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Abstract
The aim of this study was to assess the role of endothelial function measured by the reactive hyperemia index (RHI), arterial
stiffness measured by the augmentation index (AIx), and Framingham’s cardiovascular disease (CVD) risk score (FRS) in
kidney function decline in patients with chronic kidney disease (CKD). The RHI and AIx@75 (adjusted for 75 heart beats
per minute), both derived from peripheral arterial tonometry (EndoPAT), were measured in 428 CKD patients aged 18 years
old and older during hospitalization. We evaluated kidney function and its decline (incident ≥40% decline in estimated
glomerular filtration rate [eGFR] or initiation of renal replacement therapy) associated with the RHI, AIx@75, and FRS
during follow-up for a median of 36 months. The mean age of the participants was 56 years old, and 63.8% were men. In
Spearman correlation analysis, the FRS, AIx@75, and RHI levels inversely correlated with eGFR. Over a median follow-up
of 36 months, 122 participants experienced kidney function decline. In multivariate Cox analysis, only the FRS remained
independently associated with the progression of kidney function (HR, 1.37; 95% CI, 1.14 to 1.64; P= 0.001).
Multivariable-adjusted spline regression models showed a positive linear relationship between the FRS and the risk of
kidney function decline (P-overall = 0.001, P-nonlinear = 0.701). However, adding the FRS to a model containing kidney
function markers did not improve risk prediction for kidney outcome (category-free net reclassification improvement index
[cf-NRI]= 0.179, P= 0.084; integrated discrimination improvement [IDI]= 0.017, P= 0.128). Additionally, the increased
risk of the outcome associated with an elevated FRS was particularly evident among CKD patients with eGFR ≥60 ml/min/
1.73 m2 (eGFR ≥ 60 ml/min/1.73 m2 vs.< 60 ml/min/1.73 m2, P for interaction= 0.022). Participants with higher FRS levels
were at increased risk of kidney function decline, emphasizing the important role of traditional CVD risk factors in the
progression of CKD.

Keywords Endothelial function ● arterial stiffness ● Framingham risk score

Introduction

The progression of chronic kidney disease (CKD) is clo-
sely related to cardiovascular disease (CVD), which
accounts for the majority of deaths in patients with CKD
[1]. Endothelial dysfunction, which is considered to be an

independent predictor of cardiovascular events in CKD
patients, contributes to multiple diseases, including arterial
stiffness and kidney dysfunction [2, 3]. Arterial stiffness is
an important pathophysiological mediator between cardi-
ovascular disease and kidney disease. Aortic stiffness,
which could lower the normal gradient leading to per-
ipheral arterial stiffness, plays a detrimental role in the
vascular beds of the kidney by increasing the pressure
pulsatility [4, 5].

Previous studies have investigated the association
between kidney function decline and endothelial dysfunc-
tion as well as arterial stiffness estimated through flow-
mediated dilation (FMD), ankle-brachial index (ABI) and
pulse wave velocity (PWV) measured at different arterial
segments [6, 7]. Peripheral arterial tonometry (EndoPAT
2000, Caesarea, Itamar Medical, Israel) is a novel,
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noninvasive, automatic, reproducible, and less operator-
dependent device for the measurement of vascular endo-
thelial function and peripheral arterial stiffness in vivo.
This device could quantify the changes in digital pulse
volume in response to reactive hyperemia to assess per-
ipheral endothelial function represented by the reactive
hyperemia index (RHI) [8]. Additionally, the augmentation
index (AIx) could be automatically calculated by EndoPAT
from the digital arterial pulse waveform to evaluate

peripheral arterial stiffness. To our knowledge, the appli-
cation of EndoPAT has rarely been adopted in clinical
research related to the risk of renal function decline in
patients with CKD.

Framingham’s CVD risk score (FRS) is a widely
accepted tool used to predict ischemic cardiac disease,
peripheral vascular disease, and cerebrovascular disease in
the general population by the simple evaluation of demo-
graphic, clinical, and biochemical parameters [9]. However,
data are limited about the relationship between the FRS and
kidney function decline in patients with CKD.

Therefore, the objectives of our study were to examine
whether digital artery endothelial function and stiffness
analyzed by EndoPAT as well as the FRS are associated
with kidney function progression in CKD patients.

Materials and methods

Study population

This observational longitudinal cohort study was con-
ducted in the Chinese PLA General Hospital, Beijing,
China, from November 2017 to December 2019. Inclusion
criteria were adults (≥18 years) with CKD (defined as
abnormalities of kidney structure or function, present for
>3 months, with implications for health [10]) not yet on
dialysis and who underwent the measurement of Endo-
PAT. Individuals were excluded if they did not have
available follow-up data. The study was approved by the
Ethics Committee of the Chinese PLA General Hospital
(No. S2017-038-01), and all patients gave written
informed consent.

Point of view

● Clinical relevance
Framingham’s cardiovascular disease (CVD) risk

score (FRS) may provide predictive value for kidney
function decline in patients with chronic kidney
disease (CKD). Our findings emphasize the impor-
tance of considering and managing the traditional
risk factors for CVD in CKD patients.

● Future direction
Further studies using more accurate measurements

of arterial stiffness and endothelial function are
warranted to evaluate their relationship with kidney
function decline in patients with CKD.

● Consideration for the Asian population.
While traditional risk factors for CVD used to

construct models for predicting CKD development
overlapped, discrepancies still existed among differ-
ent studies and different ethnicities.
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Assessments of clinical and biological parameters

Demographic data, the presence of comorbidities, smoking
status and medications were obtained from clinical records.
Hypertension was defined as systolic blood pressure
(SBP) ≥ 140 mmHg and/or diastolic blood pressure
(DBP) ≥ 90 mmHg on repeated measurements or being on
antihypertensive medication [11]. Diabetes was defined by
the use of hypoglycemic agents, self-report, fasting plasma
glucose ≥7.0 mmol/l, or an oral glucose tolerance test
≥11.1 mmol/l. Cardiovascular disease (CVD) was defined as
a history of ischemic cardiac disease or heart failure and/or
the presence of peripheral vascular disease and/or cere-
brovascular disease. Blood and urine samples were obtained
on the first day of hospitalization. Serum creatinine, 24 h
urine protein quantities (24 h-UPRO), uric acid, triglycer-
ides, cholesterol, high-density lipoprotein (HDL), low-
density lipoprotein (LDL), parathyroid hormone (PTH),
calcium, phosphorus, C-reactive protein (CRP) and
interleukin-6 (IL-6) were measured, and the estimated glo-
merular filtration rate (eGFR) was calculated using the
Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation.

Assessments of peripheral endothelial function and
arterial stiffness

Endothelial function and peripheral arterial stiffness, mea-
sured by EndoPAT, were estimated using the RHI and
AIx@75 (AIx corrected to a heart rate of 75 bpm),
respectively.

All tests were performed only once in a quiet and dimly lit
room at a temperature of 21–24 °C with the patients in the
supine position. An inflatable blood pressure (BP) cuff was
applied to one upper arm. Two finger probes were placed on the
index finger of each hand to measure pulse volume (pulse
amplitude), which was recorded for 5min at baseline. The BP
cuff was then inflated to 60mmHg above systemic systolic BP
or 200mmHg, whichever was higher, to occlude the pulsatile
arterial flow for 5min. Following the test period, the BP cuff
was released, and the pulse amplitude was measured for an
additional 5min. The RHI was calculated automatically and
represents the ratio of the average amplitude of the PAT signal
after cuff deflation and before cuff inflation, corrected for the
nonoccluded arm. A higher RHI indicates better endothelial
function. The AIx@75, a measure of peripheral arterial stiffness,
was also automatically generated. The brachial artery BP was
measured at least 20min before the test was started.

Assessment of Framingham’s CVD risk

The FRS was calculated based on age, sex, smoking status,
diabetes, treatment for hypertension, cholesterol, HDL, and

SBP. The FRS provided a risk percentage of developing
cardiovascular disease in the next 10 years [12].

Outcomes

The combined end point was a ≥ 40% decline in eGFR
(CKD-EPI) since study entry or the initiation of renal
replacement therapy (RRT). We selected the outcome of
a ≥ 40% decline in eGFR over follow-up because this out-
come is clinically and biologically significant [13]. RRT
was defined as the initiation of hemodialysis, peritoneal
dialysis, or renal transplantation. The follow-up period was
defined as the time between data collection until the
occurrence of the endpoint or the last follow-up. ΔeGFR
was defined as the change in eGFR in ml/min/1.73 m2 per
month. For patients starting RRT, eGFR was estimated as
5 ml/min/1.73 m2 at the first dialysis date. The study data-
base was closed in October 2021.

Statistical analysis

Statistical analysis was performed using R version 4.2.1.
Continuous variables were expressed as the mean ± SD
when normally distributed and the median with interquartile
range (IQR) when nonnormally distributed. Categorial
variables were expressed using frequencies or numbers of
positive cases. We categorized participants by the levels of
the FRS and compared the distribution of demographic,
clinical, and laboratory characteristics using the chi-squared
test for categorical variables and Kruskal‒Wallis or
ANOVA tests for continuous variables, as appropriate. A
Spearman correlation test was used to evaluate the rela-
tionships among the AIx@75, RHI, FRS, eGFR, 24
h-UPRO and ΔeGFR. To minimize bias that might occur if
participants with missing data were excluded from analyses,
we used multiple imputation, based on 5 replications and
chained equations, to account for missing data on CRP and
IL-6. Cox proportional hazards regression analyses were
performed to determine the independent predictive value of
the AIx@75, RHI and FRS on the progression of kidney
function. For multivariable models, we used data on age,
sex, markers of kidney function (eGFR and 24 h-UPRO),
history of CVD, hypertension, diabetes and inflammatory
biomarkers (CRP and IL-6). The proportional hazards
assumption of the Cox regression was tested, and we found
no violations. The adjusted model using a restricted cubic
spline with 3 knots was constructed to flexibly display the
association between the hazards of renal function decline
and continuous covariate of the FRS. Furthermore, we used
C-index estimation to evaluate the predictive performance
of the AIx@75, RHI and FRS for the renal end point
and calculated the category-free net reclassification
improvement (cf-NRI) and the integrated discrimination
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improvement (IDI) to examine the net effects of adding the
AIx@75, RHI and FRS for predicting kidney disease pro-
gression. The IDI was computed from 1000 bootstrap
samples. Subgroup analyses were also performed to explore
whether the association between the FRS and kidney
function decline was different between patients on the basis
of age, sex, baseline CKD status, diabetes and hypertension.
For all analyses, P < 0.05 was considered statistically
significant.

Results

Baseline characteristics

A total of 428 subjects were included in this study (Fig. 1),
and the baseline characteristics are shown in Table 1. The
median age was 56 years, men accounted for 63.8%, and the
median serum creatinine and 24 h-UPRO were 112.8 μmol/
L and 2.11 g, respectively. Compared with participants with
lower levels of FRS, those with higher levels had a higher
AIx@75 and 24 h-UPRO levels and lower eGFR levels
(P < 0.05).

Associations among the AIx@75, RHI, FRS, eGFR, 24
h-UPRO and ΔeGFR

The AIx@75 level was inversely correlated with eGFR
(r=−0.22, p < 0.001) and ΔeGFR (r= -0.16, p < 0.001)
and positively correlated with the RHI (r= 0.35, p < 0.001),
FRS (r= 0.35, p < 0.001) and 24 h-UPRO (r= 0.12,
p < 0.05). The FRS level was inversely correlated with
eGFR (r=−0.22, p < 0.001) and ΔeGFR (r=−0.16,
p < 0.01) and positively correlated with 24 h-UPRO
(r= 0.22, p < 0.001; Fig. 2).

Association between the levels of RHI, AIx@75, and
FRS and kidney function decline

After a median follow-up of 36 months (95% CI, 34 to 37,
reverse Kaplan‒Meier method), a ≥ 40% decline in eGFR
occurred in 56 participants, and 66 patients received RRT.
As shown in Table 2, univariate Cox regression revealed
that a higher risk of kidney function decline was sig-
nificantly associated with higher quartiles of the AIx@75
and FRS. After further adjustments for kidney function
markers, history of CVD, and inflammatory biomarkers
(Model 2), a 1-SD increase in the FRS remained indepen-
dently associated with kidney function decline (HR, 1.37;
95% CI, 1.14 to 1.64, P= 0.001). Furthermore, compared
with the first quartile, multivariable-adjusted HRs for kid-
ney function decline were 2.15 (95% CI, 1.19 to 3.87,
P= 0.012) and 2.35 (95% CI, 1.28 to 4.31, P= 0.007) for
the third and fourth FRS quartiles, respectively. However,
the association for a 1-SD higher AIx@75 was no longer
statistically significant. In Model 3, after adjustment for
established risk factors that the FRS contained, including
age, sex, hypertension, and diabetes, the association of the
AIx@75 with kidney function decline remained non-
significant. Multivariable-adjusted restricted cubic spline
analyses suggested that high levels of the FRS were asso-
ciated with an increased risk of kidney function decline
(Fig. 3).

C-statistics, cf-NRI, and IDI for the assessment of the
AIx@75, RHI, and FRS in predicting kidney function
decline

We examined whether adding the AIx@75, RHI, and FRS
to a base model consisting of eGFR and 24 h-UPRO could
improve the predictive power for kidney function decline.
As shown in Table 3, the c-statistic value of the base model
was 0.797 (95% CI, 0. 752 to 0. 842). The addition of the
FRS to the base model significantly increased the c-statistic
value to 0.805 (95% CI, 0.762 to 0.848). The cf-NRI
resulting from FRS inclusion was 0.179 (95% CI, −0.024 to
0.383, P= 0.084), and the IDI was 0.017 (95% CI, −0.005
to 0.051, P= 0.128), showing that the predictive value for
kidney function decline did not increase when the FRS was
considered in addition to the base model.

Subgroup analyses

The study cohort was stratified according to age, sex, eGFR,
24 h-UPRO, and the presence of diabetes and hypertension.
As shown in Fig. 4, the increased risk of kidney function
decline associated with elevated FRS levels was particularly
evident among individuals with eGFR ≥ 60 ml/min/1.73 m2

(eGFR ≥ 60 ml/min/1.73 m2: HR, 2.66; 95% CI, 1.72 to

Fig. 1 Derivation of the cohort. CKD, chronic kidney disease; FRS,
Framingham’s cardiovascular disease risk score; RHI, reactive
hyperemia index; AIx@75, augmentation index adjusted for 75 heart
beats per minute
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Table 1 Baseline characteristics of cohort and stratified by FRS (%) quartiles

Overall FRS quartile, % P

≤ 5.00 5.01 to
<14.60

14.60 to
<26.18

≥ 26.18

N 428 107 107 107 107

Age, year 56 [43, 64] 36 [29,43] 53 [45, 62] 61 [55, 65] 64 [58, 69] <0.001

Sex, male 273 (63.8) 49 (45.8) 60 (56.1) 68 (63.6) 96 (89.7) <0.001

BMI, kg/m2 25.4 (3.7) 24.2 (3.9) 25.6 (4.2) 26.0 (3.4) 25.9 (3.2) 0.001

Current smoker 85 (19.9) 13 (12.1) 12 (11.2) 16 (15.0) 44 (41.1) <0.001

Blood pressure, mmHg

SBP 127
[116, 138]

115 [107, 125] 122
[115, 130]

132
[124, 141]

137
[127, 145]

<0.001

DBP 79 [70, 85] 75 [68, 82] 80 [70, 84] 79 [71, 86] 80 [71, 87] 0.012

Laboratory data

sCr, umol/L 113 [81, 179] 113 [79, 156] 98 [73, 163] 112 [80, 188] 135 [91, 195] 0.01

24 h-UPRO, g 2.11
[0.77, 4.34]

1.54
[0.54, 3.10]

1.74
[0.71, 4.04]

2.53
[1.10, 4.33]

3.17
[1.14, 5.10]

0.001

eGFR 57.7
[33.5, 87.6]

62.3
[37.6, 102.8]

67.0
[36.3, 90.9]

51.2
[32.2, 76.9]

45.9
[29.2, 75.3]

<0.001

Hb, g/L 123 (22) 125 (21) 126 (20) 119 (20) 121 (26) 0.053

UA, umol/L 365
[312, 432]

344 [299, 420] 358
[308, 421]

361
[313, 437]

399
[338, 438]

0.057

CH, mmol/L 4.72
[3.74, 5.68]

4.27
[3.58, 5.12]

4.57
[3.63, 5.46]

4.99
[3.72, 5.85]

5.03
[3.96, 5.97]

0.013

TG, mmol/L 1.80
[1.25, 2.75]

1.58
[1.22, 2.38]

1.83
[1.23, 2.91]

1.80
[1.38, 2.71]

1.92
[1.36, 2.96]

0.196

LDL, mmol/L 2.95
[2.06, 3.81]

2.79
[1.87, 3.44]

2.74
[2.00, 3.67]

3.01
[2.00, 3.91]

3.24
[2.40, 4.19]

0.017

HDL, mmol/L 1.11
[0.86, 1.40]

1.20
[0.90, 1.45]

1.11
[0.81, 1.42]

1.13
[0.92, 1.52]

1.02
[0.81, 1.23]

0.005

PTH, pg/ml 35.5
[23.7, 57.3]

32.4
[21.9, 52.8]

36.5
[24.4, 57.6]

37.8
[24.4, 58.6]

37.6
[24.0, 68.0]

0.333

Calcium, mmol/L 2.13
[2.03, 2.25]

2.18
[2.05, 2.28]

2.13
[2.03, 2.25]

2.14
[2.02, 2.25]

2.10
[2.00, 2.20]

0.055

Phosphate, mmol/L 1.22
[1.09, 1.37]

1.24
[1.10, 1.40]

1.20
[1.10, 1.32]

1.24
[1.09, 1.38]

1.21
[1.08, 1.37]

0.649

Histological diagnosis according to renal biopsy <0.001

MN 112 (26.2) 23 (21.5) 31 (29.0) 32 (29.9) 26 (24.3)

IgAN 87 (20.3) 42 (39.3) 23 (21.5) 15 (14.0) 7 (6.5)

DN 48 (11.2) 1 (0.9) 7 (6.5) 16 (15.0) 24 (22.4)

Others 100 (23.4) 28 (26.2) 33 (30.8) 23 (21.5) 16 (15.0)

Uncertain Reason 81 (18.9) 13 (12.1) 13 (12.1) 21 (19.6) 34 (31.8)

Comorbidities

Hypertension 304 (71.0) 55 (51.4) 70 (65.4) 81 (75.7) 98 (91.6) <0.001

Diabetes 152 (35.5) 6 (5.6) 33 (30.8) 49 (45.8) 64 (59.8) <0.001

CVD 161 (37.6) 11 (10.3) 31 (29.0) 54 (50.5) 65 (60.7) <0.001

Medication

GC/IS drug 195 (45.6) 63 (58.9) 49 (45.8) 46 (43.0) 37 (34.6) 0.004

ACEI/ARB 250 (58.4) 63 (58.9) 57 (53.3) 63 (58.9) 67 (62.6) 0.58

β blocker 122 (28.5) 27 (25.2) 25 (23.4) 27 (25.2) 43 (40.2) 0.022

CCB 211 (49.3) 38 (35.5) 40 (37.4) 57 (53.3) 76 (71.0) <0.001
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4.10; eGFR < 60 ml/min/1.73 m2: HR, 1.25; 95% CI, 1.05
to 1.49; P-interaction= 0.022). No statistically significant
interactions were observed across the subgroups defined
according to age, sex, 24 h-UPRO, and the presence of
diabetes and hypertension.

Discussion

This study investigated whether three noninvasive CVD
risk markers, namely, the RHI (a marker of peripheral
endothelial function), AIx@75 (a marker of peripheral
arterial stiffness), and FRS (traditional risk factor for CVD
risk), were independently associated with kidney function
decline in patients with CKD stages 1 to 5. The major
finding of this prospective, observational longitudinal study
was that the FRS was an independent predictor of renal
function decline over a median follow-up period of
36 months after adjustment for several confounding vari-
ables, including markers of kidney function, history of
CVD, and inflammatory biomarkers. We also found that the
positive association between elevated FRS and kidney
function decline was particularly evident in patients with
eGFR ≥ 60 ml/min/1.73 m2.

CKD-specific alterations, such as the accumulation of
uremic toxins, chronic inflammation, mineral metabolism
disorder, and oxidative stress, could increase cardiovascular
risk through vascular alterations, including endothelial
dysfunction and arterial stiffness, accompanied by a syn-
chronous decline in kidney function [1, 14]. The association

between reduced eGFR and endothelial dysfunction, arterial
stiffness, and cardiovascular risk factors is expected; how-
ever, no consensus has been reached. The significant
association of a higher RHI with impaired renal function in
our study is a paradoxically unexpected but interesting
result. Wang et al. found that the RHI seemed to be
inversely correlated with eGFR (worse renal function with a
better RHI) with a marginal p value (p= 0.089) in a study
of 252 patients with non-dialysis-dependent CKD stages 1
to 5 [15]. Cerqueira et al. studied 120 predialysis patients
with CKD stages 1 to 5 and found that there was a lack of a
significant association of a lower RHI with reduced eGFR,
and the RHI in healthy subjects did not differ significantly
from the patients in the CKD group [16]. In contrast, Hirata
et al. found a significantly lower LnRHI in CKD patients
(n= 383) than in non-CKD patients (n= 474) [3]. The
inconsistent correlations of the RHI have been reported not
only with kidney function but also with age, blood pressure,
and serum uric acid [17–21]. The result that CKD patients
with a higher RHI are more likely to have lower eGFR in
our study can be explained by the following reasons. Het-
erogeneity in clinical participants among studies might
cause a difference in the relationship between the RHI and
kidney function. While the RHI has been validated as a
marker of endothelial function, it reflects alterations in flow
and digital microvascular dilatation that may be affected by
nitric oxide (NO) [22]. Most of the participants in our study
were taking antihypertensive medication, which can affect
endothelial function by increasing the production or activity
of NO [23]. Our previous study reported that a higher

Table 1 (continued)

Overall FRS quartile, % P

≤ 5.00 5.01 to
<14.60

14.60 to
<26.18

≥ 26.18

Statin 197 (46.0) 30 (28.0) 43 (40.2) 62 (57.9) 62 (57.9) <0.001

Antiplatelet agent 90 (21.0) 11 (10.3) 16 (15.0) 30 (28.0) 33 (30.8) <0.001

Inflammatory biomarkers

CRP, mg/dl 0.10
[0.05, 0.10]

0.10
[0.06, 0.10]

0.10
[0.05, 0.10]

0.10
[0.06, 0.10]

0.10
[0.06, 0.10]

0.609

IL-6, pg/ml 3.31
[2.00, 6.02]

2.13
[2.00, 3.75]

2.80
[2.00, 6.28]

3.71
[2.33, 6.78]

4.19
[2.36, 7.16]

<0.001

Investigated risk markers

AIx@75 9.66 (17.28) 0.53 (16.20) 8.50 (16.39) 13.99 (15.34) 15.63 (17.20) <0.001

RHI 1.75
[1.48, 2.13]

1.68
[1.42, 2.22]

1.73
[1.48, 2.05]

1.79
[1.54, 2.14]

1.73
[1.50, 2.05]

0.701

Values are mean (SD), N(%) or median (interquartile range) as appropriate

eGFR estimated glomerular filtration rate, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, sCr serum creatinine,
24 h-UPRO, 24 h urine protein quantity, Hb hemoglobin, UA uric acid, CH cholesterol, TG triglyceride, HDL high-density lipoprotein, LDL low-
density lipoprotein, PTH parathyroid hormone, MN membranous nephropathy, IgAN immunoglobulin A nephropathy, DN diabetic nephropathy,
CVD cardiovascular disease, GC glucocorticoids, IS immunosuppressive, ACEI angiotensin-converting enzyme inhibitor, ARB angiotensin
receptor blocker, CCB calcium channel blocker, CRP C-reactive protein, IL-6 interleukin-6
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natural logarithm RHI (LnRHI) was associated with more
severe intrarenal arteriolosclerosis, and a similar finding
also suggested that patients with more severe diabetic reti-
nopathy (DR) had enhanced endothelial function assessed
by the RHI [24, 25]. The exaggerated reactive hyperemic
responses in patients with more severe microvascular dis-
ease or kidney disease may represent endothelial dysfunc-
tion rather than better endothelial function. FMD has been
widely used to evaluate endothelial function in vivo by
describing any vasodilatation of an artery following an
increase in luminal blood flow and internal-wall shear stress
[26], but the shear stress stimulus cannot be assessed with
the EndoPAT technique. Tajima et al. showed that there
was no significant correlation between FMD and the RHI
[27]. Thus, the RHI may not fully describe endothelial
function. The association between the RHI and kidney
function should be further investigated in large-sized inde-
pendent studies.

Arterial stiffness has been demonstrated to be an
important and common risk factor for cardiovascular events
in patients with CKD. CKD could contribute to the pro-
gression of arterial stiffness owing to several pathogenic
factors, including chronic inflammation, oxidative stress,
mineral metabolism disorder, and uremic toxins [4]. Arterial

stiffness in turn could aggravate the damage to renal func-
tion by imposing excess transmission of pressure pulsatility
on microvascular beds [6]. Arterial stiffness leads to the
early merging of reflected waves into incident waves by
increasing the pulse wave velocity (PWV), resulting in an
increase in AIx [9]. Thus, the AIx reflects arterial stiffness.
Previous studies have reported inconsistent associations
between arterial stiffness and eGFR [28–30], and no
research has assessed the relationship between arterial
stiffness evaluated by the AIx and kidney function. In our
study, we found that higher AIx@75 levels were associated
with lower baseline eGFR. As in the prior cross-sectional
study, we found that greater peripheral vascular stiffness
measured by the AIx@75 was associated with more severe
intrarenal arteriolosclerosis determined by renal biopsy
[24]. The role of arterial stiffness in renal function decline,
which has been evaluated in several studies, is still con-
troversial. In a study with 2053 Japanese subjects, elevated
brachial-ankle PWV in individuals with normal renal
function or early CKD was an independent risk factor for
renal function decline [31]. In a study of 3666 participants,
Sedaghat et al. found that carotid-femoral PWV was asso-
ciated with a steeper decline in renal function after a follow-
up time of 11 years. However, the meta-analysis they

Fig. 2 Correlations among the AIx@75, RHI, FRS, eGFR, 24 h-
UPRO, and ΔeGFR. ***P < 0.001, **P < 0.01, *P < 0.05. AIx@75,
augmentation index adjusted for 75 heart beats per minute; RHI

reactive hyperemia index, FRS Framingham’s cardiovascular disease
risk score, eGFR, estimated glomerular filtration rate, 24 h-UPRO 24 h
urine protein quantity
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conducted incorporated their findings [6]. Madero et al.
reported that aortic PWV was associated with the incidence
of CKD but not rapid kidney function in a study of 2129
older adults with a median follow-up duration of 8.9 years
[32]. In contrast, the Framingham Heart Study showed that
arterial stiffness correlated with the incidence of albumi-
nuria but not CKD [33]. In our study, we found that arterial
stiffness evaluated by the AIx@75 was not significantly
associated with kidney function decline. These inconsistent
results could be explained by the differences in the study
population, follow-up time or other possible causes that
may be more dominant in affecting the progression of renal
function.

The FRS is well-validated in predicting cardiovascular
risk and is widely used in clinical practice [12]. Since the
progression of CKD and CVD share similar traditional risk
factors, including hypertension, diabetes, and dyslipidemia
[1], the role of the FRS in renal function and its progression
deserves to be investigated. Similar to our result, Jin et al.
reported a significant inverse association between eGFR and
FRS [34]. The FRS has been commonly used to evaluate

CVD risk in CKD patients, and Lee et al. reported that the
FRS could effectively predict the incidence of CKD in a
study of 9080 subjects with normal renal function [35]. To
our knowledge, no study has reported whether the FRS
could perform equally well and accurately in predicting the
progression of CKD. The result that a higher FRS is asso-
ciated with a higher risk of renal function decline suggests
that traditional cardiovascular risk plays an important role in
kidney function progression. We also found that among
CKD patients with eGFR ≥ 60 ml/min/1.73 m2, the asso-
ciation between elevated FRS and kidney function decline
was particularly evident. The reason for this result can be
explained by the fact that more factors caused by the decline
in renal function, which outweigh the cardiovascular risk
factors, affect kidney function progression.

Some limitations of this study deserve mention. First, we
relied on measurement at a single time point during hos-
pitalization, which may not be an ideal time for risk pre-
diction, as the patients’ health status and medication
therapy could affect the investigated markers. Second, we
lack data on FMD and PWV, which are considered the gold
standard measurements for endothelial function and arterial
stiffness, respectively, and the relationships between dif-
ferent methods need to be determined. Third, the patient
population was relatively small since our study covered all
stages of CKD. Fourth, we acknowledge that due to the
observational design of our study, causality conclusions
cannot be drawn.

Perspective of Asia

While the FRS is widely used in clinical practice and has
been validated in large cohorts of patients with various
diseases [12], some differences in the predictive power of
the FRS for the incidence of CKD in the general popu-
lation and the incidence of CVD in CKD patients have
been reported among different ethnicities [9, 35, 36].
Given the paucity of research on the correlation between
the FRS and kidney function progression in CKD patients,
further studies are needed to confirm our findings in other
ethnicities.

Fig. 3 Multivariable adjusted hazard ratios for kidney function decline
according to the levels of the FRS on a continuous scale. Solid red
lines are multivariable-adjusted hazard ratios, with dashed black lines
showing 95% confidence intervals derived from restricted cubic spline
regressions with three knots. Purple curves show the fraction of the
population with different levels of FRS. Analyses are adjusted for
eGFR and 24 h-UPRO

Table 3 Discrimination statistics for models including FRS, AIx@75, and RHI

C-statistics (95% CI) P cf-NRI (95% CI) P IDI (95% CI) P

Base model 0.797 (0.752–0.842) – – – –

Additional markers into base model

+FRS 0.805 (0.762–0.848) <0.001 0.179 (−0.024–0.383) 0.084 0.017 (−0.005–0.051) 0.128

+AIx@75 0.802 (0.757–0.847) 0.070 −0.059 (−0.269–0.151) 0.581 0.008 (−0.003–0.030) 0.190

+RHI 0.796 (0.751–0.841) 0.591 0.053 (−0.155–0.260) 0.618 0.002 (−0.003–0.015) 0.398

Base model included eGFR, 24 h-UPRO

cf-NRI category-free net reclassification index, IDI integrated discriminant index
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Conclusion

This study shows that the FRS was independently asso-
ciated with the progression of kidney function after
adjusting for additional confounders, including markers of
kidney function and inflammation biomarkers. The pre-
dictive value of the FRS was significantly improved in CKD
patients with a GFR ≥ 60 ml/min/1.73 m2. Our study high-
lights the importance of considering and managing the
traditional risk factors for CVD in patients with CKD.
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