV cannot be measured by equipment. 
Unfortunately, there is currently a lack of evidence regarding 
the association between ePWV and CKD.

Serum Klotho is highly expressed in the kidney and is con-
sidered an aging suppressor [10]. It is a transmembrane and 
soluble circulating protein [11]. The level of serum Klotho is 
associated with multiple diseases, including CKD [12], CVD 
[13], diabetes [14], and all-cause mortality [15]. It has been re-
ported that in the early stages of CKD, a reduction in the serum 
soluble Klotho level commences [16], exhibiting a positive as-
sociation with the estimated glomerular filtration rate (eGFR) 
and an inverse link with the incidence of CKD, particularly in 
elderly, obese, and diabetic populations [17]. Moreover, Klotho 
is considered a biomarker for healthy aging [18] and a valu-
able potential therapeutic target for aging-related diseases [19]. 
Interestingly, the levels of serum Klotho exhibited an inverse 
association with the aortic-brachial PWV (baPWV) in patients 
who received dialysis [20].

Considering the potential associations among ePWV, soluble 
serum Klotho and CKD, in this study, we hypothesized that el-
evated ePWV might be associated with a high risk of CKD and 
that an interaction between ePWV and serum Klotho might 
exist. This interactive correlation may indicate that individu-
als with high ePWV, especially those with decreased levels of 
serum Klotho, may suffer from CKD. This study, on the basis of 
a nationwide investigation, provides evidence for the accurate 
prediction and evaluation of CKD and novel insight into the pre-
vention and treatment of CKD.

2   |   Methods

The results were reported in accordance with the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines.

2.1   |   Study Design and Population

Over 100,000 individuals participated in this cross-
sectional annual survey, the National Health and Nutrition 
Examination Survey (NHANES), from 1999 to 2023 in the 
U.S. These participants participated in data collection only 
once during the period 1999–2023. This survey recruited 
participants via a complicated probability sampling strategy 
and conducted biological sample testing, physical examina-
tions, and standardized interviews to gather relevant data. 
This study was approved by the Ethics Review Committee of 
the National Center for Health Statistics. For the purpose of 
the current study, we enrolled participants from five cycles 
of the NHANES, namely, 2007–2008, 2009–2010, 2011–2012, 
2013–2014, and 2015–2016, owing to the availability of data 
regarding the level of serum Klotho. We excluded individu-
als without data to assess the presence of CKD (n = 18,885), 
the level of serum Klotho (n = 28,563) or the ePWV (n = 1817). 
Finally, we included 13,273 participants for further analysis 
(Figure S1).

2.2   |   Assessment of the ePWV and Serum Klotho 
Concentration

A qualified examiner took the participants' blood pressure after 
they had rested quietly in a seated position for 5 min, accord-
ing to the American Heart Association's blood pressure mea-
surement technique [21]. Using the equation derived from the 
Reference Values for Arterial Stiffness Collaboration [22], the 
ePWV was calculated from age and mean blood pressure (MBP), 
which was calculated on the basis of systolic blood pressure 
(SBP) and diastolic blood pressure (DBP). In accordance with 
previously published studies [22, 23], the MBP was calculated 
via Algorithm (1):

(1)MBP = DBP + [0. 4 × (SBP − DBP)]
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The ePWV was calculated via Algorithm (2):

The level of serum Klotho was assessed via a Human Soluble 
Serum Klotho Assay Kit (Immuno-Biological Laboratories Co. 
Ltd.) based on fresh-frozen blood samples. The average result 
from two tests of each sample served as the final value. The test 
was repeated when the quality control sample yielded results 
exceeding two standard deviations (SDs) from the specified tar-
get value.

2.3   |   Ascertainment of CKD

The estimated glomerular filtration rate (eGFR) was calcu-
lated according to the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI):

in which Scr is the serum creatinine in mg/dL, κ is 0.7 for fe-
males and 0.9 for males, α is −0.329 for females and −0.411 for 
males, min is the minimum of Scr/κ or 1, and max is the max-
imum of Scr/κ or 1. The eGFR units are mL/min/1.73 m2 [24]. 
The urinary albumin–creatinine ratio (ACR) was calculated via 
the following equation: ACR (mg/g) = urinary albumin (mg/
dL)/urinary creatinine (g/dL). Renal impairment was defined as 
the presence of albuminuria and was characterized by an ACR 
equal to or exceeding 30 mg/g. According to the KDIGO guide-
lines, CKD is classified into five stages on the basis of the eGFR 
and/or evidence of kidney damage [25].

2.4   |   Covariates

The demographic variables included age, sex (categorical, male 
and female), race (categorical, other Hispanic, non-Hispanic 
Black, Mexican American, non-Hispanic White, and Other), 
education level (categorical, less than 9th grade, 9–11th grade, 
high School Grade/GED or Equivalent, some college or AA de-
gree and college graduate or above), marital status (categorical, 
married, widowed, divorced, separated, never married and with 
partner), and the ratio of income poverty (categorical, < 5 and 
≥ 5). The income–poverty ratio was determined by dividing 
family income by the poverty limits for the size of the family, 
as well as the applicable year and state. The examination vari-
ables included body mass index (BMI) (categorical, < 24 kg/m2 
as normal, ≥ 24 kg/m2 as abnormal), which was computed by 
weight (kg) divided by height squared (m2), and MAP (mmHg, 
calculated as (SBP + 2 × DBP)/3). The laboratory data included 
triglyceride levels, serum creatinine levels, total serum choles-
terol levels, hemoglobin levels, high-density lipoprotein (HDL) 
levels, and glycohemoglobin levels. The questionnaire variables 
included smoking status (categorical, yes and no) and alcohol 
consumption status (categorical, yes and no). Hypertension was 
defined as high BP in participants who were told by a doctor. 

Diabetes status was defined as the patient who took insulin, took 
diabetic pills to lower blood sugar, was told by a doctor that they 
had “diabetes or sugar diabetes” when they were not pregnant, 
had glycohemoglobin > 6.5%, had a fasting glucose > 7 mmol/L 
or had a 2-h glucose (OGTT) > 11.1 mmol/L.

2.5   |   Statistical Analysis

In the NHANES database, weighted analysis was performed on 
all the data by using WTMEC2YR, SDMVPSU, and SDMVSTRA 
as weighted variables. Continuous variables are presented as the 
means (plus SDs). Categorical variables are presented as num-
bers (composition ratios (%)). The characteristics of participants 
with or without CKD or participants with different ePWV values 
were compared via Student's t-test or analysis of variance, and 
the chi-square test was used for continuous variables and cate-
gorical variables, respectively. The associations between ePWV 
and serum Klotho levels were assessed via restricted cubic spline 
(RCS) analysis and a linear regression model. The associations 
between exposure factors and the risk of CKD were assessed 
via logistic regression models. In each model, the ePWV and 
serum Klotho level were classified as high or low according to 
the median of each variable, and we calculated odds ratios (ORs) 
with 95% confidence intervals (CIs). The interaction between 
ePWV and serum Klotho was tested with an interaction model. 
We also assessed the associations between the combination of 
ePWV and serum Klotho and CKD, in which the combination 
of low ePWV and high serum Klotho was used as the reference. 
Subgroup analysis was performed for each confounding factor 
to assess the robustness of the results.

All the statistical analyses were performed by using R 4.3.1. 
p < 0.05 was considered to indicate statistical significance.

3   |   Results

3.1   |   Characteristics of the Enrolled Individuals

This study enrolled 13,273 individuals, 3859 of whom were con-
sidered to suffer from CKD. As presented in Table 1, CKD pa-
tients were more likely to be male (73.33% vs. 38.59%, p < 0.001), 
smokers (55.82% vs. 45.83%, p < 0.001), alcohol abusers (69.94% 
vs. 65.25%, p < 0.001), hypertension patients (60.82% vs. 40.47%, 
p < 0.001), and diabetes patients (38.33% vs. 19.48%, p < 0.001). 
CKD patients were more likely in terms of age (62.62 ± 10.43 
vs. 55.71 ± 10.36, p < 0.001), BMI (30.27 ± 6.68 kg/m2 vs. 
29.50 ± 6.65 kg/m2, p < 0.001), MAP (91.64 ± 13.47 mmHg vs. 
89.24 ± 11.07 mmHg, p < 0.001), triglycerides (2.01 ± 1.47 mmol/L 
vs. 1.85 ± 1.61 mmol/L, p < 0.001), Scr (1.19 ± 0.79 mg/dL vs. 
0.81 ± 0.16 mg/dL, p < 0.001), and hemoglobin (14.17 ± 1.66 g/dL 
vs. 13.95 ± 1.43 g/dL, p < 0.001), glycohemoglobin (6.29% ± 1.51% 
vs. 5.84% ± 1.00%, p < 0.001) and ACR (159.41 ± 655.28 mg/g 
vs. 8.70 ± 5.70 mg/g, p < 0.001) and total serum choles-
terol (4.94 ± 1.19 mmol/L vs. 5.23 ± 1.07 mmol/L, p < 0.001), 
HDL (1.28 ± 0.42 mmol/L vs. 1.41 ± 0.43 mmol/L, p < 0.001). 
Moreover, a lower percentage of CKD patients had received 
higher education (48.64% with university higher education vs. 
50.87%, p < 0.001) or high income (16.48% vs. 19.40%, p < 0.001). 
Importantly, CKD patients had a greater ePWV (9.66 ± 1.75 m/s 

(2)
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vs. 8.48 ± 1.64 m/s, p < 0.001) and lower serum Klotho level 
(816.35 ± 290.47 vs. 869.87 ± 315.87, p < 0.001).

Interestingly, similar results were found in individuals with 
higher ePWV (Table S1). Notably, individuals with higher ePWV 
also had lower serum Klotho levels (821.95 ± 283.58 pg/mL, 

p < 0.001). After fully adjusting for confounding factors, RCS 
analysis revealed a significant linear association between ePWV 
and serum Klotho (Figure 1, poverall = 0.010, pnonlinearity = 0.040). 
According to the fully adjusted linear regression model, a sig-
nificant linear relationship was also found between ePWV and 
serum Klotho (β: −1.400; 95% CI: −2.000 to −1.731; p < 0.001).

TABLE 1    |    Characteristics of individuals with or without chronic kidney disease (from the NHANES database of the population surveyed from 
2007 to 2016).

CKD (n = 3859) Non-CKD (n = 9414) p

Age 62.62 (10.43) 55.71 (10.36) < 0.001

Sex, male (%) 2830 (73.33%) 3633 (38.59%) < 0.001

Race

Mexican American 510 (13.22%) 1596 (16.95%) < 0.001

Other Hispanic 404 (10.46%) 1122 (11.92%)

Non-Hispanic White 1755 (45.48%) 3999 (42.48%)

Non-Hispanic Black 865 (22.42%) 1754 (18.63%)

Other race 325 (8.42%) 943 (10.02%)

Education level

Less Than 9th Grade 561 (14.54%) 1227 (13.03%) < 0.001

9–11th Grade (includes 12th grade with no diploma) 602 (15.60%) 1325 (14.07%)

High school Grad/GED or equivalent 877 (22.73%) 2069 (21.98%)

Some college or AA degree 1000 (25.91%) 2595 (27.57%)

College graduate or above 816 (21.15%) 2194 (23.31%)

Smoke (yes, %) 2154 (55.82%) 4314 (45.83%) < 0.001

Alcohol (yes, %) 2699 (69.94%) 6143 (65.25%) < 0.001

Hypertension (yes, %) 2347 (60.82%) 3810 (40.47%) < 0.001

Diabetes (yes, %) 1479 (38.33%) 1834 (19.48%) < 0.001

BMI (kg/m2) 30.27 (6.68) 29.50 (6.65) < 0.001

Mean arterial pressure (mm Hg) 91.64 (13.47) 89.24 (11.07) < 0.001

Triglyceride (mmol/L) 2.01 (1.47) 1.85 (1.61) < 0.001

Serum creatinine (mg/dL) 1.19 (0.79) 0.81 (0.16) < 0.001

Serum total cholesterol (mmol/L) 4.94 (1.19) 5.23 (1.07) < 0.001

Hemoglobin (g/dL) 14.17 (1.66) 13.95 (1.43) < 0.001

HDL (mmol/L) 1.28 (0.42) 1.41 (0.43) < 0.001

Glycohemoglobin (%) 6.29 (1.51) 5.84 (1.00) < 0.001

ACR (mg/g) 159.41 (655.28) 8.70 (5.70) < 0.001

Serum Klotho (pg/ml) 816.35 (290.47) 869.87 (315.87) < 0.001

ePWV (m/s) 9.66 (1.75) 8.48 (1.64) < 0.001

Ratio of family income to poverty

≥ 5 636 (16.48%) 1826 (19.40%) < 0.001

< 5 2925 (75.80%) 6819 (72.43%)

Abbreviations: AA, associate of arts; ACR, (urinary) albumin/creatinine ratio; BMI, body mass index; ePWV, estimated pulse wave velocity; GED, general education 
development; HDL, high-density lipoprotein.
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3.2   |   The Correlation and Interaction Effects 
of ePWV and Serum Klotho on the Risk of CKD

Although both increased ePWV and decreased serum Klotho 
were significantly associated with an elevated risk of CKD, only 
the association between ePWV and CKD remained significant 
in Model 3 (Table  2). A significant interaction effect between 
ePWV and serum Klotho was observed on the risk of CKD 
among all three models (p < 0.001). Interestingly, according 
to the fully adjusted model with mutual adjustment, both the 
ePWV (p < 0.001) and the serum Klotho level (p = 0.029) were 
significantly associated with CKD.

The results of RCS analysis demonstrated a linear association 
between ePWV and the prevalence of CKD (Figure S2A) and a 
nonlinear association between the serum Klotho level and the 
prevalence of CKD (Figure S2B).

3.3   |   The Combination of ePWV and Serum Klotho 
for the Prediction of CKD Risk

Compared with individuals with a lower ePWV and a higher 
serum Klotho, individuals with an increased ePWV and a de-
creased serum Klotho had a significantly greater risk of CKD 
according to all three models, including the fully adjusted model 
(Table  3, model 1, OR = 3.715, 95% CI: 3.179–4.342, p < 0.001; 
model 2, OR = 2.169, 95% CI: 1.770–2.659, p < 0.001; model 3: 
OR = 1.847, 95% CI: 1.467–2.325, p < 0.001).

FIGURE 1    |    Restricted cubic spline analysis for the correlation be-
tween the estimated pulse wave velocity and serum Klotho level after 
adjusting for all enrolled confounding factors.
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3.4   |   Secondary Analyses

In the subgroup analysis, the continuous variables were clas-
sified as high or low according to the median of each variable 
when used as stratification variables. The associations between 
increased ePWV and decreased serum Klotho and the risk of 
CKD remained robust in most subgroups in the stratified anal-
yses, except for subgroups with different races, diabetes sta-
tus, marital status, mean arterial pressure and poverty status 
(Table S2).

4   |   Discussion

According to the results of the present nationwide cross-
sectional study of 13,273 individuals from the NHANES da-
tabase from 2007 to 2016, there was a significant interaction 
effect between ePWV and serum Klotho on the risk of CKD. An 
increased ePWV and decreased serum Klotho were associated 
with a greater risk of CKD.

In our study, all confounding factors, including age, BMI, race, 
triglyceride, serum creatinine, total serum cholesterol, hemo-
globin, HDL, urine albumin, urine creatinine, glycohemoglo-
bin, ACR, smoking status, drinking status, the ratio of family 
income to poverty, education level, diabetes status, and hyper-
tension status, were different among patients with different 
ePWV and individuals with or without CKD. After adjusting for 
these confounders, increased ePWV was still significantly as-
sociated with a greater risk of CKD. Similar to cfPWV, elevated 
ePWV is also associated with arterial stiffness [26]. Reports 
suggest that elevated ePWV can predict major cardiovascular 
events independently of systematic coronary risk evaluation, the 
Framingham risk score and cfPWV, indicating the unique pre-
dictive value of ePWV for cardiovascular diseases [9]. Elevated 
ePWV is also associated with a greater risk of in-hospital and 
1 year mortality in CKD patients [27]. Owing to the need for an 
extended examination time, well-trained personnel, and an ex-
pensive apparatus, the cfPWV may not be available under all 
circumstances, where the ePWV can be regarded as a suitable 
substitute [26]. Owing to the need for a high flow rate of blood, 
the vascular resistance of the kidney is relatively low, increasing 
the vulnerability of the kidney to the pulsatile aspects of blood 

flow and blood pressure [7]. In detail, the pressure from pulse 
wave can penetrate deeply into the microvasculature of the kid-
ney [28], leading to the loss of renal function and proteinuria 
caused by damage to the glomerulus [29]. A prospective study 
reported that increased BP is involved in initiating renal damage 
and progressive loss of renal function [30]. Moreover, indepen-
dent of brachial BP, arterial stiffness may lead to incident heart 
failure in nondialyzed CKD patients [31] and lead to adverse 
cardiovascular outcomes and even death in patients with end-
stage renal disease [32]. Unfortunately, no evidence has been 
established for the association between ePWV and the risk of 
CKD. According to the results of our study, attention should be 
given to the risk of CKD in individuals with increased ePWV. 
Considering the convenience and accessibility of ePWV assess-
ment, it can be considered a daily routine monitor for CKD and 
cardiovascular events. Moreover, the increase in ePWV is more 
pronounced in the elderly population, making it particularly im-
portant to assess and monitor ePWV in older individuals.

As a single-pass transmembrane protein, serum Klotho is ex-
pressed primarily in the kidney. Serum Klotho deficiency is a 
common feature of both CKD and aging [33, 34]. Klotho, which 
has been recognized as a gene involved in the aging process in 
mammals for more than 30 years, is strongly correlated with 
aging. Klotho exerts its antiaging effects through various mech-
anisms, including the suppression of the insulin/IGF-1 signal-
ing pathway, the inhibition of Wnt signaling, and the reduction 
of oxidative stress. These pathways are closely associated with 
the cellular aging process. Additionally, Klotho plays a role in 
maintaining calcium and phosphate homeostasis, which are 
vital for cellular and systemic aging [35]. Klotho-deficient mice 
present cardiovascular pathologies, notably cardiac fibrosis, 
cardiac hypertrophy, and vascular calcification [11, 36–38]. 
Amelioration of cardiovascular damage is observed after resto-
ration of renal klotho expression and the level of serum soluble 
Klotho in Klotho-deficient animal models [12, 37–39]. In clini-
cal studies, serum Klotho downregulation represents more than 
just an early indicator of renal damage. Serum Klotho down-
regulation is also a key complication of CKD and could exert 
a pathogenic influence on the progression of CKD [38]. As a 
therapeutic agent, recombinant Klotho can reduce vascular cal-
cification and fibrosis in CKD, thereby preventing the progres-
sion of cardiovascular disease [40]. Moreover, a study indicated 

TABLE 3    |    Logistic regression models of the associations between the combination of ePWV and the level of serum Klotho and the risk of CKD 
(from the NHANES database of the population surveyed from 2007 to 2016).

Model 1 Model 2 Model 3

OR (95% Cl) p OR (95% Cl) p OR (95% Cl) p

High-Klotho, low-ePWV Ref Ref Ref

Low-Klotho, low-ePWV 1.027 (0.870–1.212) 0.750 0.921 (0.781–1.088) 0.328 0.910 (0.766–1.081) 0.277

High-Klotho, high-ePWV 2.480 (2.151–2.859) < 0.001 1.496 (1.230–1.819) < 0.001 1.251 (1.000–1.564) 0.050

Low-Klotho, high-ePWV 3.715 (3.179–4.342) < 0.001 2.169 (1.770–2.659) < 0.001 1.847 (1.467–2.325) < 0.001

Note: Model 1 was a crude model without adjusting for confounding factors. Model 2 was adjusted for sex, age, and BMI. Model 3 was adjusted for the variables 
of Model 2 plus race, mean arterial pressure, education level, the ratio of family income to poverty, marital status, smoking status, drinking state, diabetes state, 
hypertension state, triglycerides, total serum cholesterol, hemoglobin, and HDL. The levels of ePWV and klotho are classified as “high” or “low” on the basis of the 
median value of each variable.
Abbreviations: CI, confidence interval; CKD, chronic kidney disease; ePWV, estimated pulse wave velocity; OR, odds ratio.
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that restoring Klotho levels or function could be beneficial in 
slowing the aging process in CKD patients [41]. Similar to other 
studies [17], we also reported that the serum level of Klotho was 
negatively associated with the risk of CKD. Notably, after we ad-
justed for all the included confounders, we detected a significant 
negative linear association between ePWV and serum Klotho. 
Currently, no studies have explored the relationship between 
Klotho and ePWV. Klotho, a circulating protein primarily se-
creted by the kidneys, is intrinsically linked to kidney function 
[42], and the association between arterial stiffness and CKD 
is inseparable. Our research revealed a linear relationship be-
tween Klotho and ePWV, which may be partially explained by 
the associations among Klotho, ePWV, and CKD. Future studies 
are needed to investigate and clarify the direct relationship and 
underlying mechanisms between Klotho and arterial stiffness.

In our study, we identified a significant interaction effect be-
tween ePWV and serum Klotho levels in modulating the risk 
of CKD. Notably, individuals presenting with both an elevated 
ePWV and reduced serum Klotho levels were found to be at the 
highest risk for CKD, a relationship that has not been previ-
ously documented in the literature. Previous studies have sep-
arately demonstrated the predictive capacity of PWV for CKD 
progression and composite outcomes [43], as well as the role of 
Klotho in CKD pathophysiology [44]. However, the combined 
impact of these factors on CKD remains unexplored. Our study 
firstly revealed that ePWV was also associated with a high risk 
of CKD. Moreover, our findings underscore a novel and critical 
interaction between vascular stiffness and the protective factor 
Klotho in the pathogenesis of CKD, suggesting that the interplay 
between these biomarkers may be pivotal in predicting disease 
onset and progression. Moreover, in the subgroup analysis, the 
combination of the ePWV and the serum Klotho level still had 
significant predictive value for the risk of CKD. These results 
emphasize the value of serum Klotho for accurate prediction of 
CKD in individuals with arterial stiffness. In addition, popula-
tions with increased ePWV and decreased serum Klotho lev-
els, such as male individuals and older individuals, presented 
a greater risk of CKD in some subgroups. Notably, diabetes and 
hypertension are well-known risk factors for the development 
and progression of CKD, whereas our study revealed that in-
creased ePWV and decreased serum Klotho were significantly 
associated with a greater risk of CKD in individuals without di-
abetes or hypertension. These results further emphasize the ne-
cessity of assessing the combination of ePWV and serum Klotho 
in individuals who are traditionally considered to have a low 
CKD risk. Future research should focus on exploring these sub-
groups to better understand the detailed associations and risks 
within each subgroup.

4.1   |   Limitations

Some limitations of our study should be noted. First, some con-
founding factors, such as the level of serum fibroblast growth 
factor, which is reported to influence the level of serum Klotho, 
were not assessed because of the lack of relevant results. In 
addition, the lack of a history of drug use for the treatment 
of CKD may bias the ascertainment of CKD. Second, we ex-
cluded many individuals because of the lack of data for the as-
sessment of ePWV, serum Klotho and CKD prevalence, which 

could introduce potential bias. Third, owing to the inherent 
limitations of the cross-sectional design, the causal relation-
ships between ePWV or serum Klotho and CKD could not be 
assessed, and these associations should be further assessed on 
the basis of longitudinal evidence. Although the representa-
tion of the entire population in the USA and the utilization of 
weighted analysis guarantees a high level of external validity, 
the interpretation of the results should consider ethnic and re-
gional differences and age groups (in addition to 40–79 years 
old). Moreover, since ePWV is calculated on the basis of blood 
pressure and age rather than via direct measurement, there 
is potential for bias when it is used to assess arterial stiff-
ness. Unlike cfPWV or baPWV, which are directly measured, 
ePWV may not fully and accurately assess arterial stiffness. 
We hope that the NHANES study can introduce more precise 
indicators in the future.

5   |   Conclusion

Our study demonstrated significant interaction effect of ePWV 
and serum Klotho on the prevalence of CKD. Individuals with in-
creased ePWV and decreased serum Klotho levels had the high-
est risk of CKD. The assessment of the combination of ePWV and 
serum Klotho should be considered routine in clinical practice.

Author Contributions

P.Z. and J.L. collected and analyzed the data, conducted the analysis 
and drafted the manuscript; Y.Z. reviewed and edited the manuscript; 
L.C. assisted in conceptualization, methodology, and validation; J.L., 
M.L. and N.H. collected the data; L.Z., H.G. and C.Z. conceived the 
study and reviewed the manuscript. All the authors mentioned above 
made substantial contributions to the content of the paper and approved 
the final version of the manuscript. All the authors have read and ap-
proved the final version of the manuscript and agree with the order of 
presentation of the authors.

Acknowledgments

We thank all the NHANES participants and staff.

Ethics Statement

The authors have nothing to report.

Consent

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The datasets generated during and/or analyzed during the current 
study are available on the website of the NHANES datasets 2007–2016 
repository, https://​wwwn.​cdc.​gov/​nchs/​nhanes.

References

1. A. Ortiz, F. Mattace-Raso, M. J. Soler, and D. Fouque, “Ageing Meets 
Kidney Disease,” Clinical Kidney Journal 15, no. 10 (2022): 1793–1796.

https://wwwn.cdc.gov/nchs/nhanes


8 of 9 Aging Medicine, 2025

2. “Global, Regional, and National Burden of Chronic Kidney Disease, 
1990–2017: A Systematic Analysis for the Global Burden of Disease 
Study 2017,” Lancet 395, no. 10225 (2020): 709–733.

3. J. A. Chirinos, P. Segers, T. Hughes, and R. Townsend, “Large-Artery 
Stiffness in Health and Disease: JACC State-Of-The-Art Review,” Jour-
nal of the American College of Cardiology 74, no. 9 (2019): 1237–1263.

4. Consortium AB ZL, J. Guo, Y. Liu, et al., “A Framework of Biomark-
ers for Vascular Aging: A Consensus Statement by the Aging Biomarker 
Consortium,” Lifestyle Medicine 2, no. 4 (2023): lnad033.

5. R. R. Townsend, N. J. Wimmer, J. A. Chirinos, et al., “Aortic PWV in 
Chronic Kidney Disease: A CRIC Ancillary Study,” American Journal of 
Hypertension 23, no. 3 (2010): 282–289.

6. M. Briet, P. Boutouyrie, S. Laurent, and G. M. London, “Arterial Stiff-
ness and Pulse Pressure in CKD and ESRD,” Kidney International 82, 
no. 4 (2012): 388–400.

7. R. R. Townsend, A. H. Anderson, J. A. Chirinos, et al., “Association 
of Pulse Wave Velocity With Chronic Kidney Disease Progression and 
Mortality: Findings From the CRIC Study (Chronic Renal Insufficiency 
Cohort),” Hypertension 71, no. 6 (2018): 1101–1107.

8. S. Y. Jae, K. S. Heffernan, H. J. Kim, et al., “Impact of Estimated Pulse 
Wave Velocity and Socioeconomic Status on the Risk of Stroke in Men: 
A Prospective Cohort Study,” Journal of Hypertension 40, no. 6 (2022): 
1165–1169.

9. S. V. Greve, M. K. Blicher, R. Kruger, et  al., “Estimated Carotid-
Femoral Pulse Wave Velocity Has Similar Predictive Value as Measured 
Carotid-Femoral Pulse Wave Velocity,” Journal of Hypertension 34, no. 
7 (2016): 1279–1289.

10. H. Olauson, R. Mencke, J. L. Hillebrands, and T. E. Larsson, “Tissue 
Expression and Source of Circulating αKlotho,” Bone 100 (2017): 19–35.

11. M. Kuro-o, Y. Matsumura, H. Aizawa, et al., “Mutation of the Mouse 
Klotho Gene Leads to a Syndrome Resembling Ageing,” Nature 390, no. 
6655 (1997): 45–51.

12. C. Yanucil, D. Kentrup, I. Campos, et  al., “Soluble α-Klotho and 
Heparin Modulate the Pathologic Cardiac Actions of Fibroblast Growth 
Factor 23 in Chronic Kidney Disease,” Kidney International 102, no. 2 
(2022): 261–279.

13. L. Yu, L. Kang, X. Z. Ren, Z. L. Diao, and W. H. Liu, “Circulating α-
Klotho Levels in Hemodialysis Patients and Their Relationship to Athero-
sclerosis,” Kidney & Blood Pressure Research 43, no. 4 (2018): 1174–1182.

14. S. Ciardullo and G. Perseghin, “Soluble α-Klotho Levels, Glycemic 
Control and Renal Function in US Adults With Type 2 Diabetes,” Acta 
Diabetologica 59, no. 6 (2022): 803–809.

15. J. K. Kresovich and C. M. Bulka, “Low Serum Klotho Associated 
With All-Cause Mortality Among a Nationally Representative Sample 
of American Adults,” Journals of Gerontology. Series A, Biological Sci-
ences and Medical Sciences 77, no. 3 (2022): 452–456.

16. S. Buchanan, E. Combet, P. Stenvinkel, and P. G. Shiels, “Klotho, 
Aging, and the Failing Kidney,” Front Endocrinol (Lausanne) 11 (2020): 
560.

17. Z. Zhang, X. Zhou, L. Deng, et al., “The Association Between Serum 
Soluble Klotho and Chronic Kidney Disease Among Us Adults Ages 40 
to 79 Years: Cross-Sectional Study,” Frontiers in Public Health 10 (2022): 
995314.

18. D. Koyama, Y. Sato, M. Aizawa, et al., “Soluble αKlotho as a Candi-
date for the Biomarker of Aging,” Biochemical and Biophysical Research 
Communications 467, no. 4 (2015): 1019–1025.

19. O. M. Kuro, “The Klotho Proteins in Health and Disease,” Nature 
Reviews. Nephrology 15, no. 1 (2019): 27–44.

20. L. C. Desbiens, A. Sidibé, R. V. Ung, et  al., “FGF23-Klotho Axis, 
Bone Fractures, and Arterial Stiffness in Dialysis: A Case-Control 
Study,” Osteoporosis International 29, no. 10 (2018): 2345–2353.

21. L. D. Wu, C. H. Kong, Y. Shi, J. X. Zhang, and S. L. Chen, “Asso-
ciations Between Novel Anthropometric Measures and the Prevalence 
of Hypertension Among 45,853 Adults: A Cross-Sectional Study,” Fron-
tiers in Cardiovascular Medicine 9 (2022): 1050654.

22. “Determinants of Pulse Wave Velocity in Healthy People and in the 
Presence of Cardiovascular Risk Factors: Establishing Normal and Ref-
erence Values',” European Heart Journal 31, no. 19 (2010): 2338–2350.

23. C. Vlachopoulos, D. Terentes-Printzios, S. Laurent, et al., “Associ-
ation of Estimated Pulse Wave Velocity With Survival: A Secondary 
Analysis of SPRINT,” JAMA Network Open 2, no. 10 (2019): e1912831.

24. A. S. Levey, L. A. Stevens, C. H. Schmid, et al., “A New Equation to 
Estimate Glomerular Filtration Rate,” Annals of Internal Medicine 150, 
no. 9 (2009): 604–612.

25. D. Q. Sun, Y. Jin, T. Y. Wang, et al., “MAFLD and Risk of CKD,” 
Metabolism 115 (2021): 154433.

26. S. V. Greve, S. Laurent, and M. H. Olsen, “Estimated Pulse Wave Ve-
locity Calculated From Age and Mean Arterial Blood Pressure,” Pulse 
(Basel) 4, no. 4 (2017): 175–179.

27. X. Cui, H. Shi, Y. Hu, et al., “Association Between Estimated Pulse 
Wave Velocity and In-Hospital and One-Year Mortality of Patients With 
Chronic Kidney Disease and Atherosclerotic Heart Disease: A Retro-
spective Cohort Analysis of the MIMIC-IV Database,” Renal Failure 46, 
no. 2 (2024): 2387932.

28. M. F. O'Rourke and M. E. Safar, “Relationship Between Aortic Stiff-
ening and Microvascular Disease in Brain and Kidney: Cause and Logic 
of Therapy,” Hypertension 46, no. 1 (2005): 200–204.

29. J. Hashimoto and S. Ito, “Central Pulse Pressure and Aortic Stiff-
ness Determine Renal Hemodynamics: Pathophysiological Implication 
for Microalbuminuria in Hypertension,” Hypertension 58, no. 5 (2011): 
839–846.

30. A. H. Anderson, W. Yang, R. R. Townsend, et al., “Time-Updated 
Systolic Blood Pressure and the Progression of Chronic Kidney Disease: 
A Cohort Study,” Annals of Internal Medicine 162, no. 4 (2015): 258–265.

31. J. A. Chirinos, A. Khan, N. Bansal, et al., “Arterial Stiffness, Cen-
tral Pressures, and Incident Hospitalized Heart Failure in the Chronic 
Renal Insufficiency Cohort Study,” Circulation. Heart Failure 7, no. 5 
(2014): 709–716.

32. C. Vlachopoulos, K. Aznaouridis, and C. Stefanadis, “Prediction of 
Cardiovascular Events and All-Cause Mortality With Arterial Stiffness: 
A Systematic Review and Meta-Analysis,” Journal of the American Col-
lege of Cardiology 55, no. 13 (2010): 1318–1327.

33. S. L. Barker, J. Pastor, D. Carranza, et al., “The Demonstration of 
αKlotho Deficiency in Human Chronic Kidney Disease With a Novel 
Synthetic Antibody,” Nephrology, Dialysis, Transplantation 30, no. 2 
(2015): 223–233.

34. H. Sakan, K. Nakatani, O. Asai, et al., “Reduced Renal α-Klotho Ex-
pression in CKD Patients and Its Effect on Renal Phosphate Handling 
and Vitamin D Metabolism,” PLoS One 9, no. 1 (2014): e86301.

35. Y. Xu and Z. Sun, “Molecular Basis of Klotho: From Gene to Func-
tion in Aging,” Endocrine Reviews 36, no. 2 (2015): 174–193.

36. C. Faul, A. P. Amaral, B. Oskouei, et al., “FGF23 Induces Left Ven-
tricular Hypertrophy,” Journal of Clinical Investigation 121, no. 11 
(2011): 4393–4408.

37. M. C. Hu, M. Shi, H. J. Cho, et al., “Klotho and Phosphate Are Modu-
lators of Pathologic Uremic Cardiac Remodeling,” Journal of the Ameri-
can Society of Nephrology 26, no. 6 (2015): 1290–1302.

38. M. C. Hu, M. Shi, J. Zhang, et al., “Klotho Deficiency Causes Vascu-
lar Calcification in Chronic Kidney Disease,” Journal of the American 
Society of Nephrology 22, no. 1 (2011): 124–136.

39. J. Xie, J. Yoon, S. W. An, M. Kuro-o, and C. L. Huang, “Soluble 
Klotho Protects Against Uremic Cardiomyopathy Independently of 



9 of 9

Fibroblast Growth Factor 23 and Phosphate,” Journal of the American 
Society of Nephrology 26, no. 5 (2015): 1150–1160.

40. E. The, Y. Zhai, Q. Yao, L. Ao, D. A. Fullerton, and X. Meng, “Mo-
lecular Interaction of Soluble Klotho With FGF23 in the Pathobiology 
of Aortic Valve Lesions Induced by Chronic Kidney Disease,” Interna-
tional Journal of Biological Sciences 20, no. 9 (2024): 3412–3425.

41. T. Yamamoto and Y. Isaka, “Pathological Mechanisms of Kidney Dis-
ease in Ageing,” Nature Reviews Nephrology 20, no. 9 (2024): 603–615.

42. J. A. Neyra, M. C. Hu, and O. W. Moe, “Klotho in Clinical Nephrol-
ogy: Diagnostic and Therapeutic Implications,” Clinical Journal of the 
American Society of Nephrology 16, no. 1 (2020): 162–176.

43. R. K. Carlsen, D. S. Khatir, D. Jensen, H. Birn, and N. H. Buus, “Pre-
diction of CKD Progression and Cardiovascular Events Using Albumin-
uria and Pulse Wave Velocity,” Kidney & Blood Pressure Research 48, no. 
1 (2023): 468–475.

44. H. Komaba and B. Lanske, “Role of Klotho in Bone and Implication 
for CKD,” Current Opinion in Nephrology and Hypertension 27, no. 4 
(2018): 298–304.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.


	Interaction Effect of Estimated Pulse Wave Velocity and Serum Klotho Level on Chronic Kidney Disease
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Design and Population
	2.2   |   Assessment of the ePWV and Serum Klotho Concentration
	2.3   |   Ascertainment of CKD
	2.4   |   Covariates
	2.5   |   Statistical Analysis

	3   |   Results
	3.1   |   Characteristics of the Enrolled Individuals
	3.2   |   The Correlation and Interaction Effects of ePWV and Serum Klotho on the Risk of CKD
	3.3   |   The Combination of ePWV and Serum Klotho for the Prediction of CKD Risk
	3.4   |   Secondary Analyses

	4   |   Discussion
	4.1   |   Limitations

	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Consent
	Conflicts of Interest
	Data Availability Statement
	References


