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Abstract
The pathogenesis of hypertension is multifactorial in patients with chronic kidney disease (CKD). We explored the relative
contribution of arterial stiffness and fluid overload to blood pressure (BP) in these patients. We evaluated 1531 patients from
a prospective observational cohort study of high-risk patients with cardiovascular disease. BP, arterial stiffness, and volume
status expressed as the extracellular water/total body water ratio (ECW/TBW) were measured by 24-h BP monitoring, pulse-
wave velocity (PWV), and bioelectrical impedance analysis, respectively. Multiple linear regression analysis showed that
both PWV and ECW/TBW of the patients with CKD were significantly associated with 24-h systolic BP (SBP). The areas
under the receiver-operating characteristic curve (AUCs) for predicting 24-h SBP ≥130 mm Hg significantly increased after
PWV was added to conventional factors regardless of CKD status. However, the AUCs did not increase in the ECW/TBW-
based models. When a cut-off 24-h SBP level of 140 mm Hg was used, the predictability of ECW/TBW for elevated BP
significantly improved in patients with CKD (0.718 vs. 0.683, P= 0.034) but not in those without. Notably, a significant
impact of arterial stiffness on high BP was consistently observed regardless of CKD status. This association was further
confirmed by the net reclassification and integrated discriminant improvements, root mean squared error with adjusted R2,
and interaction effects. As kidney function declines, fluid overload is significantly associated with high BP. The impact of
fluid overload on BP is only observed in more severe hypertension in patients with CKD.
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Introduction

Cardiovascular morbidity and mortality rates markedly
increase in patients with chronic kidney disease (CKD), and
the presence of CKD worsens the prognosis of cardiovas-
cular disease (CVD) [1, 2]. A meta-analysis of 80,098
patients with heart failure showed that cardiovascular
mortality increases as kidney function declines [3]. Ana-
vekar et al. [4] also demonstrated that cardiovascular
complications, including mortality, reinfarction, congestive
heart failure, and stroke, occur more frequently in patients
with decreased renal function.

Hypertension is a crucial and modifiable risk factor in
preventing CVD [5]. Lowering high blood pressure (BP) to
an appropriate range can retard renal function deterioration
and improve adverse cardiovascular outcomes [6]. How-
ever, maintaining optimal BP is difficult owing to many
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comorbidities that can affect BP and the highly variable
responsiveness to antihypertensive medications in patients
with renal failure [7].

In patients with hypertension with normal renal function,
the factors related to increased BP are well established. In
addition, arterial stiffness has gained attention as a key
contributor to increased BP [8]. Arterial stiffness has long
been considered a complication of hypertension. However,
many researchers demonstrated a bidirectional interaction
between arterial stiffness and hypertension [9]. In contrast,
nontraditional factors in patients with CKD are also impli-
cated in elevated BP [10]. Among these, fluid overload has
been taken for granted as a major determinant of hyper-
tension. However, it is uncertain whether fluid overload
itself can increase BP. Surprisingly, to date, this issue has
never been tested in depth using an objective fluid status
measure.

Thus, we aimed to clarify the differential factors that
determine BP in patients with and without CKD and explore
the relative contribution of fluid overload to BP in these
patients.

Methods

Detailed methods are provided in the supplemental data.

Ethics statement

This study was conducted in accordance with the Declara-
tion of Helsinki principles, and the study protocol was
approved by the Institutional Review Board (IRB) at Yonsei
University Health System (YUHS) Clinical Trial Center.
All patients provided written informed consent before par-
ticipation (IRB no. 4-2013-0581).

Study population

The study population was selected from the Cardiovascular
and Metabolic Diseases Etiology Research Center-High
Risk Cohort (CMERC-HI) at YUHS between November
2013 and November 2016. Briefly, the CMERC-HI is a
prospective cohort study aiming at developing more specific
preventive strategies for patients with a high cerebro-CVD
risk (NCT02003781). Patients who fit at least one of the
following descriptions were enrolled: high-risk patients
with hypertension, namely patients with hypertension and
an estimated glomerular filtration rate (eGFR) of ≥60 mL/
min per 1.73 m2 and target organ damage or an eGFR of
<60 mL/min/per 1.73 m2, and patients with diabetes and a
random urine albumin–creatinine ratio of ≥30 mg/g; patients
with end-stage renal disease (ESRD) undergoing dialysis;
first-degree relatives of patients with early-onset acute

myocardial infarction (MI); patients with asymptomatic
atherosclerotic CVD; patients with rheumatoid arthritis aged
>40 years taking methotrexate or steroid; patients with atrial
fibrillation and CHA2DS2-VASc score of ≥1; and kidney
transplant recipients (>3 months after transplantation). The
exclusion criteria included: (i) acute MI history (ST-seg-
ment elevation MI or non-ST-segment elevation MI) or
acute coronary syndrome (unstable angina); (ii) sympto-
matic peripheral artery disease; (iii) symptomatic heart
failure; (iv) life expectancy of <6 months or severe non-
CVD (e.g., metastatic cancer, sepsis, and liver cirrhosis);
and (v) pregnancy or breastfeeding. We additionally
excluded patients with ESRD undergoing dialysis or kidney
transplantation, patients with no serum creatinine or 24-h
ambulatory BP monitoring (ABPM) data, and patients using
immunosuppressive drugs and NSAIDs that could increase
BP. Finally, a total of 1,531 patients were analyzed (Sup-
plemental Fig. 1).

Clinical and biochemical data collection

Demographic and clinical data were collected at the time of
enrollment. These included age, sex, height, weight, and
comorbidities. The participants were considered to have
diabetes mellitus if they had a history of diabetes mellitus,
were receiving antidiabetic treatment, or had fasting plasma
glucose levels of ≥126 mg/dL. Hypertension was defined as
a self-reported history of hypertension, antihypertensive
medication use, or an office-based BP of ≥140/90 mm Hg.
CKD was defined as an eGFR of <60 mL/min/per 1.73 m2

[11]. eGFR was calculated using the Chronic Kidney Dis-
ease Epidemiology Collaboration equation [12].

Measurement of BP, arterial stiffness, and fluid
status

We measured both office-based and ambulatory BP. Office-
based BP was measured three times at 5-min intervals.
Ambulatory BP was the average value of the 24-h ABPM
data. The patients were classified on the basis of the dipping
pattern [13]. We used this averaged value of 24-h ABPM
because ECW/TBW was significantly correlated with both
daytime SBP and nighttime SBP (Supplemental Table 1).
Arterial stiffness was determined by measuring the brachial
to ankle pulse-wave velocity (baPWV) and carotid to
femoral PWV (cfPWV) [14, 15]. Volume status was
assessed using direct segmental multifrequency bioelectrical
impedance analysis (BIA). Because excess fluid in the
interstitial compartment, which is a component of extra-
cellular water (ECW), results in edema, fluid overload was
defined as the ECW to total body water (TBW) ratio (ECW/
TBW) [16]. Both PWV and ECW/TBW were expressed as
continuous variables and used to define arterial stiffness and
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water status, respectively. Further, overhydration was
defined as an ECW/TBW of >0.400. All measurements
were performed by trained staff according to the manu-
facturer’s recommendations.

Statistical analyses

The associations between BP and clinical and biochemical
variables were assessed using Pearson’s correlation coeffi-
cient. Multiple linear regression analysis was performed to
identify independent correlates of BP. In addition, three
different multivariable logistic models were constructed to
compare the predictability of arterial stiffness and ECW/
TBW for a 24-h systolic BP (SBP) of ≥140 mm Hg. Sig-
nificant variables in the univariable analysis (P <0.05) were
included in the multivariable analyses. Model 1 included
conventional risk factors for hypertension. baPWV and
ECW/TBW were sequentially entered in Models 2 and 3,
respectively. The predictive value of each multivariable
model for high BP was determined using the receiver-
operating characteristic (ROC) curves, net reclassification
improvement (NRI), and integrated discrimination
improvement (IDI). Furthermore, we calculated the root
mean squared error (RMSE) and adjusted R-squared (R2) to
assess the fit of the linear regression models in which 24-h
SBP was entered as a continuous variable. Finally, we
examined the interaction effects between CKD status and
baPWV and ECW/TBW.

All analyses were performed using SPSS version 23.0
(SPSS Inc., Chicago, IL, USA), SAS version 9.4 (SAS
Institute, Cary, NC, USA), or GraphPad Prism version 5.0
(GraphPad Software Inc., San Diego, CA, USA). The sig-
nificance level was defined as P <0.05.

Results

Baseline characteristics

The baseline characteristics of the study subjects are pre-
sented in Table 1. The CKD group had more unfavorable
features in most aspects than the non-CKD group. The CKD
group had significantly higher 24-h SBP and pulse pressure
than the non-CKD group, whereas the 24-h diastolic BP
(DBP) did not differ between them. The CKD group had
more non-dippers and reverse dippers, stiffer arteries, as
evidenced by a higher baPWV, and greater volume over-
load than the non-CKD group.

Factors associated with 24-h SBP

The correlation between 24-h SBP and other clinical and
biochemical variables is presented in Table 2 and

Supplemental Table 2. In the multiple linear regression
analyses after adjustment for confounders, baPWV was
independently associated with 24-h SBP in both groups.
However, ECW/TBW, but not baPWV, was associated with
24-h SBP in the CKD group. As fluid status can affect
arterial stiffness [17], we also checked the variance inflation
factor (VIF) for multicollinearity among baPWV, ECW/
TBW, and 24-h SBP using multiple linear regression ana-
lysis. The VIFs for baPWV and ECW/TBW were <1.2 in all
analyses, suggesting that collinearity among these factors
was less likely (data not shown).

Factors associated with 24-h DBP

We then examined the factors affecting 24-h DBP. Pear-
son’s correlation coefficients for 24-h DBP are presented in
Supplemental Table 3. Multivariable-adjusted regression
analysis revealed that baPWV was significantly associated
with 24-h DBP only in the CKD group (β= 0.682, P <
0.001). ECW/TBW was not associated with 24-h DBP in
both groups (Supplemental Table 4).

Relative contribution of arterial stiffness and
volume overload to high BP

Next, we evaluated the differential influence of arterial
stiffness and volume overload on BP. Twenty-four-hour
SBP is a more important determinant of hypertension in
CKD [18]. No significant association between ECW/TBW
and 24-h DBP was reported. In this study, baPWV and
ECW/TBW differentially affected 24-h SBP, depending on
CKD status. Therefore, we selected 24-h SBP as a target
dependent variable. Thus, we first performed ROC curve
analyses using three multivariable logistic regression mod-
els. Model 1 included conventional factors only. Models 2
and 3 additionally included baPWV and ECW/TBW,
respectively.

By ambulatory monitoring, hypertension can be defined
as a 24-h SBP of ≥130 mm Hg. Adding baPWV to Model
1 significantly increased the areas under the ROC curve
(AUCs) for 24-h SBP of ≥130 mm Hg in the non-CKD
(0.701 vs. 0.626, P < 0.001) and CKD groups (0.768 vs.
0.717, P < 0.001). This improvement in the predictability
for high BP was not found when ECW/TBW was added.
However, the baPWV-based model was superior to the
ECW/TBW-based model in predicting a 24-h SBP of ≥130
mm Hg (P < 0.001 in non-CKD group and P= 0.028 in
CKD group) (Fig. 1a, b). These findings suggest that arterial
stiffness is more influential on the early stage of hyperten-
sion than fluid overload.

We then evaluated whether fluid status can increase BP
at more severe hypertension, which was defined as a 24-h
SBP of ≥140 mm Hg. In the non-CKD group, the AUC for
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Table 1 Baseline characteristics according to chronic kidney disease status

Variable Total (n= 1531) non-CKD (n= 1067) CKD (n= 464) P

Age (year) 60.4 ± 11.2 59.9 ± 10.9 61.5 ± 11.7 0.007

Male sex (%) 843 (55.1) 589 (55.2) 254 (54.7) 0.868

Smoking (%)a 702 (46.0) 488 (45.9) 214 (46.3) 0.870

Alcohol (%) 1034 (67.8) 727 (68.4) 307 (66.5) 0.456

Diabetes mellitus (%) 597 (39.2) 372 (35.1) 225 (48.6) <0.001

Hypertension (%) 1285 (84.3) 877 (82.7) 408 (87.9) 0.009

CVD (%) 301 (19.7) 246 (23.1) 55 (11.9) <0.001

Height (cm) 162.5 ± 8.9 162.7 ± 9.0 162.1 ± 8.6 0.205

Weight (kg) 67.0 ± 12.4 67.5 ± 12.6 65.8 ± 11.9 0.016

BMI (kg/m2) 25.3 ± 3.59 25.4 ± 3.5 25.0 ± 3.8 0.059

24-h systolic BP (mm Hg) 129.1 ± 13.7 127.9 ± 12.7 131.7 ± 15.4 <0.001

24-h diastolic BP (mm Hg) 77.5 ± 7.73 77.4 ± 7.7 77.6 ± 7.8 0.636

24-h pulse pressure (mm Hg) 51.6 ± 10.4 50.5 ± 9.3 54.1 ± 12.1 <0.001

Dipper (%) 785 (51.3) 598 (56.1) 187 (40.4) <0.001

Non-dipper (%) 594 (38.8) 379 (35.6) 215 (46.4) <0.001

Reverse dipper (%) 150 (9.8) 89 (8.3) 61 (13.2) 0.004

baPWV high (cm/s) 1554 ± 317 1519 ± 303 1635 ± 336 <0.001

baPWV mean (cm/s) 1504 ± 328 1474 ± 301 1572 ± 374 <0.001

ECW/TBWa 0.384 (0.379-0.391) 0.383 (0.378-0.389) 0.389 (0.381-0.395) <0.001

Overhydration (%)b 93 (6.3) 34 (3.3) 59 (13.1) <0.001

Laboratory finding

WBC (per 1000 cells/μL) 6.82 ± 2.00 6.64 ± 1.84 7.18 ± 2.24 <0.001

hs-CRP (mg/L)c 0.8 (0.5-1.5) 0.8 (0.5-1.5) 0.9 (0.6-1.9) 0.003

Hemoglobin (g/dL) 13.5 ± 1.94 14.1 ± 1.5 12.2 ± 2.0 <0.001

Calcium (mg/dL) 9.1 ± 0.4 9.2 ± 0.4 9.0 ± 0.6 <0.001

Inorganic P (mg/dL) 3.6 ± 0.6 3.6 ± 0.5 3.8 ± 0.7 <0.001

Cholesterol (mg/dL) 172.7 ± 37.1 174.3 ± 36.9 169.0 ± 37.4 0.011

HDL-C (mg/dL) 48.7 ± 13.0 50.1 ± 12.8 45.3 ± 13.1 <0.001

LDL-C (mg/dL) 95.6 ± 30.2 96.9 ± 30.5 92.5 ± 29.2 0.012

Albumin (g/dL) 4.23 ± 0.34 4.31 ± 0.27 4.04 ± 0.40 <0.001

eGFR (mL/min per 1.73 m2) 72.4 ± 28.9 88.8 ± 13.7 34.6 ± 16.3 <0.001

BUN (mg/dL) 21.7 ± 13.4 15.8 ± 4.3 35.2 ± 17.0 <0.001

Creatinine (mg/dL)c 0.92 (0.74-1.29) 0.81 (0.68-0.95) 1.82 (1.36-2.81) <0.001

Serum sodium (mmol/L) 141.5 ± 2.23 141.5 ± 2.1 141.4 ± 2.4 0.257

Serum potassium (mmol/L) 4.5 ± 0.5 4.4 ± 0.4 4.8 ± 0.5 <0.001

uACR (mg/g Cr)c 5.06 (1.32-42.01) 2.19 (0.97-8.18) 39.59 (8.58-106.3) <0.001

Antihypertensive drugs

ACEi (%) 68 (4.4) 49 (4.6) 19 (4.1) 0.664

ARB (%) 763 (49.8) 498 (46.7) 265 (57.1) <0.001

Beta blocker (%) 441 (28.8) 279 (26.1) 162 (34.9) <0.001

Calcium channel blocker (%) 596 (38.9) 378 (35.4) 218 (47.0) <0.001

Diuretics (%) 384 (25.1) 247 (23.1) 137 (29.5) 0.008

Alpha blocker (%) 49 (3.2) 18 (1.7) 31 (6.7) <0.001

Number of antihypertensive drugsc,d 1.0 (1.0-2.0) 1.0 (0.0-2.0) 2.0 (1.0-3.0) <0.001

CKD chronic kidney disease, CVD cardiovascular disease, BMI body mass index, BP blood pressure, baPWV brachial to ankle pulse-wave
velocity, ECW/TBW extracellular water to total body water ratio, WBC white blood cell, hs-CRP high-sensitivity C-reactive protein, HDL-C high-
density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, eGFR estimated glomerular filtration rate, BUN blood urea nitrogen,
uACR urine albumin to creatinine ratio, ACEiangiotensin-converting enzyme inhibitor,ARB angiotensin II receptor blocker
aBoth current and former smoking
bOverhydration was defined as an ECW/TBW of ≥0.400
cMann–Whitney U-test
dAntihypertensive medications include angiotensin II receptor blockers, angiotensin-converting enzyme inhibitors, calcium channel blockers, β-
blockers, α-blockers, and diuretics
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SBP ≥ 140 mm Hg did not increase when ECW/TBW was
added to the conventional model. In contrast, the AUC of
the ECW/TBW-based model significantly increased com-
pared with that of Model 1 (0.733 vs. 0.709, P= 0.033) in
the CKD group. Notably, a significant impact of arterial
stiffness on high BP was consistently observed regardless of
CKD status. The predictive power for SBP ≥ 140 mm Hg
was comparable between baPWV and ECW/TBW in the
CKD group (Fig. 2a, b). These findings suggest that fluid
overload elevates BP at a later stage, particularly in patients
with CKD.

Discrimination ability of arterial stiffness and fluid
status for SBP ≥140 mm Hg according to CKD status

To confirm the differential impact of arterial stiffness and
fluid overload on BP, we performed reclassification ana-
lyses using a cut-off value of 140 mm Hg. In the CKD
group, NRI and IDI significantly improved after adding
baPWV to Model 1. These indices also significantly
improved when ECW/TBW was added to Model 1. How-
ever, in the non-CKD group, adding only baPWV to Model
1 improved its risk classification (Table 3).

These relationships were further ascertained through the
RMSE and adjusted R2 calculation. In the CKD group,
adding baPWV or ECW/TBW to Model 1 similarly and
significantly revealed lower RMSE and higher adjusted R2

compared to Model 1, suggesting that both components
improved the predictive power for high BP. In the non-
CKD group, only baPWV decreased the RMSE and
increased the adjusted R2 compared to Model 1 (Table 4).

Finally, we tested the interactions between CKD status and
baPWV and ECW/TBW using multivariable-adjusted linear
regression for 24-h SBP. There was a significant interaction
between CKD status and ECW/TBW (β= 2.730, P < 0.001).
However, no interaction was found between CKD status and
baPWV. Thus, 24-h SBP was significantly affected by arterial
stiffness irrespective of CKD status, whereas there was a
differential influence of fluid overload on BP depending on
CKD status (Supplemental Table 5).

Sensitivity analyses

cfPWV is often considered the gold standard variable for
central arterial stiffness and predicts future cardiovascular
outcomes better than baPWV [19]. Therefore, we performed a
sensitivity analysis in 1386 patients with cfPWV data. The
analysis showed similar findings to the baPWV-based models
(Supplemental Figs. 2 and 3). We also performed an addi-
tional sensitivity analysis after excluding patients with
hypertension with target organ damage in the non-CKD group
because the hypertension burden is already high; thus, the
vascular stiffness may be higher in high-risk patients with

hypertension. The results were consistent with those of our
primary analysis (Supplemental Table 6).

Subgroup analyses

First, we further evaluated the contribution degree of arterial
stiffness and fluid status to BP in subgroups stratified by
age, sex, diabetes mellitus, smoking, and body mass index
(BMI). Forest plots clearly showed that in all subgroups, the
differential influence of ECW/TBW on BP depending on
CKD status remained unaltered (Fig. 3), whereas baPWV
significantly elevated BP in both groups (Fig. 4). Second, to
identify the contributions of arterial stiffness and fluid
overload to 24-h SBP according to CKD status, we com-
pared the relative contribution of arterial stiffness and fluid
status to 24-h SBP between CKD stage 3 and CKD stage 4.
The impact of fluid overload was more evident in advanced
CKD stages 4 and 5, particularly when 24-h SBP ≥140 mm
Hg (Supplemental Fig. 4 and 5). Finally, we analyzed the
possible association of fluid overload with nocturnal
hypertension in non-dipper patients. Nocturnal hypertension
was defined as a 24-h nighttime SBP ≥120 mm Hg
according to the current guidelines [19]. The results showed
that arterial stiffness significantly contributed to nocturnal
hypertension in both non-CKD and CKD patients. How-
ever, fluid overload slightly increased the AUCs for the
increased BP in CKD patients, but this did not reach sta-
tistical significance (Supplemental Figure 6).

Discussion

We investigated the factors affecting BP in patients with
and without CKD and demonstrated a consistent role of
arterial stiffness in elevated BP regardless of CKD status;
however, the distinct contribution of fluid status to BP was
observed only in the CKD group. Moreover, the degree of
influence on BP was comparable between arterial stiffness
and fluid overload in the CKD group. Finally, the impact of
fluid overload on high BP was more evident in more severe
hypertension. Our findings are robust because we yielded
the same results using various statistical models to evaluate
the predictive power of each component for high BP.

The pathogenesis of hypertension is multifactorial [20].
Among the many factors associated with hypertension, we
particularly focused on arterial stiffness and volume over-
load because these are the most important factors affecting
BP and can be modulated using pharmacologic therapy.
Volume overload has been undoubtedly presumed to have a
substantial effect on BP. However, to date, the role of
volume overload in hypertension has never been tested
using objective fluid status measures. We addressed this
issue for the first time using BIA to assess fluid status and
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substantiated the previous notion that volume factor is
important in determining hypertension, particularly in
patients with CKD.

Regardless of the primary etiology, an increase in per-
ipheral vascular resistance leads to elevated BP [21].
Therefore, an important determinant of BP in patients with

Table 2 Linear regression analyses between 24-h systolic blood pressure and clinical and biochemical variables

Variable non-CKD (n= 1067) CKD (n= 464)

Univariate Multivariate Univariate Multivariate

β P β P β P β P

Age (per 1 year) 0.082 0.022 −0.110 0.022 0.186 0.002 0.049 0.511

Male sex 2.106 0.007 3.279 0.012 1.590 0.272 −0.916 0.704

Smokinga 1.822 0.020 −0.613 0.626 2.748 0.058 3.478 0.124

Alcohol -0.009 0.992 −1.086 0.281 1.214 0.428 2.954 0.103

Diabetes mellitus 3.745 <0.001 2.406 0.007 7.859 <0.001 1.784 0.288

Hypertension 2.015 0.050 0.028 0.981 0.057 0.980 −3.044 0.177

CVD 1.893 0.040 1.007 0.324 −0.189 0.933 2.985 0.228

BMI (per 1 kg/m2) 0.540 <0.001 0.495 <0.001 0.344 0.068 0.392 0.050

baPWV mean (per 100 cm/s) 1.347 <0.001 1.564 <0.001 1.679 <0.001 1.415 <0.001

ECW/TBW (per 0.01) 0.020 0.911 −0.014 0.947 3.497 <0.001 2.040 0.002

Laboratory finding

WBC (per 1000 cells/μL) 0.577 0.011 −0.049 0.829 0.439 0.178

hs-CRP (per 1 log)b 0.948 0.620 −1.018 0.632

Hemoglobin (per 1 g/dL) 0.396 0.137 −1.676 <0.001 −0.568 0.299

Calcium (per 1 mg/dL) −0.181 0.862 −5.127 <0.001 −0.172 0.916

Inorganic P (per 1 mg/dL) −0.215 0.785 4.260 <0.001 1.881 0.167

Cholesterol (per 1 mg/dL) −0.003 0.803 0.008 0.665

HDL-C (per 1 mg/dL) −0.089 0.004 −0.104 0.076

LDL-C (per 1 mg/dL) −0.009 0.487 0.022 0.109 0.034 0.193 0.039 0.140

Albumin (per 1 g/dL) −2.961 0.040 −3.862 0.010 −10.942 <0.001 −2.335 0.311

eGFR (per 1 mL/min per 1.73 m2) −0.048 0.091 0.026 0.427 –0.190 <0.001 −0.016 0.814

BUN (per 1 mg/dL) 0.186 0.041 0.163 <0.001

Serum sodium (per 1 mmol/L) −0.059 0.759 −0.146 0.631

Serum potassium (per 1 mmol/L) −0.226 0.832 0.636 0.658

uACR (per 1 log)b 0.004 0.314 0.043 <0.001 1.224 0.028

Antihypertensive drugs

ACEi 2.177 0.243 1.974 0.317 2.999 0.107 3.905 0.284

ARB −1.115 0.154 −1.342 0.123 −0.010 0.994 −1.369 0.375

Beta blocker 3.100 <0.001 1.637 0.105 3.473 0.021 −0.122 0.944

Calcium channel blocker 2.443 0.003 1.745 0.047 6.860 <0.001 3.720 0.028.

Diuretics 2.049 0.027 0.266 0.795 1.831 0.244 0.432 0.806

Alpha blocker 6.047 0.046 0.723 0.820 9.154 0.001 4.155 0.153

Number of antihypertensive drugsb,c 3.304 <0.001 6.794 <0.001

CKD chronic kidney disease, CVD cardiovascular disease, BMI body mass index, baPWV brachial to ankle pulse-wave velocity, ECW/TBW
extracellular water to total body water ratio, WBC white blood cell, hs-CRP high-sensitivity C-reactive protein, HDL-C high-density lipoprotein
cholesterol, LDL-C low-density lipoprotein cholesterol, eGFR estimated glomerular filtration rate, BUN blood urea nitrogen, uACR urine albumin
to creatinine ratio, ACEi angiotensin-converting enzyme inhibitor, ARB angiotensin II receptor blocker
aBoth current and former smoking
bLog transformed
cAntihypertensive medications include angiotensin II receptor blockers, angiotensin-converting enzyme inhibitors, calcium channel blockers, β-
blockers, α-blockers, and diuretics
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and without CKD. Moreover, renal dysfunction and arterial
stiffness have a negative synergic effect on high BP, thus
making hypertension more difficult to treat [22, 23]. On the
other hand, fluid retention, the hallmark of renal insuffi-
ciency, counteracts the inherent effects of other anti-
hypertensive medications in patients with CKD by inducing
intravascular volume expansion [20]. Therefore, fluid
overload, renal dysfunction, and arterial stiffness work
together in a vicious cycle of uncontrolled hypertension and

aggravation of kidney injury. In this study, the impact of
fluid overload emerged from a higher BP and was equal to
that of arterial stiffness at this late stage of hypertension.
This intriguing finding is informative in managing hyper-
tension in these patients. Resistant hypertension is highly
prevalent in patients with CKD (30-40%) [24], and many
physicians empirically prescribe antihypertensive medica-
tions without precisely assessing vascular health and
volume status. In this regard, a stepwise approach by

Fig. 2 Receiver-operating characteristic curve analysis for 24-h sys-
tolic blood pressure ≥140 mm Hg in patients with and without CKD.
Notes: 1 Antihypertensive medications include angiotensin II receptor
blockers, angiotensin-converting enzyme inhibitors, calcium channel
blockers, β-blockers, α-blockers, and diuretics. Abbreviations: CKD,

chronic kidney disease; AUC, area under the receiver-operating
characteristic curve; BMI, body mass index; eGFR, estimated glo-
merular filtration rate; CVD, cardiovascular disease; LDL-C, low-
density lipoprotein cholesterol; baPWV, brachial to ankle pulse-wave
velocity; ECW/TBW, extracellular water to total body water ratio

Fig. 1 Receiver-operating characteristic curve analysis for 24-h sys-
tolic blood pressure ≥130 mm Hg in patients with and without CKD.
Notes: 1Antihypertensive medications include angiotensin II receptor
blockers, angiotensin-converting enzyme inhibitors, calcium channel
blockers, β-blockers, α-blockers, and diuretics. Abbreviations: CKD,

chronic kidney disease; AUC, area under the receiver-operating
characteristic curve; BMI, body mass index; eGFR, estimated glo-
merular filtration rate; CVD, cardiovascular disease; LDL-C, low-
density lipoprotein cholesterol; baPWV, brachial to ankle pulse-wave
velocity; ECW/TBW, extracellular water to total body water ratio
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assessing arterial stiffness and fluid status can help us to
understand potential mechanisms for increased BP as kid-
ney function declines.

In our study, fluid overload did not contribute to
hypertension in patients with normal renal function or early
stage CKD. In contrast, its significant impact became evi-
dent in patients with advanced CKD stage, particularly in
patients with SBP ≥140 mm Hg. Notably, meaningful fluid
overload is unlikely to occur with preserved renal function
because of renal-body fluid feedback system [25] and fluid
overload is exacerbated as renal function deteriorates. In
Guyton’s experiment using large animals and isolated per-
fused kidneys [26], they demonstrated that the injected fluid
was retained only in cases that had ablated 70% of the renal
mass. Recently, Hung SC et al. [27] showed an increased
ECW volume in uninephrectomized rats than in normal rats
in animal experiment and these rats became more volume

overloaded by severely impaired kidney function, which
was consistent with our findings (ECW/TBW from CKD
stage 3–5: 0.388, 0.391, and 0.392, P for trend <0.001; data
not shown). Moreover, in patients with advanced stages of
CKD, the left ventricular chamber dilates and remodels in
an eccentric manner and levels of proinflammatory cyto-
kines such as interleukin-6 or tumor necrosis factor-alpha
are increased [27, 28]. Such unfavorable conditions together
with fluid overload can work in vicious cycle of accelerated
vascular dysfunction, thus resulting in more elevated BP.
All these findings taken together can explain our results, the
significant impact of fluid overload on more severe hyper-
tension in patients with advanced CKD.

Another interesting finding of our study is no significant
impact of fluid overload on nighttime BP in non-dipper
CKD patients. This result is consistent with previous studies
in patients undergoing hemodialysis. In a study by Amar

Table 3 NRI and IDI of the clinical models with factors affecting high blood pressure (using a cut-off value of 140 mm Hg)

non-CKD CKD

NRI (SE) P IDI (SE) P NRI (SE) P IDI (SE) P

Model 2 vs. Model 1 0.155 (0.061–0.250) 0.001 0.044 (0.028–0.060) <0.001 0.108 (0.023–0.191) 0.013 0.030 (0.011–0.050) 0.002

Model 3 vs. Model 1 −0.001 (−0.004–0.001) 0.317 0.000 (0.000–0.001) 0.848 0.130 (0.028–0.232) 0.013 0.044 (0.021–0.068) <0.001

NRI net reclassification improvement, IDI integrated discrimination improvement, CKD chronic kidney disease, BMI body mass index, LDL-C
low-density lipoprotein cholesterol, eGFR estimated glomerular filtration rate, baPWV brachial to ankle pulse-wave velocity, ECW/TBW
extracellular water to total body water ratio

Model 1. Adjusted for age, sex, smoking, diabetes mellitus, hypertension, cardiovascular disease, BMI, LDL-C, eGFR, and antihypertensive
medicationsa

Model 2: Model 1+ baPWV

Model 3: Model 1+ ECW/TBW
aAntihypertensive medications include angiotensin II receptor blockers, angiotensin-converting enzyme inhibitors, calcium channel blockers, β-
blockers, α-blockers, and diuretics

Table 4 RMSE and adjusted R2

of the multivariable-adjusted
linear regression models for
systolic blood pressure

Non-CKD CKD

RMSE Adjusted R2 P RMSE Adjusted R2 P

Model 1 12.359 0.055 14.332 0.163

Model 2 11.711 0.139 PbaPWV < 0.001 13.783 0.226 PbaPWV < 0.001

Model 3 12.099 0.058 PECW/TBW= 0.752 14.144 0.188 PECW/TBW < 0.001

RMSE root mean squared error, CKD chronic kidney disease, baPWV brachial to ankle pulse-wave velocity,
ECW/TBW extracellular water to total body water ratio, PbaPWV probability value of baPWV in the multiple
linear regression of Model 2, PECW/TBW probability value of ECW/TBW in the multivariable-adjusted linear
regression of Model 3, BMI body mass index, LDL-C low-density lipoprotein cholesterol, eGFR estimated
glomerular filtration rate

Note: Model 1. Adjusted for age, sex, smoking, diabetes mellitus, hypertension, cardiovascular disease,
BMI, LDL-C, eGFR, and antihypertensive medicationsa

Model 2: Model 1+ baPWV

Model 3: Model 1+ ECW/TBW
aAntihypertensive medications include angiotensin II receptor blockers, angiotensin-converting enzyme
inhibitors, calcium channel blockers, β-blockers, α-blockers, and diuretics

348 S. Park et al.



Fig. 3 Adjusted odds ratio for high 24-h systolic blood pressure
associated with fluid status in the subgroups derived from the adjusted
logistic regression analysis in patients without CKD (a) and with CKD
(b). Model adjusted for age, sex, smoking history, hypertension, DM,
CVD, BMI, serum LDL-C, eGFR, and baPWV. Abbreviations: OR,

odds ratio; CI, confidence interval; DM, diabetes mellitus; BMI, body
mass index; CKD, chronic kidney disease; CVD, cardiovascular dis-
ease; BMI, body mass index; LDL-C, low-density lipoprotein cho-
lesterol; eGFR, estimated glomerular filtration rate; baPWV, brachial
to ankle pulse-wave velocity
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Fig. 4 Adjusted odds ratio for high 24-h systolic blood pressure
associated with arterial stiffness in the subgroups derived from the
adjusted logistic regression analysis in patients without CKD (a) and
with CKD (b). Model adjusted for age, sex, smoking history, hyper-
tension, DM, CVD, BMI, serum LDL-C, eGFR, and ECW/TBW.
Abbreviations: OR, odds ratio; CI, confidence interval; DM, diabetes

mellitus; BMI, body mass index; SBP, systolic blood pressure; CKD,
chronic kidney disease; CVD, cardiovascular disease; BMI, body mass
index; LDL-C, low-density lipoprotein cholesterol; eGFR, estimated
glomerular filtration rate; ECW/TBW, extracellular water to total body
water
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et al. [29], there was no significant difference in interdialytic
weight gain according to nighttime BP pattern. In addition,
Luik et al. [30] reported that fluid overload did not play a
role in blunting BP differences between daytime and
nighttime. On the other hand, arterial stiffness can disrupt
the circadian timing system, thus resulting in the non-
dipping pattern of BP and nocturnal hypertension [31, 32].
Therefore, it can be inferred that nighttime BP in non-dipper
CKD patients is more affected by arterial stiffness than fluid
status. Fluid retention fluctuates between day and night and
is generally attenuated in the morning because approxi-
mately 80% of weight loss during nighttime is from water,
not including urine or feces [33]. In this regard, it is possible
that fluid retention contributes less to nocturnal
hypertension.

Elderly patients with hypertension are more likely to
have fluid retention [24]. However, they have low renin
levels and contracted volume rather than volume expansion.
Despite these, BP is well controlled by diuretics, suggesting
sodium-dependent hypertension in the elderly. Arterial
stiffness was more important in an elevated BP than fluid
status in patients without CKD aged >60 years. Notably,
arterial stiffness is a consequence of the aging process [34].
baPWV correlated well with age in patients without CKD
aged >60 years (γ= 0.227, P < 0.001; data not shown) in
our study, whereas ECW/TBW did not (γ= 0.002, P=
0.966, data not shown). This association was not affected by
diuretic use. Therefore, attenuating arterial stiffness should
be considered in resistant hypertension in elderly patients
who are already treated with diuretics.

This study has distinct strengths. The data were obtained
from a prospective, large-scale cohort that enrolled
approximately 1500 patients. Fluid status, PWV, and 24-h
ABPM data were assessed in all patients by following a
standardized protocol. Therefore, these accurate measure-
ments made our findings highly reliable. There are also
important limitations. First, we used BIA to assess the
volume status and did not directly measure ECW and TBW
[35, 36]. Moreover, fluid overload measured by BIA cannot
distinguish between true ECW increase and muscle mass
decrease (i.e., lean body mass) [37, 38]. However, volumes
assessed using BIA correlate well with those measured
using tracer dilution methods, which are the gold standard
for assessing fluid status [39]. Further, no subjects had any
muscle mass depletion consistent with sarcopenia set by the
Asian Working Group for Sarcopenia [40]. Second, our
analysis did not incorporate the elements of vasoconstric-
tion that may be present in patients. Unfortunately, we did
not have detailed information on vasoconstrictive factors
such as temperature change, caffeine intake, or other drugs
that can cause vasoconstriction. However, all measurements
such as PWV and bioelectrical impedance analysis were
done at the same room under the same conditions and

patients were instructed to avoid medications affecting
vasoconstriction at least 12 h prior to the tests. Third,
because this was a cross-sectional study, we could not
confirm whether fluid status or arterial stiffness improve-
ment can decrease BP. Forth, we did not have data on 24-h
urine sodium excretion; thus, the effect of salt intake on BP
could not be evaluated. As mentioned above, sodium sen-
sitivity increases BP independently of volume overload.
However, there is no definite diagnostic tool to test salt
sensitivity accurately, and 24-h urine sodium is only a
modest surrogate of sodium consumption and poorly
reflects total body sodium [41, 42]. Finally, we did not
analyze in detail the role of heart rate on BP although this
issue is beyond our study scope. In general, increased
resting heart rate can elevate BP [43, 44]. In fact, in our
study, heart rate was significantly associated with BP in
both non-CKD and CKD patients. Nevertheless, inclusion
of heart rate in the multivariable models did not change our
main findings (data not shown). Despite these limitations,
our findings deserve attention because this is the first study
to clarify the differential contribution of arterial stiffness
and fluid status to an elevated BP using an objective fluid
status measure.

In conclusion, factors affecting BP vary depending on
renal function. Arterial stiffness is associated with elevated
BP regardless of CKD status. Fluid overload is more influ-
ential on more severe hypertension and equally important to
arterial stiffness in determining BP of patients with CKD.
Thus, our findings help us to understand potential mechan-
isms for increased BP as kidney function declines.
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