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ABSTRACT 
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Intradialytic Hypertension and Its Association with Endothelial Cell Dysfunction 
 

Background: 

 Intradialytic hypertension is associated with adverse outcomes, yet the mechanism is uncertain. 

Patients with intradialytic hypertension exhibit imbalances in endothelial-derived vasoregulators 

nitric oxide and endothelin-1, indirectly suggesting endothelial cell dysfunction. We hypothesized 

that intradialytic hypertension is associated in vivo with endothelial cell dysfunction, a novel 

predictor of adverse cardiovascular outcomes. 

 

Design, settings, participants, & measurements: 

We performed a case-control cohort study including 25 hemodialysis (HD) subjects without 

(controls) and 25 with intradialytic hypertension (an increase in systolic BP pre- to postdialysis 

≥10 mmHg ≥4/6 consecutive HD sessions). The primary outcome was peripheral blood 

endothelial progenitor cells (EPCs) assessed by aldehyde dehydrogenase activity (ALDH
br

) and 

cell surface marker expression (CD34
+
CD133

+
). We also assessed endothelial function by 

ultrasonographic measurement of brachial artery flow-mediated vasodilation (FMD) normalized 

for shear stress. Parametric and nonparametric t tests were used to compare EPCs, FMD, and BP. 

 

Results: 

Baseline characteristics and comorbidities were similar between groups. Compared with controls, 

2-week average predialysis systolic BP was lower among subjects with intradialytic hypertension 

(144.0 versus 155.5 mmHg), but postdialysis systolic BP was significantly higher (159.0 versus 

128.1 mmHg). Endothelial cell function was impaired among subjects with intradialytic 

hypertension as measured by decreased median ALDH
br

 cells and decreased CD34
+
CD133

+
 cells 

(ALDH
br

, 0.034% versus 0.053%; CD34
+
CD133

+
, 0.033% versus 0.059%). FMD was lower 

among subjects with intradialytic hypertension (1.03% versus 1.67%). 

 

Conclusions: 

Intradialytic hypertension is associated with endothelial cell dysfunction. We propose that 

endothelial cell dysfunction may partially explain the higher event rates observed in these 

patients. 
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Probing the Mechanisms of Intradialytic Hypertension: a Pilot Study Targeting 

Endothelial Cell Dysfunction 
 

 

Background: 

Intradialytic hypertension may be caused by an impaired endothelial cell response to 

hemodialysis. Carvedilol has been shown to improve endothelial cell function in vivo and in vitro 

to block endothelin-1 release. Among patients with intradialytic hypertension, we hypothesized 

that carvedilol would improve endothelial cell function and reduce the occurrence of intradialytic 

hypertension. 

 

Design, settings, participants & measurements: 

We performed a prospective 12-week pilot study of carvedilol titrated to 50 mg twice daily 

among 25 hemodialysis participants with intradialytic hypertension. Each patient served as their 

own control. Changes in endothelial cell function (assessed by flow-mediated vasodilation, 

endothelial progenitor cells (EPCs by aldehyde dehydrogenase activity and CD34
+
CD133

+
), 

asymmetric dimethylarginine (ADMA) and endothelin-1) and blood pressure (BP) from baseline 

to study-end were analyzed by paired tests. 

 

Results: 

Flow-mediated vasodilation was significantly improved with carvedilol (from 1.03% to 1.40%, 

p=0.02). There was no significant change in EPCs, endothelin-1 or ADMA. At baseline, 

participants exhibited a significant increase in endothelin-1 pre to postdialysis that resolved by 

study-end. While pre-hemodialysis systolic BP was unchanged (144 to 146 mmHg, p=0.5), post-

hemodialysis systolic BP, 44-hour ambulatory systolic BP, and the frequency of intradialytic 

hypertension decreased with carvedilol (159 to 142 mmHg, p<0.0001; 155 to 148 mmHg, p=0.05; 

77% (4.6/6) to 28% (1.7/6), p<0.0001, respectively). 

 

Conclusions: 

Among hemodialysis participants with intradialytic hypertension, targeting endothelial cell 

dysfunction with carvedilol was associated with modest improvements in endothelial cell 

function, improved intra and interdialytic BP, and reduced frequency of intradialytic 

hypertension. Randomized controlled trials are required to confirm these findings. 
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The Role of Dialysate Sodium Exposure in Intradialytic Hypertension 

 
 

Background: 

Intradialytic hypertension is associated with endothelial dysfunction, but the cause of vascular 

impairment is unknown. Exposure to high concentration sodium has been shown in vitro to 

promote endothelial stiffness and imbalances in markers of vascular function. We hypothesized 

that, among patients with intradialytic hypertension, exposure to dialysate sodium would lead to 

increases in endothelin-1, decreases in nitric oxide, and an intradialytic increase in systolic blood 

pressure.  

 

Design, settings, participants & measurements: 

We performed a 6-week crossover study of 10 hemodialysis patients with intradialytic 

hypertension. Changes in blood pressure, endothelin-1, and nitric oxide levels were measured 

during three different, midweek dialysis treatments consisting of: 1) regular hemodialysis with 

standard dialysate sodium (140 mEq/L); 2) ultrafiltration only without dialysate exposure; and 3) 

hemodialysis (Na 140 mEq/L) without ultrafiltration. These changes were analyzed using mixed 

model analyses.  

 

Results: 

Serum sodium levels rose with dialysate exposure during regular HD and HD without UF 

sessions (+1.6 and +3 mEq/L, respectively), and fell during UF only session (-0.9 mEq/L). 

Endothelin-1 level also rose with dialysate exposure during regular HD and HD without UF 

(+0.15 and +0.25pg/mL, respectively), but fell during UF only session (-0.02 pg/mL).  Plasma 

nitrite levels fell with all treatment types, most significantly with regular HD (-123.25 nM), then 

HD without UF (-52.77 nM), with lowest decrease seen during UF only session without dialysate 

exposure (-48.48 nM). Systolic BP rose during all treatments, most significantly with HD without 

UF (13.3%), followed by regular dialysis (6.9%), and UF only (5.7%).  

 

 

Conclusions: 

Among hemodialysis patients prone to intradialytic hypertension, there was an association 

between dialysate exposure and increases in endothelin-1, decreases in nitric oxide, and increases 

in systolic blood pressure during dialysis.  We propose that high dialysate to plasma sodium 

gradient may contribute to intradialytic hypertension.  
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LIST OF DEFINITIONS 

 

DIFFUSION – process during hemodialysis involving movement of solutes across a 

semipermeable membrane utilizing counter current flow to maintain maximal 

concentration gradient for efficient solute removal.  

 

END STAGE RENAL DISEASE (ESRD) – loss of renal function with GFR <15 

mL/min/1.73m
2
 (chronic kidney disease stage 5) requiring renal replacement therapy, 

either in the form of dialysis or renal transplantation 

 

FLOW MEDIATED DILATION (FMD) – non-invasive vascular test commonly used for 

assessing endothelial function. This technique involves inducing reactive hyperemia by 

temporary arterial occlusion (usually brachial artery) and measuring the increase in blood 

vessel diameter via ultrasound. It is an indirect measurement of endothelium’s ability to 

adapt to changes in shear stress by causing release of nitric oxide and subsequent 

vasodilation. 

 

HEMODIALYSIS (HD) – extracorporeal method of removing fluid and waste products 
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INTRADIALYTIC HYPERTENSION (IDH) – refers to increases in blood pressure 

during hemodialysis that is resistant to ultrafiltration.    
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CHAPTER ONE 

Introduction 

Hypertension and outcomes among hemodialysis patients 

The end-stage renal disease (ESRD) population is expected to grow to >700,000 prevalent 

patients by 2015.
1
 Their annual mortality remains high (~15- 20%)

2
 due to cardiovascular (CV) 

comorbidity, secondary in part to the high prevalence of hypertension (70-90%).
3
  Thus, effective 

management of hypertension has the potential to be of great benefit. 

 

Hypertension leads to increased cardiovascular morbidity and mortality in the general 

population.
4,5

 Among ESRD patients, however, the relationship between hypertension and clinical 

outcomes remains unclear.  Several epidemiologic studies demonstrate a paradoxical association 

between higher blood pressure (BP) and decreased mortality among ESRD patients.
6-10

 However, 

it is unlikely that the detrimental effect of high BP “reverses” with hemodialysis.  High BP has 

been shown to be associated with increased CV mortality among patients with advanced chronic 

kidney disease.
11-13

 Based on evidence in the general population, the National Kidney Foundation 

Clinical Guidelines recommend lowering ESRD patients predialysis BP to <140/90.
14-16

  

However, given the paucity of evidence to support BP control in ESRD patients, these guidelines 

have been criticized.
17

  In ESRD patients, there are no randomized controlled trials examining the 

effect of BP reduction on hard clinical endpoints. 

 

Hemodialysis BP measurements may be poor reflectors of interdialytic BP or central BP.
18-20

  

Predialysis measurements are affected by higher nutritional intake and interdialytic weight gain.
21

  

In a secondary analysis of 32,295 hemodialysis sessions in 442 patients followed for 6 months in 

the Crit-line Intradialytic Monitoring Benefit (CLIMB) study,
22

 every 1% increase in interdialytic 

weight gain was associated with a 1.0 mmHg increase in predialysis systolic BP (P<0.001) and a 

1.08 mmHg fall in systolic BP from pre to post dialysis (p<0.001).  Nevertheless, dialysis BP 

measurements can identify one particular high risk cohort of patients: those whose BP fails to 

lower with ultrafiltration and hemodialysis.
23

  Those whose BP rose or whose BP failed to lower 

from pre to post hemodialysis had more than a twofold increased risk of hospitalization or death 

at 6 months compared to subjects whose BP fell with hemodialysis.
23

  When the cohort was 

restricted to subjects with Kidney Dialysis Outcomes Quality Initiative (KDOQI) defined 

hypertension,
24

 the differences in clinical outcomes were even more striking (Table 1).  In fact, 

46% of the deaths that occurred in this study were in patients with KDOQI-defined hypertension 

and whose BP failed to lower with HD. 

 

Table 1. Adjusted Odds of 6-month Mortality and Non-access related Hospitalization 

among Hypertensive ESRD subjects (N=343/431) 

Variable Adjusted Odds Ratio 

(95% CI) 

P-Value 

SBP fell with HD (∆SBP<-10 mmHg) 

SBP unchanged with HD (∆SBP -10 to 10 mmHg) 

SBP rose with HD (∆SBP >10 mmHg) 

1.00 (ref) 

2.08 (1.19-3.61) 

2.61 (1.29-5.27) 

0.006 

∆SBP (per 10 mmHg increase) 1.20 (1.10-1.40) 0.001 

 

While dialysis-induced hypertension, or intradialytic hypertension (IDH), was associated with 

short-term detrimental outcomes, symptomatic dialysis-related hypotension is also associated 

with decreased survival.
25

  The evidence suggesting higher predialysis BP to be associated with 
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improved mortality is likely partly due to the fact that patients who present to dialysis with higher 

BP are less likely to develop hypotensive episodes during dialysis.  Blood pressure lowering 

among dialysis patients has been complicated by dialysis-related hypotension and remains an 

obstacle to aggressive treatment.  

 

One novel mechanistic marker has recently been found to be associated with clinical CV 

outcomes and may help identify a beneficial relationship with BP reduction: endothelial cell 

dysfunction (ECD). It is a precursor to vascular damage and a predictor of CV events.
26-30

  It has 

been implicated as the underlying mechanism for increased CV events among patients with 

diabetes, coronary artery disease, peripheral artery disease, and hypertension.
31-33

 Increasing 

evidence suggests that ECD may be an important determinant of vascular events in ESRD 

patients.
34-36

   In fact, ECD may be the common denominator behind proinflammatory, 

proatherosclerotic and prothrombotic processes upregulated in renal disease.
37

   

 

In the general population, there is a direct relationship between increasing systolic BP and 

impaired endothelial cell function.
32

  In ESRD patients, preliminary evidence demonstrates higher 

systolic BP is also associated with decreased endothelial cell function.
38,39

 Previously, the 

etiology of BP elevations with dialysis was thought to be volume overload 
40,41

; however, more 

findings suggest this phenomenon may be due to endothelial cell dysfunction.
42-44

   Chou et al 

found that subjects with hemodialysis induced rises in BP compared to control had elevated 

systemic vascular resistance through mechanisms independent of renin, catecholamines or heart 

rate variability.
43

  In two separate investigations, patients with hemodialysis induced BP 

elevations (compared to either controls or patients whose BP fell with HD) had an abnormal 

balance of nitric oxide (an endothelial derived relaxing factor) to endothelin-1 (an endothelial 

derived vasoconstrictive factor).
43,44

  This suggests that BP responses to mechanical or chemical 

stimuli during dialysis are modulated by dysfunctional endothelial cells.  However, it remains to 

be determined whether BP changes with HD are associated with decrements in endothelial cell 

function and whether lowering BP can improve markers of endothelial cell function. 

 

In the general population, stepwise reductions in endothelial cell function have been shown to be 

predictive of future CV events.
26,27,45

  In ESRD patients, reductions in endothelial cell function 

(measured by endothelial cells and by flow mediated dilation) have also been demonstrated to be 

associated with poorer CV outcomes.
36,46

  Therefore, addressing endothelial dysfunction presents 

a novel therapeutic target. In non-kidney diseased populations, improvements in ECD have been 

demonstrated with drug therapies including antihypertensive agents
47-56

 and BP reduction has 

been demonstrated to improve endothelial cell dysfunction and subsequent cardiovascular 

outcomes.
57

   

 

While preliminary evidence suggests systolic BP is associated with poorer endothelial cell 

function in dialysis patients
38,39

, no studies have tested the hypothesis that lowering BP can 

improve ECD in dialysis patients.  We propose that lowering SBP in high-risk hypertensive 

dialysis patients can improve ECD as a marker of improved long-term CV outcomes.  

Furthermore, postdialysis BP elevations may be more strongly associated with overall 

hemodynamic burden and thus this cohort of patients may be most likely to benefit from 

antihypertensive therapy and demonstrate a beneficial relationship between BP reduction and 

clinical outcomes.  Thus, we hypothesize that lowering BP in patients with BP elevations with 

HD will improve endothelial cell dysfunction. 

 

The cause of endothelial cell dysfunction in patients with intradialytic hypertensions remains 

unknown, but may involve changes in sodium levels during hemodialysis. High dialysate sodium 

(140 mEq/L) has been widely used despite significant variability in pre-diaysis plasma sodium 
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levels among dialysis patients (125-145 meq/L).
58

 Consequently, up to 50% of patients receive a 

sodium load initially during hemodialysis due to higher dialysate sodium levels compared to 

plasma sodium levels. A recent in vitro study has shown that increases in sodium in the presence 

of aldosterone acutely induced endothelial stiffness, as well as decreased nitric oxide release.
59

 

We hypothesize that dialysate exposure causes acute impairments in endothelial cell function and 

subsequent increases in BP.  

 

Summary 

In hemodialysis patients, questions remain regarding how to manage BP to improve clinical 

outcomes.  While recent epidemiologic studies have suggested lower BP is associated with 

increased mortality, this relationship contrasts pathophysiologic mechanisms known to be true in 

the general population and in chronic kidney disease patients.  Furthermore, we have identified a 

group of hypertensive ESRD patients in whom failure to lower BP was associated with an 

increased risk of hospitalization and mortality.   

 

We propose that in dialysis patients, as in the general population, endothelial cell dysfunction is 

in the causal pathway between elevated BP and cardiovascular outcomes.  We also hypothesize 

that lowering BP in dialysis patients, especially among those with intradialytic hypertension, can 

improve endothelial cell dysfunction as a mechanism for improving CV outcomes. In the 

following series of studies we examined the correlation between endothelial cell dysfunction and 

lowering blood pressure through pharmacologic intervention with Carvedilol. Also, we explored 

the potential role of dialysate sodium exposure on endothelial cell dysfunction among ESRD 

patients.  
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CHAPTER TWO 
 

INTRADIALYTIC HYPERTENSION AND ITS ASSOCIATION 

WITH ENDOTHELIAL CELL DYSFUNCTION 

 
BACKGROUND 

Intradialytic hypertension, defined as an increase in systolic BP during hemodialysis (HD), is a 

relatively common problem observed in about 15% of the maintenance HD population (1). 

Although it has been recognized for decades, recently our laboratory has identified intradialytic 

hypertension as an independent predictor of adverse clinical outcomes including non– access 

related hospitalization and mortality (2– 4). Despite its clinical significance, little is known about 

the pathophysiologic mechanisms underlying intradialytic hypertension. Moreover, a causal 

relationship between intradialytic hypertension and adverse clinical outcomes has yet to be 

established. 

 

Endothelial cell dysfunction, measured by endothelial progenitor cells or flow-mediated 

endothelial-dependent vasodilation, is highly predictive of adverse cardiovascular outcomes (5–

9). Two recent investigations have identified imbalances in endothelial-derived vascular 

regulators among patients with an intradialytic increase in BP (10,11). In these studies, an 

intradialytic increase in endothelin-1 and a concomitant decrease in nitric oxide levels were 

associated with elevated peripheral vascular resistance and increased BP during HD. These 

abnormal endothelial responses during HD suggest that patients with intradialytic hypertension 

have impaired endothelial cell function. Therefore, we hypothesized that intradialytic 

hypertension is associated in vivo with endothelial cell dysfunction. 

 

METHODS 

Patient Eligibility and Enrollment 

We prospectively enrolled 50 HD patients into a casecontrol cohort that sought to determine 

whether intradialytic hypertension is associated with markers of in vivo endothelial cell 

dysfunction. Potential subjects were screened from three HD facilities affiliated with University 

Texas Southwestern Medical Center (Dallas, TX). Eligible subjects were on HD >30 days; were 

aged 18 to 80 years; had the ability to provide informed consent; were deemed by their primary 

nephrologist to be at their target dry weight on the basis of recent challenge of dry weight and 

absence of clinical symptoms of volume overload; and had hypertension (defined as an average 

pre-HD systolic BP >140 mmHg or post-HD systolic BP >130 mmHg). Two distinct groups of 

patients were enrolled on the basis of their BP patterns during HD: (1) cases (intradialytic 

hypertension), defined as an increase in systolic BP pre- to post-HD ≥10 mmHg during at least 

four of six consecutive HD sessions and an absence of an intradialytic decline in systolic BP; and 

(2) controls, defined as a decrease in systolic BP pre- to post-HD ≥10 mmHg during at least four 

of six consecutive HD sessions and an absence of an intradialytic increase in systolic BP. 

 

Exclusion criteria included the presence of active neoplasm or active wounds; inability to 

measure BP by routine methods in the upper extremity; planned kidney transplant, anticipated 

move, or change in dialysis modality during study period; inability to safely administer 

nitroglycerin; life expectancy of <6 months; or pregnancy. To ensure balance between groups, 

enrollment of cases and controls was performed within strata of age (<40, 40 to 60, and >60 

years), diabetes mellitus status, and gender. 
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A total of 460 HD patients were screened between June 2009 and September 2010. Fifty-nine 

subjects consented and were enrolled in the study (Figure 1), three withdrew consent before 

undergoing study procedures, two withdrew from the study because of refusal to travel to the 

vascular laboratory, one patient had a cerebrovascular accident before undergoing laboratory 

procedures, and three subjects were determined to be ineligible because of systolic BP <100 

mmHg at the vascular laboratory (see below) and inability to safely administer nitroglycerin. 
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Study Procedures 

After providing informed consent, subjects underwent a history and physical with detailed review 

of past medical history, including dosing, timing, and recent changes in medications. BP readings 

obtained in the HD unit for up to 6 months preceding enrollment were collected to confirm the 

screening BP pattern. We also collected the current monthly laboratory results and concurrent 

dialysis prescription including the prescribed dialysate sodium concentration. The prescribed 

dialysate sodium minus the measured predialysis serum sodium (see blood sampling below) was 

used to calculate the dialysate-to-serum sodium gradient. At the time of enrollment and at each 

subsequent dialysis treatment, standardized BP readings (an average of three readings after 5 

minutes of rest on a bare nonaccess arm using Omron HEM-907) were obtained by trained 

personnel pre- and postdialysis. After a midweek HD session, predialysis blood was drawn (see 

below), and subjects underwent 44-hour ambulatory BP monitoring (Spacelabs 90207). After the 

next midweek HD session, subjects underwent vascular studies in our noninvasive vascular 

laboratory at University of Texas Southwestern (described below). 

 

Laboratory Procedures 

Blood Sampling and Storage  

Immediately after cannulation of the vascular access before initiation of HD, blood was drawn 

from the arterial port. Ten milliliters of blood was allowed to sit for 60 minutes and centrifuged, 

and serum was pipetted and shipped to a local laboratory for measurement of complete lipid panel 

by spectrophotometry, high-sensitivity C-reactive protein by nephelometry, albumin by 

spectrophotometry, and sodium by direct ion-selective electrode potentiometry. Whole blood (in 

EDTA) was sent for measurement of hemoglobin. A 10-ml sample of whole blood was shipped 

overnight in EDTA-containing vacutainers for analyses of endothelial progenitor cells (EPCs) 

(12). 

 

Measurement of Endothelial Progenitor Cells 

EPC number was assayed using flow cytometry on the basis of cell-surface expression of CD133, 

CD34, CD146, and CD14 as well as on the basis of aldehyde dehydrogenase (ALDH) activity, a 

property of stem cells, but lacking in more differentiated tissues, a method that is more precise 

than other EPC assays (12,13). Briefly, peripheral blood mononuclear cells (MNCs) were isolated 

using density gradient centrifugation and washed, and the relative level of EPCs in the MNC 

population was determined. ALDH
br

 cells were identified using Aldecount (14). EPCs were also 

identified on the basis of cell-surface expression of key markers after incubation with CD133-PE 

(Miltenyi Biotec), CD34-FITC (Becton Dickinson), and CD146-APC (R & D Biosystems) and 

CD14-PECy7 (Becton Dickinson). After incubation and washing, the cells were sorted (BD 

FACSCaliber machine) and analyzed using FlowJo software, and the percentage of EPCs in the 

MNC population was determined. Because EPCs were calculated as percentages of MNC, 

potential differences in plasma volume between groups would not affect the results. 

 

Carotid-Femoral Pulse Wave Velocity 

After an overnight fast and an absence of exercise, caffeine, or tobacco, subjects underwent 

noninvasive vascular testing. Arterial tonometry and simultaneous ECG was obtained from the 

brachial, radial, femoral, and carotid arteries using a pulse transducer device (Cardiovascular 

Engineering, Inc.). All of the data were digitized during the primary acquisition (ECG and 

tonometry pressures at 1000 Hz, audio at 12 kHz) and analyzed in a blinded fashion. Waveforms 

from the carotid artery were used to directly measure central aortic BP. Carotid-femoral pulse 

wave velocity was measured as distance/time using the foot-to-foot method (15). 

 

Brachial Artery Vasodilation 
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The measurement of endothelium-dependent and independent vasodilation was assessed in the 

brachial artery according to guidelines set forth by the Brachial Artery Reactivity Task Force 

(16). Brachial artery imaging was acquired in a quiet temperature-controlled room by a single 

ultrasonographer blinded to patient characteristics. Mean blood flow velocity and brachial artery 

diameter was measured using a 11-MHz pulsed Doppler ultrasound probe placed over the distal 

one-third of the upper arm at an insonation angle of 60° (Philips ie33, Bothell, WA). After a 1-

minute recording of baseline brachial artery diameter, a cuff was rapidly inflated below the 

brachial artery for 5 minutes, and recordings were made for 2 minutes after release of the cuff. 

All two-dimensional imaging and Doppler data were digitized and analyzed off-line in a blinded 

fashion, using an automatic wall-tracking system (Vascular Analysis Tools, Medical Imaging 

Analysis). Intrasubject variability of measurement of forearm blood flow is <10%. Flow-

mediated vasodilation (FMD) was expressed as a percentage of change in brachial artery diameter 

(from baseline) that occurred after release of occlusion and was normalized for peak shear stress, 

which was determined from peak blood flow velocity/brachial artery diameter (17,18). After 10 

minutes of rest, endothelium-independent vasodilation was tested by determining the maximal 

vasodilation after administration of 0.4 mg sublingual nitroglycerin. 

 

 

End Points 

The primary end point was endothelial progenitor cells measured by ALDH
br

 activity and cell 

surface expression of CD34
+
CD133

+
. The secondary end point was brachial artery FMD. 

 

Power Calculations 

On the basis of our previous published data (14), we determined we needed 25 patients/arm to 

have 83% power to demonstrate a 50% difference in our primary end point of ALDH
br

 cells 

between groups and 82.8% power to detect a 50% difference in CD34
+
CD133

+ 
cells between 

groups with a two-sided alpha of 0.05. We determined that 25 patients/arm would provide 80.2% 

power to demonstrate a 35% difference in FMD between groups with a two-sided alpha of 0.05. 

 

Statistical Analyses 

Descriptive statistics were performed to compare cases and controls. Between-group comparisons 

were performed using t tests or nonparametric Wilcoxon rank-sum test for continuous variables 

and chi-squared or Fisher exact test for categorical variables. Parametric and nonparametric t tests 

were used to compare markers of endothelial function (EPCs and FMD) between groups. Linear 

regression was used to determine whether systolic ambulatory BP was associated with either 

EPCs or FMD. To determine whether differences in ambulatory systolic BP confounded the 

between group differences in EPCs or FMD, SAS PROC MIXED was used to compare EPCs and 

FMD between groups while adjusting for differences in ambulatory BP. EPCs were log 

transformed in analyses adjusted for ambulatory BP. All of the analyses were performed with 

SAS 9.2 (SAS Institute, Cary, NC). This study was approved by the institutional review board at 

University of Texas Southwestern Medical Center and registered on clinicaltrials.gov 

(NCT00827775). All of the procedures were in accordance with the Declaration of Helsinki. 

 

Results 

Baseline Characteristics 

Overall, study subjects had an average age of 54 years, 80% were male, approximately 38% were 

African American, and approximately 62% were Hispanic (Table 1). Dialysis duration, dialysis 

access, cause of end-stage renal disease, target dry weight, and intradialytic weight loss were 

similar between groups. Most of the patients had diabetes mellitus (approximately 86%), and 

more than a third had cardiovascular disease. Compared with controls, the 2-week average 

predialysis systolic BP was lower among subjects with intradialytic hypertension (144.0 versus 
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155.5 mmHg), but postdialysis systolic BP was significantly higher (159.0 versus 128.1 mmHg). 

The average intradialytic change in systolic BP during HD was +15.0 (±9.1) among those with 

intradialytic hypertension compared with -27.4 (±12.8) among controls. The 6-month average 

pre- and postdialysis BP as well as standardized BP readings obtained during the study were 

similar to the 2-week baseline BP values (data not shown). Overall, antihypertensive medication 

utilization was higher, and there was higher use of angiotensin-converting enzyme inhibitors 

among subjects with intradialytic hypertension compared with controls (64% versus 32%). 

Timing of dosing of antihypertensive medications was similar between groups, as was utilization 

of non-antihypertensive medications. 
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Laboratory Studies and Dialysis Dose 

Baseline laboratory values including serum albumin, high-sensitivity C-reactive protein, and 

hemoglobin were similar between groups (Table 2). Despite similar use of cholesterol-lowering 

agents, total cholesterol was significantly lower among subjects with intradialytic hypertension 

compared with controls (133.8 versus 153.8 mg/dl). 

The dialysis dose was similar between groups. There was a nonsignificant trend toward lower 

predialysis serum sodium among subjects with intradialytic hypertension versus controls (135.8 
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versus 137.3 mEq/L) and a slightly higher gradient between the prescribed dialysate sodium 

concentration relative to individual serum sodium (difference of 4.4 mEq/L versus 3.0 mEq/L). 

 

 
 

Endothelial Cell Function 

 

Endothelial Progenitor Cells 

Peripheral blood EPCs were decreased among subjects with intradialytic HTN (Table 3 and 

Figure 2). Both ALDH
br

 and CD34
+
CD133

+
 cells were lower among subjects with intradialytic 

hypertension (ALDH
br

 0.034% versus 0.052% among controls, P = 0.03; CD34
+
CD133

+
 0.033% 

versus 0.059% among controls, P = 0.03). In addition, all the exploratory cell-surface markers for 

EPCs were lower among subjects with intradialytic hypertension, including CD146
+ 

and 

CD133
+
CD146

+
 cells (CD146

+
 0.413% versus 0.696% among controls, P = 0.01; 

CD133
+
CD146

+ 
 0.00398% versus 0.0076% among controls, P = 0.02). Systolic ambulatory BP 

was not associated with either ALDH
br

 or CD34
+
CD133

+
 cells. Furthermore, in models adjusted 

for differences in systolic ambulatory BP, subjects with intradialytic hypertension continued to 

have significantly lower numbers of ALDH
br

 and CD34
+
CD133

+
 cells (data not shown). 
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Brachial Artery Vasodilation 

Subjects with intradialytic hypertension had significantly lower (endothelial-dependent) FMD 

compared with controls (1.03%  ± 0.70% versus 1.67% ± 1.24%, P = 0.02) (Table 4). 

Nitroglycerin-mediated (endothelial-independent) vasodilation was similar between subjects with 

and without intradialytic hypertension (6.65%  ± 4.59% versus 7.28% ±  5.79%, P = 0.7). 

Systolic ambulatory BP was not associated with endothelial-dependent vasodilation. In models 

adjusted for differences in systolic ambulatory BP, the relationship between group and 

endothelial-dependent vasodilation was unchanged (data not shown). 
 

Carotid-Femoral Pulse Wave Velocity, Central Aortic Blood Pressure, and Ambulatory 

Blood Pressure 
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Carotid-femoral pulse wave velocity was similar between groups, suggesting arterial stiffness to 

be comparable among subjects with and without intradialytic hypertension (11.8 versus 12.0 m/s) 

(Table 4). Central aortic BP was similar between groups. However, 44-hour ambulatory systolic 

BP was significantly higher among subjects with intradialytic hypertension (155.4 versus 142.4 

mmHg, p =  0.005), and there was a trend toward higher 44-hour diastolic BP. 
 

 
 

 

DISCUSSION 

The principal new finding in this study is that maintenance HD patients with intradialytic 

hypertension have abnormal in vivo endothelial cell function. We observed a 50% difference in 

the number of endothelial progenitor cells in those with intradialytic hypertension as compared 

with control subjects. In addition, there was impaired endothelial- dependent vasodilation among 

those with intradialytic hypertension as compared with controls. Although prior studies identified 

higher plasma endothelin-1 and lower plasma nitrite/nitrate during HD among patients with 

intradialytic hypertension (10), this is the first study to measure an impaired capacity for 

endothelial repair (i.e., lower number of EPCs) and impaired endothelial response to shear stress 

in vivo among patients with intradialytic HTN. 

 

Although no prior study has investigated whether patients with intradialytic hypertension have 

impaired endothelial cell function in vivo, prior investigators have identified that these patients 

have increases in post-dialysis endothelin-1, an endothelial-derived vasoconstrictor (10,11). In a 

study by Chou et al. (10) comparing 30 patients with intradialytic increases in BP to 30 controls, 

hypertensive- prone patients exhibited an increase in systemic vascular resistance and a 

significant decrease in nitric oxide relative to endothelin-1 at the end of dialysis. In a smaller 

study by Raj et al. (11) in nine patients with intradialytic increases in mean arterial BP, 

endothelin-1 significantly increased during HD. Thus, these studies suggest that intradialytic 

hypertension may be mediated by an imbalance in important endothelial-derived vasoregulators. 

 

In our study, we identified significantly lower numbers of peripheral blood EPCs measured by 

ALDH
br

 cells and cell surface markers CD34⁺CD133⁺ among subjects with intradialytic 

hypertension. These markers are more reliable and accurate detectors of EPCs than other EPC 

culturebased assays (13). Interestingly, we also identified trends toward lower numbers of other 

exploratory markers of EPCs including cell surface expression of CD34⁺, CD133⁺, CD146⁺, 

CD146⁺CD34⁺, CD133⁺CD146⁺, CD14⁺CD34⁺, and CD14⁺CD146⁺ among subjects with 

intradialytic hypertension. Peripheral blood EPCs are derived from the bone marrow to support 
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the integrity of the vascular endothelium. Ongoing endothelial injury can lead to a decreased 

supply of a finite number of reparative progenitor cells (6). Thus, a lower number of ALDH
br

 

cells (which exhibit a high capability for endothelial differentiation) is reflective of a reduced 

capacity for endothelial repair. Prior studies have identified impaired numbers of EPCs to be 

more predictive of cardiovascular risk than traditional Framingham risk factors (6). Furthermore, 

lower number and function of EPCs have been shown to be strong predictors of future 

cardiovascular events (6,5). Our findings of decreased EPCs among subjects with intradialytic 

hypertension suggest ongoing endothelial injury with impaired regenerative capacity and may 

explain the higher adverse events previously identified in this population. 

 

Our study also identified decreased brachial artery flow-mediated (endothelium-dependent) 

vasodilation among subjects with intradialytic hypertension. Flow-mediated vasodilation is an 

indirect measurement of the endothelium’s ability to sense changes in shear stress and release 

nitric oxide to cause vasodilation. When the normal physiologic flow-mediated vasodilatory 

response is diminished, this impaired response reflects endothelial cell dysfunction. Although 

prior studies have measured plasma total nitrite and nitrate as indirect circulating markers of 

endothelial cell function, our study is the first to identify in vivo impaired endothelial response to 

shear stress (i.e., inadequate nitric oxide release) among patients with intradialytic hypertension. 

 

It is unknown why patients with intradialytic hypertension have impaired endothelial cell 

function. One possible explanation is that these patients have inadequate sodium removal during 

HD, resulting in extracellular volume expansion and total body sodium excess (19). In vitro, 

increasing evidence suggests that sodium can be stored osmotically inactive in the interstitium 

and lead to saltsensitive hypertension (20,21). In this study and in our previous studies (2,4), we 

have identified slightly lower ultrafiltration volumes among patients with intradialytic 

hypertension; thus, sodium balance may not be adequately restored by convection alone in these 

patients. Furthermore, previous studies in hypertensive individuals have identified higher sodium 

intake to be associated with impairments in endothelial cell function (22). We also identified a 

trend toward higher dialysate-to-serum sodium gradients among patients with intradialytic 

hypertension, which may result in increases in serum sodium during HD. In vitro, cultured human 

endothelial cells exposed to increased media sodium concentrations acutely stiffen and decrease 

release of nitric oxide (23). Thus, inadequate sodium removal during HD, acute intradialytic 

increases in serum sodium concentration, or excess salt intake may partially explain endothelial 

cell dysfunction among patients with intradialytic hypertension. However, further studies are 

required to explain the potential mechanisms underlying endothelial cell dysfunction in this 

population. 

 

In this study, we found that subjects with intradialytic hypertension exhibit a higher BP burden 

compared with subjects without intradialytic hypertension. Central aortic systolic BP measured at 

the carotid artery was about 10 mmHg higher among subjects with intradialytic hypertension. In 

addition, ambulatory systolic BP, measured during a 44-hour midweek interdialytic period, was 

significantly elevated after HD among patients with intradialytic hypertension. Considering that 

higher ambulatory BP has been identified to be associated with adverse outcomes (24), increased 

interdialytic BP burden may partially explain the findings of impaired endothelial cell function 

among subjects with intradialytic hypertension. However, adjustments for differences in 

ambulatory BP did not modify the association between intradialytic hypertension and impaired 

markers of endothelial cell function. 

 

Our study is unique in that we collected detailed information on dialysis prescription, dosing, and 

timing of medications, and comorbid conditions to evaluate whether differences in these factors 

may be associated with different BP responses during HD. Prior studies have suggested activation 
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of the renin-angiotensin-aldosterone system (RAAS) as a potential mechanism for acute increases 

in BP during HD (25,26). However, renin and aldosterone levels do not increase during HD 

among patients with intradialytic hypertension (10). In our study, more patients with intradialytic 

hypertension were prescribed RAAS inhibitors, suggesting that RAAS inhibition may not be fully 

effective at controlling intradialytic increases in BP. Furthermore, RAAS inhibitors have been 

shown in vitro and in vivo to improve proliferation of endothelial progenitor cells, which 

potentially could bias toward finding improved endothelial cell function among patients with 

intradialytic hypertension given their higher use of angiotensin- converting enzyme inhibitors in 

this cohort (27–29). Other investigators suggested arterial stiffness to be contributing to the 

occurrence of intradialytic hypertension (30); however, our study found no difference in arterial 

stiffness measured by carotid-femoral pulse wave velocity. These differences are likely because 

of our study design, which prospectively enrolled and matched patients on select risk factors 

including age and diabetes that might bias against the null hypothesis. 

 

Although we identified novel associations between intradialytic hypertension and impaired 

endothelial cell function, this study is not without limitations. As a case-control study, no direct 

cause-effect relationship can be identified. Whereas endothelial cell dysfunction was present 

among subjects with intradialytic hypertension, it remains unknown whether this is the cause of 

intradialytic hypertension, is the consequence of higher BP burden in these subjects, or was 

caused by other unmeasured risk factors. However, our findings were not altered when adjusted 

for overall BP burden, suggesting that higher BP burden does not explain our findings. In 

addition, considering that subjects with and without intradialytic hypertension in our study had 

similar comorbid cardiovascular burden and similar risk factors, it is less likely that unmeasured 

risk factors contributed to differences in endothelial cell function. 
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CHAPTER THREE 

 

PROBING THE MECHANISMS OF INTRADIALYTIC 

HYPERTENSION: A PILOT STUDY TARGETING ENDOTHELIAL 

CELL DYSFUNCTION 
 

 

BACKGROUND 

Intradialytic hypertension is a common complication of hemodialysis that is under recognized and 

its significance is under appreciated.(1) Our work has identified intradialytic hypertension to be 

independently associated with an increased risk of hospitalization and all-cause mortality.(2-4) 

Our laboratory and others have identified intradialytic hypertension to be associated with severe 

impairments in endothelial cell (EC) function.(5-7) However, it remains unknown if 

pharmacologic interventions targeting EC dysfunction can improve intradialytic hypertension. 

 

Prior uncontrolled investigations have suggested aggressive volume reduction may improve 

intradialytic increases in blood pressure (BP)(8), but this approach is not effective in all 

individuals.(1) Others have suggested renin-angiotensin-aldosterone system (RAAS) inhibition 

may improve intradialytic hypertension(9), but studies with conflicting results fail to consistently 

support this.(6) Recent investigations have identified imbalances in EC-derived mediators of 

vascular function including intradialytic increases in plasma endothelin-1 relative to nitric oxide 

among those with intradialytic hypertension.(6, 7) We have identified in vivo impairments in EC 

function among participants with intradialytic hypertension as compared to controls as measured 

by lower endothelial progenitor cells (EPCs) and impaired flow-mediated vasodilation (FMD).(5) 

Considering EC dysfunction appears to be one of the primary mechanisms responsible for 

intradialytic hypertension and is independently predictive of adverse cardiovascular outcomes 

(10-13), we propose targeting EC dysfunction may represent a novel therapeutic target. 

 

Carvedilol has been shown in vitro to block endothelin-1 release and in patients with diabetes and 

hypertension has been shown to improve EC function as measured by improved flow-mediated 

vasodilation.(14, 15) Thus, among a cohort of prevalent hemodialysis patients with intradialytic 

hypertension, we performed a pilot study testing the hypothesis that carvedilol would be 

associated with improved EC function as measured by improved FMD and increased EPCs. We 

further hypothesized that carvedilol would reduce the occurrence of intradialytic hypertension. 

 

METHODS 

Patient Eligibility and Enrollment 

We prospectively enrolled hemodialysis patients with intradialytic hypertension into an open-

label intervention study that sought to determine if Carvedilol could improve EC function and 

intradialytic hypertension (Figure 1). Each patient served as his own control. Potential 

participants were screened using consecutive sampling from 3 hemodialysis facilities affiliated 

with University of Texas Southwestern Medical Center in Dallas, Texas. 

 

Ninety-six patients were screened for inclusion, 39 were ineligible, 27 refused participation, 30 

enrolled and 25 completed the study. Inclusion criteria included: being on hemodialysis >30 days; 

age 18-80 years; ability to provide consent; patient deemed at their target dry weight; 
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hypertension (predialysis SBP>140 mmHg or post-dialysis SBP>130 mmHg); and the presence 

of intradialytic hypertension (defined as an increase in systolic BP pre to postdialysis >10 mmHg) 

occurring >4/6 consecutive hemodialysis sessions.(2) Exclusion criteria included active neoplasm 

or wounds; BP unable to be measured by routine methods; planned kidney transplant or planned 

move; intolerance or contraindication to beta or alpha-blockers; active therapy with 

Carvedilol; inability to safely administer nitroglycerin; life expectancy <6 months; or pregnancy. 

 

Fig. 1 Study flow chart of participants with intradialytic hypertension in the mechanisms and 

treatment of intradialytic hypertension (MATCH) study 
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Patients screened (n=96) 
-Ineligible 

(n=39) 

-Refused 
(n=27) Patients Enrolled 

(n=30) 

Baseline Testing 

History and Physical 

Blood sample 

Predialysis EPCs 

Pre and postdialysis standardized BP 

44-hour ambulatory BP 

(n=29) 

Noninvasive Vascular Testing 

Pulse wave velocity 

Central aortic BP 

Brachial artery flow mediated vasodilation 

(n=26) 

Initiate Carvedilol 
6.25 mg bid 

(n=25) 

Weekly carvedilol 
titration 

Participant reaches target 
SBP:  delta SBP <0 mmHg or 
postdialysis SBP <130 mmHg 

(n=15) 

In 8 weeks, repeat 44-hour ABP, 
laboratory studies, and noninvasive 

vascular testing (n=25) 

Participant fails to reach 
target SBP: Treatment failure 

(n=10) 

-1 participant 
removed for systolic 
BP <100 mmHg at 

vascular lab 

-2 participants 
withdrew 

-1participant removed 
for systolic ABP >190 

mmHg and acute 
cerebrovascular 

accident 

-1 participant 
withdrew 
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Study Procedures 

After informed consent, participants underwent a history and physical with detailed review of 

their medical history and medications. To confirm the screening BP pattern was consistent, up to 

6-months of hemodialysis unit BP readings were reviewed. At baseline and monthly, we recorded 

dialysis unit laboratory results and concurrent dialysis prescription. At baseline and at least 

weekly, standardized BP readings (an average of 3 readings following 5 minutes of rest using 

Omron HEM-907) were obtained by trained personnel pre and post-dialysis. Following a mid-

week hemodialysis session, pre and post-dialysis blood was drawn (see below) and participants 

underwent 44-hour ambulatory BP monitoring via Spacelabs 90207. The morning after the next 

mid-week hemodialysis session, participants were seen in our vascular laboratory for noninvasive 

vascular testing (see below). 

 

Blood sampling 

Blood was drawn from the arterial port immediately after cannulation of the vascular access. 

Blood was processed and sent locally for measurement of complete lipid panel, high-sensitivity 

C-reactive protein, albumin, hemoglobin, and sodium. A 10 ml sample of whole blood was 

shipped overnight in EDTA-containing vacutainers for EPC analyses.(16) Plasma (taken before 

and after dialysis) was frozen in -80c for measurement of endothelin-1 and asymmetric 

dimethylarginine (ADMA). At study conclusion, ET-1 was quantitatively measured by 

commercially available enzyme-linked immunoassay (R&D systems, Minneapolis, US) 

(detection limit 0.02 pg/ml, intra and interassay CV 2.6% and 4.6%, respectively). ADMA was 

measured by commercially available enzyme-linked immunoassay (Immundiagnostik AG, 

Germany) (detection limit 0.05 μmol/L, intra and interassay CV 2.7% and 3.3%, respectively). 

ET-1 and ADMA were run in duplicate. Measurement of endothelial progenitor cells 

EPC number was assayed using flow cytometry based on cell surface expression of 

CD34
+
CD133

+
 and based on aldehyde dehydrogenase bright (ALDH

br
) activity.(16, 17) Briefly, 

peripheral blood mononuclear cells (MNCs) were isolated using density gradient centrifugation, 

washed, and relative level of EPCs in the MNC population determined. ALDH
br

 cells were 

identified using Aldecount™ as previously described.(18) EPCs were also identified based on 

cell surface expression after incubation with CD133-PE (Miltenyi Biotec) and CD34-FITC 

(Becton Dickinson). After incubation and washing, cells were sorted by a BD FACS Caliber 

machine, analyzed using FlowJo software, and the percentage of EPCs in the MNC population 

was determined. 

 

Vascular lab testing: 

Brachial artery vasodilation 

Testing of brachial artery FMD and nitroglycerin-mediated vasodilation were per standard 

guidelines and per our previously published protocol.(19, 20) Briefly, brachial artery diameter 

was measured at baseline and following 5 minutes of brachial artery occlusion. FMD was 

expressed as a percent change in brachial artery diameter (from baseline) and was normalized for 

peak shear stress.(21, 22) Following 10 minutes of rest, endothelium-independent vasodilation 

was determined by the maximal vasodilation following sublingual administration of nitroglycerin 

(0.4 mg). 

 

Carotid-femoral pulse wave velocity 

Arterial tonometry and simultaneous ECG was obtained from the brachial, radial, femoral and 

carotid arteries using a pulse transducer device (Cardiovascular Engineering, Inc, MA). All data 

was digitized during the primary acquisition and analyzed in a blinded fashion. Waveforms from 

the carotid artery were used to measure central aortic BP. Pulse wave velocity (PWV) was 

measured as distance/time using the foot-to-foot method.(23) 
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Study follow-up 

After baseline testing, all participants were instructed to stop beta-blocker and alpha-blocker 

antihypertensive medications and were initiated on 6.25 mg twice daily of carvedilol without a 

washout period. Participants were seen 3x/week and carvedilol was titrated weekly over 4 weeks 

to a maximum dose of 50 mg twice daily until cessation of intradialytic hypertension 

(deltaSBP<0 during >2 consecutive HD sessions) or postdialysis SBP <130 mmHg >2 

consecutive HD sessions (Figure 1). Throughout the study, standardized BP measurements taken 

before and after dialysis were used to target antihypertensive treatment. Frequency of intradialytic 

hypotension (SBP <90 during dialysis), symptomatic hypotension (intradialysis SBP <90 mmHg 

plus symptoms), and intradialytic bradycardia (heart rate of <50 during hemodialysis) was 

collected throughout the study. If a patient exhibited hypotension or bradycardia in the 

interdialytic period, the study drug was cut in half for 1 week and if no further complications, 

carvedilol was titrated the following week to the maximally tolerated dose. Any adverse events 

were recorded and reported to the primary investigator and IRB. Participants who were 

hospitalized during the study were allowed to complete the study unless comorbid conditions 

warranted otherwise. Participants’ dialysis prescription remained unchanged throughout the study 

period. At the end of the 4-week titration period, participants were maintained on the highest 

tolerated dose of carvedilol and underwent repeat testing after 8-weeks on the maintenance dose. 

 

Endpoints 

The primary endpoints were changes in EC function measured in vivo by changes in FMD and by 

EPCs. Secondary endpoints included changes in plasma ET-1, ADMA, ambulatory BP, PWV, 

and in the frequency of intradialytic hypertension. 

 

Power calculations 

Based on our previous published data (18), we determined we needed 25 participants to provide 

86% power to demonstrate a 22% increase in FMD, 85% power to detect a 40% increase in 

ALDH
br

 cells, and 90% power to detect a 60% increase in CD34
+
CD133

+
 cells from pre to post 

therapy with a correlation of 0.6 and a 2-sided alpha of 0.05. 

 

Statistical analyses 

Changes in EC function (FMD and EPCs) from baseline to study-end were determined by paired 

t-tests or Wilcoxon matched-pairs signed rank. Paired tests were also used to determine changes 

in BP, laboratory variables, PWV, and frequency of intradialytic hypertension. All analyses were 

performed with SAS 9.2 (SAS Institute, Cary, NC). Exploratory analyses were performed 

comparing changes in markers of EC function, arterial stiffness and BP between participants with 

resolution of intradialytic hypertension (deltaSBP <0 mmHg based on 2-week BP average at 

study-end) and those with persistent intradialytic increases in BP (deltaSBP>0 mmHg). This 

study was IRB approved at UT Southwestern and registered on clinicaltrials.gov 

(NCT00827775). All procedures were in accordance with the Declaration of Helsinki. 

 

 

 

RESULTS 

Baseline Characteristics 

Study participants had an average age of 53.9 years, 80% were male, 36% were black, and 64% 

were Hispanic (Table 1). Comorbid conditions were prevalent and 88% of participants had 

diabetes and 32% had cardiovascular disease. Antihypertensive utilization was high among 

participants and 64% were on either an angiotensin-converting enzyme inhibitor or angiotensin 
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receptor blocker or both and 68% were on a betablocker prior to enrollment. 

 

Table 1.  Baseline characteristics of 25 participants with intradialytic hypertension enrolled into 

the Mechanisms and Treatment of Intradialytic Hypertension (MATCH) study* 

 Intradialytic HTN (n=25) 

Age, years, n (%) 53.9 (±11.1) 

Male gender, n (%) 20 (80) 

Black Race vs other, n (%) 9 (36) 

Hispanic Ethnicity, n (%) 16 (64) 

Current Tobacco use, n (%) 5 (20) 

Dialysis Duration < 1 year, n (%) 9 (36) 

Comorbid conditions, n (%) 

  Diabetes mellitus 

  Cardiovascular disease** 

  Congestive heart disease 

  Hypertension 

  Autoimmune disorder 

  Atrial flutter or fibrillation 

 

22 (88) 

8 (32) 

4 (16) 

25 (100) 

2 (8) 

0 (0%) 

Antihypertensive medications, n (%) 

  Either ACE-I or ARB or both 

  Beta-blocker (including labetolol) 

  Calcium channel blocker 

  Clonidine 

  Hydralazine 

  Nitroglycerin or isosorbide 

 

16 (64) 

17 (68) 

15 (60) 

8 (32) 

6 (24) 

0 (0%) 

Other medications, n (%) 

  Aspirin 

  Cinacalcet HCL 

  Erythropoiesis-stimulating agents 

  Intravenous Iron 

  Vitamin D analogues 

  Calcium containing phosphorus binder 

  Non-calcium containing phosphorus binder 

  Cholesterol lowering agents 

  Clopidogrel 

  Phosphodiesterase type 5 inhibitors 

 

10 (40) 

6 (24) 

22 (88) 

22 (88) 

21 (84) 

14 (56) 

11 (44) 

12 (48) 

2 (8) 

2 (8) 

*Compared to patients who refused participation (n=27), participants were slightly younger (53.9 

vs 56.6 years) and more likely to be male (80% vs. 44%). 

**either coronary artery disease, cerebrovascular disease or peripheral vascular disease 

ACE-I angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker 

Reported as means and standard deviations or counts and percentages. 

 

Changes in Endothelial Cell Function, Endothelin-1, and Arterial Stiffness 

At baseline, participants had impaired (endothelial-dependent) flow-mediated vasodilation which 

significantly improved following 8-weeks of maximally tolerated carvedilol (from 1.03%±0.70 to 

1.40%±0.84, p=0.02) (Figure 2, Table 2). As expected, nitroglycerin-mediated (endothelial-

independent) vasodilation was unchanged with carvedilol therapy. Peripheral blood markers of 

potential EPCs including ALDH
br

 and CD34
+
CD133

+
 cells were low at baseline and did not 

change significantly during the study (Table 2). There was no significant change in either pre or 

postHD plasma ET-1 levels with carvedilol. However, the intradialytic rise in plasma ET-1 while 
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significant at baseline (4.97±2.01 to 5.98±2.94 pre to postHD, p=0.05), was abolished with 

carvedilol (5.57±2.25 to 5.64±2.91, p=0.8). But, the change in the change in intradialytic 

ET-1, while improved, did not reach statistical significance (p=0.1). There was no significant 

change in either plasma ADMA level or PWV with carvedilol. 

 

Figure 2. Changes in individual brachial artery flow-mediated vasodilation from baseline to 

study end. Mean flow-mediated vasodilation at baseline was 1.03 which improved to 1.40 by 

study-end (p=0.02). 

 
 

Table 2. Changes in endothelial-dependent flow-mediated vasodilation, endothelial-independent 

brachial artery vasodilation, endothelial progenitor cells and pulse wave velocity among 25 

participants with intradialytic hypertension before and after 8-weeks on maximally tolerated dose 

of carvedilol* 
 Baseline (n=25) Study-end (n=25) Change from 

Baseline to Study-

end 

P-

value 

Flow-mediated 

(endothelial-dependent) 

vasodilation (FMD),
a 
% 

1.03 (±0.70) 

 

1.40 (±0.84) 0.47 (±0.93) 0.02 

Nitroglycerin-mediated 

(endothelial-independent) 

vasodilation, % 

6.65 (±4.59) 

 

7.30 (±6.80) 0.71 (±5.0) 0.5 

Endothelial progenitor cell 

markers 

ALDH
br 

(%mononuclear 

 

0.034 (0.017, 0.080) 

0.033 (0.016, 0.051) 

 

0.027 (0.013, 0.048) 

0.029 (0.019, 0.049) 

 

-0.004 (-0.03, 0.014 

-0.001 (-0.028, 0.012 

 

0.4 

0.9 
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cells) 
   

CD34
+
CD133

+
 

(%mononuclear cells) 

Pulse wave velocity (m/s)  11.8 (±3.1) 11.6 (±3.2) -0.45 (±2.04) 0.3 

Endothelin-1 (pg/ml)
 
 

 preHD 

 postHD 

 DeltaHD (post-preHD) 

 

4.97 (±2.01) 

5.98 (±2.94) 

1.01 (±2.32)
a
 

 

5.57 (±2.25) 

5.64 (±2.91) 

0.07 (±2.02)
b
 

 

0.20 (±1.81) 

-0.80 (±2.78) 

-1.00 (3.74) 

 

0.6 

0.2 

0.1 

Asymmetric 

dimethylarginine (µmol/L) 
0.68 (±0.18) 0.65 (±0.17) -0.04 (±0.14) 0.2 

*Values are means and standard deviations or medians and 25-75
th
 interquartile ranges, 

vasodilation units are percent dilation and endothelial progenitor cells are percent of mononuclear 

cells.  P-values determined from paired t-tests or nonparametric signed rank.  FMD was 

normalized for peak shear rate and calculated as (FMD/peak shear rate)*100 (21).  Two PWV 

measurements were unable to be performed for technical reasons, 2 patients had inadequate 

samples for ET-1, and 4 patients had inadequate samples for ADMA. 

 

ALDH
br

, aldehyde dehydrogenase activity; preHD, prehemodialysis; postHD, posthemodialysis  
a 
p=0.03 for change in ET-1 from pre to postHD at baseline  

b
 p=0.9 for change in ET-1 from pre to postHD at study-end 

 

Changes in Blood Pressure 

At baseline, 77% (4.6 of 6) of hemodialysis sessions were complicated by intradialytic 

hypertension that improved to 28% (1.7 of 6) at study-end (p<0.0001.) Screening dialysis unit BP 

and subsequent weekly average standardized BP measurements are shown in Figure 3a. 

Individual 2-week average intradialytic changes in systolic BP from baseline and study-end are 

shown in Figure 3b (Table 3). As illustrated, 15 participants had resolution of intradialytic 

hypertension and 10 participants continued to exhibit an increase in SBP from pre to postdialysis. 

Overall, while predialysis SBP was unchanged, postdialysis SBP significantly decreased. 

Diastolic BP was not significantly changed during the study. The 2-week average delta SBP 

(postpreHD) at baseline was +15±9.1 mmHg and declined to -3.8±16.1 mmHg at study-end 

(p<0.0001). Systolic and diastolic 44-hr ambulatory BP was also improved with carvedilol. 

 

Figure 3a. Two-week screening HD unit systolic blood pressure and subsequent weekly-

average standardized pre and postdialysis systolic blood pressure during the course of the 

study.  
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Figure 3b. Change in individual 2-week average pre and postdialysis systolic blood pressure 

from baseline to study-end. Mean prediaylsis systolic BP was unchanged from baseline (144 

to 146.1 mmHg, p=0.5), while mean postdialysis systolic BP was significantly reduced (from 

159 to 142.4 mmHg, p<0.0001).  

 
 

Table 3.  BP measurements before and after 8-weeks of maximally tolerated carvedilol among 25 

participants with intradialytic hypertension* 

 Baseline 

(n=25) 

Study-end 

(n=25) 

Mean Change 

from Baseline 

to Study-end 

P-value 
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2-week frequency of 

intradialytic hypertension, % 

77% (4.6 of 6 

sessions) 

28% (1.7 of 6 

sessions) 

49% (2.9 of 6 

sessions) 

<0.0001 

2-week Average Blood 

Pressure (mmHg)
a
 

  Predialysis systolic  

  Postdialysis systolic 

  Predialysis diastolic 

  Postdialysis diastolic 

  Delta systolic (post-

predialysis) 

 

 

144.0 (±9.7) 

159.0 (±9.3) 

77.5 (±9.2) 

80.9 (±7.6) 

+15.0 (±9.1) 

 

 

146.1 (±14.4) 

142.4 (±12.7) 

75.9 (±8.9) 

72.5 (±23.9) 

-3.8 (±16.1) 

 

 

2.2 (±16.9) 

-16.7 (±16.7) 

-1.6 (±9.6) 

-8.4 (±22.8) 

-18.8 (±16.5) 

 

 

0.5 

<0.0001 

0.4 

0.08 

<0.0001 

Ambulatory Blood Pressure 

(mmHg) 

  Systolic (44-hour) 

      Daytime systolic 

      Nightime systolic 

  Diastolic (44-hour) 

      Daytime diastolic 

      Nightime diastolic 

 

 

155.4 (±14.2) 

155.7 (±14.9) 

155.6 (±16.4) 

82.4 (±10.8) 

83.2 (±11.8) 

80.9 (±10.6) 

 

 

147.7 (±16.2) 

146.9 (±15.9) 

149.8 (±19.7) 

77.7 (±9.7) 

77.6 (±9.7) 

77.0 (±11.1) 

 

 

-7.5 (±16.8) 

-8.2 (±18.5) 

-4.1 (±18.2) 

-4.2 (±7.7) 

-4.7 (±8.8) 

-2.8 (±7.3) 

 

 

0.04 

0.04 

0.3 

0.01 

0.02 

0.09 

Central Aortic Blood 

Pressure (mmHg) 

  Systolic 

  Diastolic 

 

 

153.7 (±30.8) 

76.1 (±11.5) 

 

 

147.3 (±34.8) 

75.6 (±12.4) 

 

 

-6.4 (±25.7) 

-0.5 (±10.2) 

 

 

0.2 

0.8 

*Values are means and standard deviations or counts and percents.  P-values determined from 

paired t-tests 
a 
Values are 2-week averages of BP from the 6 hemodialysis sessions before intervention and the 

6 hemodialysis sessions at study-end 

 

Trends in Differences in EC Function, Arterial Stiffness and BP among Participants with and 

without Resolution of Intradialytic Hypertension 

Among the 15 participants with resolution of intradialytic hypertension, there was a significant 

increase in FMD from baseline to study-end and either no change in EPCs or modest increases 

(Table 4). While ET-1 levels overall were not significantly different, those with resolution of 

intradialytic HTN exhibited an overall decline in ET-1 from pre to post-HD at study-end. Further, 

plasma ADMA levels declined among those with resolution of intradialytic hypertension. Among 

those with persistent increases in systolic BP during HD, FMD non-significantly increased and 

both EPC markers declined during the study. Finally, the intradialytic rise in ET-1 persisted 

throughout the study and ADMA was not change among participants who continued to exhibit 

increases in BP during HD. There was no difference in dry weight or dry weight management 

between those that improved and those who had persistent intradialytic hypertension. 

 

Table 4.  Changes in EC function, arterial stiffness, and BP among those with and without 

resolution of intradialytic hypertension* 

 

Baseline Study-end Mean Change from 

Baseline to Study-end 

P-

value 

Resolution of Intradialytic HTN (n=15) 

Flow-mediated (endothelial-dependent) 

vasodilation (FMD),
 
% 

Endothelial progenitor cell markers 

    ALDH
br 

(%mononuclear cells) 
 

     
CD34

+
CD133

+
 (%mononuclear cells) 

 

1.00 (0.78) 

 

 

0.026 (0.013, 0.093) 

 

 

1.37 (0.91) 

 

 

0.027 (0.012, 0.051) 

 

0.042 (0.016, 0.049) 

 

0.55 (±0.96) 

 

 

0.001 (-0.048, 0.016 

0.001 (-0.014, 0.012 

 

 

0.05 

 

 

0.6 

 

0.9 
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Endothelin-1 (pg/ml) 

   preHD 

   postHD 

   DeltaHD  

Asymmetric dimethylarginine (µmol/L) 

0.033 (0.016, 0.076) 

 

 

4.76 (±1.52) 

5.79 (±2.94) 

1.04 (±2.83) 

0.70 (±0.19) 

 

 

5.20 (±1.67) 

4.87 (±2.34) 

-0.34 (±1.90) 

0.63 (±0.19) 

0.36 (±2.02) 

-1.02 (±3.40) 

-1.38 (±4.45) 

-0.08 (±0.15) 

 

 

0.5 

0.3 

0.3 

0.07 

Pulse wave velocity (m/s) 12.4 (±3.5) 11.8 (±3.0) -0.6 (±2.2) 0.3 

Ambulatory BP (mmHg) 

    Systolic 

    Diastolic 

 

159.3 (±13.8) 

84.1 (±9.8) 

 

152.4 (±15.4) 

78.4 (±7.7) 

 

-6.9 (±20.0) 

-5.0 (±9.6) 

 

0.2 

0.07 

Target dry weight 81.5 (±21.7) 81.3 (±22.9) -0.1 (±3.9) 0.9 

Persistent Intradialytic Hypertension 

(n=10) 

Flow-mediated (endothelial-dependent) 

vasodilation (FMD),
a 
% 

Endothelial progenitor cell markers 

    ALDH
br 

(%mononuclear cells) 
      

CD34
+
CD133

+
 (%mononuclear cells) 

 

Endothelin-1 (pg/ml) 

   preHD 

   postHD 

   Delta  

Asymmetric dimethylarginine (µmol/L) 

 

 

1.06 (±0.58) 

 

 

0.045 (0.031, 0.058) 

 

0.035 (0.019, 0.05) 

 

 

5.26 (±2.57) 

6.22 (±3.09) 

0.96 (±1.57) 

0.65 (±0.15) 

 

 

1.43 (±0.77) 

 

 

0.031 (0.016, 0.045) 

 

0.025 (0.019, 0.049)  

 

 

6.19 (±3.06) 

6.96 (±3.50) 

0.77 (±2.17) 

0.70 (±0.14) 

 

 

0.37 (±0.94) 

 

 

-0.006 (-0.029,-0.001) 

-0.006 (-0.034, -0.022) 

 

0.09 (±1.46) 

0.42 (±1.28) 

-0.33 (±2.23) 

0.03 (±0.10) 

 

 

0.2 

 

 

0.5 

 

0.8 

 

 

0.8 

0.4 

0.7 

0.4 

Pulse wave velocity (m/s) 10.7 (±2.20) 11.3 (±3.55) 0.1 (±1.9) 0.8 

Ambulatory BP (mmHg) 

   Systolic 

   Diastolic 

 

149.5 (±13.3) 

79.8 (±12.3) 

 

141.1 (±15.6) 

76.7 (±12.4) 

 

-8.4 (±11.7) 

-3.1 (±4.0) 

 

0.05 

0.04 

Target dry weight 82.1 (±18.2) 81.9 (±18.3) -0.2 (±0.9) 0.5 

*Values are means and standard deviations or medians and 25-75
th
 interquartile ranges, 

vasodilation units are percent dilation and endothelial progenitor cells are percent of mononuclear 

cells.  P-values determined from paired t-tests or nonparametric signed rank.  FMD was 

normalized for peak shear rate and calculated as (FMD/peak shear rate)*100 (21).  Two PWV 

measurements were unable to be performed for technical reasons, 2 patients had inadequate 

samples for ET-1, 4 patients had inadequate samples for ADMA. 

ALDH
br

, aldehyde dehydrogenase activity; preHD, prehemodialysis; postHD, posthemodialysis  

 

Changes in Laboratory Parameters and Weight 

There were no significant changes in serum albumin, high-sensitivity CRP, hemoglobin, serum 

sodium, or cholesterol levels throughout the study period (Table 5). Target dry weight and 

intradialytic weight loss remained unchanged throughout the study (Table 5). 

 

Table 5.  Laboratory variables and weight parameters at baseline and after 8-weeks of maximally 

tolerated dose of carvedilol among 25 participants with intradialytic hypertension* 

 
Baseline 

(n=25) 

Study-end 

(n=25) 

Mean Change 

from Baseline 

to Study-end 

P-

value 

Laboratory 

   Albumin (g/dl) 

   High-sensitivity C-reactive 

 

3.8 (±0.55) 

 

 

3.8 (±0.35) 

 

 

-0.01 (±0.30) 

 

 

0.8 
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protein (mg/L) 

   Hemoglobin (g/dl) 

   Serum sodium (meq/L) 

   Total cholesterol (mg/dl) 

   Low-density lipoprotein 

cholesterol (mg/dl)  

   High-density lipoprotein 

cholesterol (mg/dl)    

5.2 (1.5, 11.6) 

12.3 (±1.1) 

135.8  (±3.7) 

133.8 (±23.1) 

 

65.6 (±23.4) 

 

43.5 (±14.0) 

3.3 (1.5, 8.6) 

12.2 (±1.0) 

136.1 (±3.5) 

131.1 (±25.8) 

 

62.4 (±24.0) 

 

44.4 (±13.1) 

-0.1 (-7.5, 0.7) 

 -0.16 (±1.5) 

-0.2 (±2.6) 

-2.8 (±16.2) 

 

-3.2 (±17.2) 

 

0.9 (±9.1) 

0.6 

0.6 

0.7 

0.4 

 

0.4 

 

0.6 

Target dry weight, (2-week 

average), kg 

 

81.7 (±20.0) 

 

81.6 (±20.8) 

 

-0.2 (±3.1) 

 

0.8 

Intradialytic weight loss, (2-week 

average), kg 

 

2.8 (±1.0) 

 

3.0 (±1.2) 

 

-0.2 (±1.0) 

 

0.3 

*Values are means and standard deviations or medians and 25-75
th
 interquartile ranges.  P-value 

determined from paired t-tests or nonparametric signed rank 

 

Study and Drug Tolerability 

Eighteen participants tolerated 50 mg twice daily of carvedilol, 2 participants tolerated 37.5 mg 

twice daily, 1 tolerated 25 twice daily, and 2 tolerated 12.5 mg twice daily. During the course of 

the study, 0.1% (1/920) of sessions were complicated by transient intradialytic bradycardia, 9.0% 

(83/920) were complicated by an intradialytic drop in SBP <90 mmHg, and 2.4% (22/920) were 

complicated by symptomatic intradialytic hypotension. In addition, 1 participant was hospitalized 

briefly with gastroparesis exacerbation, 1 participant was hospitalized for an access revision, 1 

participant was hospitalized with pneumonia, and 2 participants were hospitalized for 

management of fluid removal due to large interdialytic weight gain. There were no deaths during 

the study. 

 

DISCUSSION 

The principal new finding in this study is that carvedilol administered at the maximum dose 

tolerated (not exceeding 50 mg twice daily) is associated with significant improvements in vivo in 

EC function in hemodialysis patients. Our study also identified carvedilol to be associated with a 

reduction in intradialytic BP, lower interdialytic ambulatory BP, and with a reduced frequency of 

intradialytic hypertension. Thus, this study supports evidence from our laboratory and others that 

EC dysfunction may play a primary role in intradialytic hypertension and introduces new 

evidence that targeted pharmacologic therapy is associated with improvements both in EC 

function and intradialytic hypertension. Considering we have previously identified intradialytic 

hypertension to be associated with adverse clinical outcomes, carvedilol may represent a simple 

therapeutic option for these high-risk patients. However, this needs to be tested in randomized 

controlled trials. 

 

In our study, we observed a 47% improvement in flow-mediated vasodilation after 8-weeks of 

maximally tolerated carvedilol among participants with intradialytic hypertension. Prior studies in 

non-dialysis diabetic patients have identified that carvedilol improves FMD in vivo.(15) Our 

study extends these findings and is the first to identify carvedilol to be associated with 

improvements in EC function in hemodialysis patients. While we identified improvements in vivo 

in EC function, we failed to identify significant improvements in circulating markers of potential 

EPC. It is plausible that while carvedilol improved in vivo EC function as measured by improved 

FMD, the study follow-up was not long enough to identify bone marrow regeneration of 

reparative EPCs.(24, 25) 
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This study provides additional evidence for the relationship between EC dysfunction and 

intradialytic hypertension. Recent studies into the pathogenesis of intradialytic hypertension 

identified intradialytic imbalances in endothelin-1 relative to nitric oxide.(6, 7) In our recent case-

control study, we identified lower pre-dialysis EPCs and decreased FMD among patients with 

intradialytic hypertension compared to control hemodialysis patients.(5) Thus, EC dysfunction is 

not only a prevalent finding in patients with intradialytic hypertension, but may also be a 

mechanism for the increases in BP during HD. Carvedilol has previously been shown to suppress 

endothelin-1 release in vitro in cultured human endothelial cells.(14) In our current study, 

carvedilol was associated with improved FMD but not significantly with improvements in ET-1. 

Compared to those with persistent intradialytic increases in systolic BP, those with resolution of 

intradialytic hypertension exhibited improvements in markers of EC function, although the study 

was not powered to identify significant treatment effects within subgroups. Taken together, these 

findings support the hypothesis that EC dysfunction may be a key mechanism responsible for 

intradialytic hypertension. 

 

In this study, carvedilol was associated with significant improvements in the frequency of 

intradialytic hypertension (from 77% to 28%). Prior small uncontrolled studies have suggested 

that either dry weight reduction or captopril may improve intradialytic hypertension.(8, 9) We did 

not lower dry weight as these patients had previously failed lowering of dry weight as a 

therapeutic option. In addition, we did not select RAAS inhibitors as a study drug as recent 

studies failed to find evidence of intradialytic RAAS activation among patients with intradialytic 

hypertension.(6) Based on pathophysiologic evidence supporting EC dysfunction as contributing 

to intradialytic hypertension, carvedilol was selected based on evidence that carvedilol (but not 

other beta-blockers) improves EC function.(14, 15) Our study identified carvedilol was associated 

with both improved EC function and a reduced frequency of intradialytic hypertension. However, 

it is possible that intensification of other antihypertensive agents could have resulted in similar 

improvements in postdialysis BP. Thus, randomized studies are required to confirm these 

findings. 

 

Carvedilol was also associated with improvements in interdialytic ambulatory BP. In an 

uncontrolled study of 8 HD patients, supervised administration of atenolol postdialysis was 

associated with a 17 mmHg decline in systolic ABP.(26) In our study, the use of carvedilol was 

associated with a 7.7 mmHg additional reduction in systolic ambulatory BP. This occurred in the 

context of 68% of patients already being on a beta-blocker, thus the BP lowering was additive to 

what the patient exhibited with other beta-blockers. While carvedilol lowered ambulatory BP, it is 

unknown if this improvement partially explains the observed improvement in FMD. In a study 

among 37 hypertensive non-ESRD diabetic patients, carvedilol, but not metoprolol, improved 

FMD despite similar changes in BP.(15) While we found no significant differences in ABP 

among those who did and did not exhibit resolution of intradialytic hypertension, it remains to be 

determined if the observed improvements in EC function were unique to carvedilol or partially 

attributable to the overall improvements in BP. 

 

While our study identified novel associations between carvedilol and improvements in EC 

function and intradialytic hypertension, the study is not without limitations. This study did not 

include a placebo arm. We chose to use each patient as his own control given the known inter-

individual variability in FMD. A placebo-controlled trial would require 175 patients/arm to be 

adequately powered to identify the predicted 22% differences in FMD. Given our study design, 

we cannot exclude the possibility that identified improvements were due to chance or changes in 

extracellular volume. While undetected improvements in extracellular volume status could 

explain the observed reduction in ambulatory BP, the natural time course of EC dysfunction is 
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that it worsens, not improves. In this pilot study, we sought first to probe whether carvedilol was 

associated with changes in EC function and to explore whether targeting EC dysfunction could 

improve BP patterns. This study was necessary to generate hypotheses and to provide data for 

planning for a larger trial. We acknowledge that with a small sample size, there is an increased 

risk for a type II error and that with multiple testing, there is an increased risk of a type I error. 

Thus, a randomized study design will be required to confirm these findings. 
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CHAPTER FOUR 

 

THE POTENTIAL ROLE OF DIALYSATE SODIUM EXPOSURE IN 

INTRADIALYTIC HYPERTENSION 
 

 

BACKGROUND 

Hemodialysis patients suffer significantly greater annual mortality rates than the general 

population. Almost 50% of deaths are attributable to cardiovascular disease, and cardiovascular-

specific death rates are 20-40 fold higher than the general population.
1, 2

 The cardiovascular 

burden is partly due to the high prevalence of hypertension, which affects up to 90% of the 

hemodialysis population and is often poorly controlled.
3
  

 

Approximately 15% of hemodialysis patients have intradialytic hypertension, or increases in 

systolic blood pressure from pre to post hemodialysis. Research in both incident and prevalent 

dialysis hemodialysis patients has shown that patients with intradialytic hypertension have higher 

hospitalization rates and higher 2-year mortality than those whose blood pressures decrease with 

hemodialysis.
4-6

 The underlying mechanisms responsible for intradialytic hypertension and its 

association with adverse events remains poorly understood. 

 

Investigations have shown that patients with intradialytic hypertension presented with 

intradialytic increases in endothelin-1, a vasoconstrictive factor, relative to nitric oxide, a 

vasodilator, as well as impaired flow-mediated vasodilation.
7-9,10

 Imbalances in the endothelial-

derived vasoregulators combined with impaired flow-mediated vasodilation confirm the presence 

in vivo of endothelial cell dysfunction among patients with intradialytic hypertension. The cause 

of endothelial cell dysfunction in patients with intradialytic hypertension remains unknown, but 

may involve changes in sodium levels during hemodialysis.  
 

Despite high dialysate sodium commonly prescribed today (140 mEq/L), significant variability in 

pre-dialysis plasma sodium levels exists among patients (125-145 mEq/L).
11

 Up to 50% of 

patients receive a sodium load initially during hemodialysis due to higher dialysate sodium levels 

compared to their plasma sodium levels. In our previous study of 25 patients with intradialytic 

hypertension, the average predialysis sodium concentration was 135 mEq/L, suggesting that a 

dialysate sodium concentration of 140 mEq/L would likely result in sodium transfer into the 

patient. Despite sodium loading, patients tightly regulate plasma sodium by altering their fluid 

intake, and previous studies have shown that individual patient’s pre-dialysis plasma sodium 

levels remain constant. 

 

A recent in vitro study of human endothelial cells identified that increases in sodium in the 

presence of aldosterone acutely induces endothelial stiffness.
12

 Also, nitrite concentration was 

decreased in the presence of high sodium and aldosterone. Therefore, it is possible that high 

dialysate sodium results in net transfer of sodium into patients initially during hemodialysis, 

acutely leading to endothelial cell stiffness, increased endothelin-1, decreased nitric oxide release, 

and subsequent rise in blood pressure. We hypothesized that dialysate sodium exposure causes 

acute impairments in endothelial cell function and subsequent intradialytic increases in BP. 

 

 

METHODS 
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Patient Eligibility and Enrollment 

We prospectively enrolled 10 HD patients into a crossover study that sought to determine whether 

high dialysate-to-plasma sodium gradient caused acute impairments in endothelial function and 

intradialytic increases in BP.  

 

Potential subjects were screened from three HD facilities affiliated with University of Texas 

Southwestern Medical Center (Dallas, TX). A total of 349 patients were screened between 

December 2010 and June 2011. Among these, 321 were ineligible, 15 refused participation, 13 

enrolled and 10 completed the study. Two withdrew because of refusal to undergo dialysis 

sessions without fluid removal. One withdrew because of vascular access arm discomfort and 

swelling he attributed to the study.  

 

Eligible subjects were on HD >30 days; were aged 18 to 85 years; had the ability to provide 

informed consent; were deemed by their primary nephrologist to be at their target dry weight on 

the basis of recent challenge of dry weight and absence of clinical symptoms of volume overload; 

had hypertension (defined as an average pre-HD systolic BP >140 mmHg or post-HD systolic BP 

>130 mmHg); and had average intradialytic increase in systolic BP >10mmHg during >4/6 last 

HD treatments and with 2-week average postHD systolic BP>preHD systolic BP. Exclusion 

criteria included the presence of active neoplasm or active wounds; on antibiotics or on IV 

antibiotics within the last month prior to recruitment; inability to measure BP by routine methods 

in the upper extremity; large interdialytic weight gain (>5kg/treatment on average); or life 

expectancy of <6 months.  
 
Study Procedures 

After providing informed consent, subjects underwent a history and physical with detailed review 

of past medical history and medications. BP readings obtained in the HD unit for up to 6 months 

preceding enrollment were collected to confirm the screening BP pattern. We also collected the 

baseline and monthly laboratory results and concurrent dialysis prescription including the 

prescribed dialysate sodium concentration. 

 

During each of the six mid-week dialysis sessions following enrollment, patients underwent one 

of three different dialysis modalities in randomized order: 1) regular hemodialysis (dialysate Na 

140mEq/L); 2) hemodialysis without ultrafiltration (dialysate Na 140 mEq/L); and 3) 

ultrafiltration only without dialysate exposure. During hemodialysis without ultrafiltration, 

subjects had dialysate exposure but no fluid removal for the first three hours of the study, after 

which ultrafiltration was performed during the remaining treatment session. Each treatment 

method was repeated once.  

 

BP measurement, central aortic BP  

At baseline and at each dialysis session, standardized BP readings (an average of 3 readings 

following 5 minutes of rest using Omron HEM-907) were obtained hourly by trained personnel.  

At study visits 1, 3, and 5, radial artery pressure waveforms were assessed before and after 

hemodialysis non-invasively on the non-dialysis access arm using a Millar tonometer calibrated 

to the recorded brachial blood pressure. Waveforms were processed using dedicated software 

(SphygmoCor version 8.0, AtCor Medical) in order to calculate an averaged radial artery 

waveform and to derive a corresponding central aortic pressure waveform using a previously 

validated generalized transfer function.
13

 Aortic waveforms were processed to identify the time to 

peak of the first and second wave components during systole and were used to determine the 

pressure augmentation and the augmentation index (Aix). 
14, 15

 

 

Blood sampling 
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Blood was drawn from the arterial port immediately after cannulation of the vascular access, then 

redrawn during and after hemodialysis (time 0, 2, 4 hours). Blood was processed and sent locally 

for measurement of serum sodium. Plasma for renin, angiotensin II, and aldosterone 

measurements were obtained at time 0 and 4 hours.  

 

Nitric oxide, endothelin-1  

On weeks 2, 4, and 6, blood samples were drawn for measurement of nitric oxide and ET-1 

during each of the three different dialysis treatments. Plasma and red blood cells (taken before, 

during, and after dialysis) were frozen in -80C for measurement of nitric oxide using 

chemiluminescence. Plasma (taken before, during and after dialysis) was frozen in -80C for 

measurement of endothelin-1. At study conclusion, ET-1 was quantitatively measured by 

commercially available enzyme-linked immunoassay (R&D systems, Minneapolis, US) 

(detection limit 0.02 pg/ml, intra and inter-assay CV 2.6% and 4.6%, respectively).  

 

Study follow-up 

Any adverse events were recorded and reported to the primary investigator and IRB. Participants 

who were hospitalized during the study were allowed to complete the study unless comorbid 

conditions warranted otherwise. Participants’ dialysis prescription remained unchanged 

throughout the study period.  

 

Endpoints 

The primary endpoints were changes in EC function measured in vivo by changes in ET-1 and 

NO. Secondary endpoints included changes in plasma renin, angiotensin, aldosterone, and in BP.  

 

Power calculations 

Assuming a 5±6.0 mmHg difference in change in systolic BP (from pre-post dialysis) between 

treatments with dialysate exposure and those without, 10 participants in a pairwise crossover 

design will provide 90% power with an alpha of 0.05. 

 

Statistical analyses 

Descriptive statistics were performed to describe the participants’ baseline characteristics, blood 

pressure and laboratory variables.  Repeated measures analysis of variance (PROC MIXED) was 

performed and random and fixed effects models used to determine differences in delta systolic 

blood pressure, endothelin-1, NO, sodium, renin, angiotensin II, aldosterone, and isoprostanes 

between the 3 different dialysis modalities.  Univariate analysis was performed to compare the 

median changes in NO during each of the 3 different dialysis modalities. All statistical analyses 

were performed using SAS 9.2. This study was approved by the institutional review board at 

University of Texas Southwestern Medical Center and registered on clinicaltrials.gov 

(NCT01371890). All of the procedures were in accordance with the Declaration of Helsinki. 

 

 
 

RESULTS 

Baseline Characteristics 

Overall, study subjects had an average age of 58.1 years, 80% were male, 60% were African 

American, and 30% were Hispanic (Table 1). Fifty percent of patients had diabetes mellitus, and 

none had cardiovascular disease as determined by questionnaire and patient chart review. 

Antihypertensive utilization was high and 80% were on either an angiotensin-converting enzyme 

inhibitor (ACEI) or angiotensin receptor blocker (ARB) or on both, and all were on beta-blockers 

prior to enrollment.  
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Table 1. Baseline characteristics of 10 subjects 

    

Age, years 58.1 (±10.6) 

Male gender, % 80 

African American, % 60 

Hispanic ethnicity, % 30 

Dialysis access   

Arteriovenous fistula 50 

Arteriovenous graft 40 

Tunneled cuffed catheter 10 

Cause of end-stage renal disease   

Diabetes mellitus 50 

Hypertension 40 

Other 10 

Dialysis history   

<6 months, % 20 

6 monts - 1 year, % 0 

1-2 years, % 30 

> 2 years, % 50 

Diabetes, % 50 

Hypertension, % 100 

Antihypertensive medications, %   

ACEI 80 

ARB 80 

Beta blocker 100 

Alpha blocker 100 

Calcium channel blocker 80 

ESA, % 100 
 

 

Changes in Weight:  

There were no significant changes in the estimated dry weight for the duration of the study (not 

shown) and no significant changes of pre and post dialysis weight among the participants 

(Table2).  

 

Table 2. Predialysis Blood Pressure and Weight Measurements during hemodialysis   

  Treatment type  

 HD + UF UF Only HD no UF 

Predialysis SBP, mean 145.9 139.4 143.3 

Post to Pre change in SBP, % 7.1 6.8 12.3 

Predialysis weight, kg 78.2 77.2 77.5 

Postdialysis weight, kg 75.6 75.2 75.5 

Estimated dry weight, kg 76.2 74.9 75.7 
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Interdialytic weight gain, kg 2.6 2.2 1.7 

Volume removed, L 2.7 2.1 1.2 
 

 

Changes in Serum Sodium: 

Serum sodium levels rose with dialysate exposure during regular HD and UF only sessions (+1.6 

mEq/L and +3 mEq/L, respectively). Conversely, serum sodium levels fell during HD without UF 

session (-0.9 mEq/L) (Fig.1).  

 

Fig.1 Plasma sodium changes during the intradialytic period 

 
 

Endothelial cell function: 

Changes in plasma endothelin-1 

On average, plasma ET-1 levels rose during the two treatment types with dialysate exposure: 

regular hemodialysis and no UF (+0.15 pg/ml and +0.25 pg/ml, respectively) (Fig. 2). There was 

a slight decrease in ET-1 with session requiring no dialysate sodium exposure (-0.02 pg/ml).  

 

Fig. 2 Plasma endothelin-1 changes during the intradialytic period 

 
 

Changes in plasma nitrite 

Plasma nitrite levels fell with all treatments. The greatest drop in NO levels was seen with regular 
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dialysis (-123.25 nM), followed by no UF (-52.77 nM) and UF only (-48.48 nM) (Fig. 3).  

 

Fig. 3 Plasma nitrite changes during the intradialytic period 

 
 

 

Changes in Blood Pressure: 

There were no significant changes in predialysis SBP among the participants. Blood pressure rose 

during all three hemodialysis treatments; however, the percent rise in SBP was highest on average 

with no UF (13.3%), followed by regular HD (6.9%) and UF only (5.7%) (Fig. 4).  

 

Fig. 4 Changes in systolic BP during the intradialytic period 

 
 

Changes in RAAS 

Angiotensin II levels were slightly elevated among subjects during UF only without dialysate 

exposure, and to a lesser extent during hemodialysis without UF (Fig. 5). Aldosterone level 

increased only during the UF only sessions without dialysate exposure.  

 

Fig. 5 RAAS changes during the intradialytic period 
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Study Tolerability: 

One patient received clonidine for hypertensive urgency during several hemodialysis sessions. 

Also, two patients received fluid boluses during the hemodialysis for symptomatic intradialytic 

hypotension. There were no deaths during the study.  

 
 

DISCUSSION 

The principal novel finding from this study is that exposure to dialysate is associated with 

increases in systolic blood pressure during hemodialysis in patients that are prone to intradialytic 

hypertension. The study also identified that exposure to dialysate is associated with increases in 

endothelin-1 and decreases in nitric oxide. These findings support the hypothesis that the 

dialysate to plasma sodium gradient, originating from the relatively higher sodium concentration 

in the dialysate compared to the pre-hemodialysis plasma levels, may play a role in intradialytic 

hypertension by inducing endothelial dysfunction. 

 

Endothelial cell dysfunction remains an actively investigated mechanism proposed to be 

responsible for intradialytic hypertension.  Our prior data have shown that patients with 

intradialytic hypertension have both an increased ambulatory blood pressure burden and impaired 

endothelial cell function when assessed on non-hemodialysis days.
10, 16

 Furthermore, other 

investigators have demonstrated that patients with intradialytic hypertension experience increases 

in plasma endothelin-1 and or decreases in nitric oxide from pre to post hemodialysis.
7-9

 The 

inciting factor responsible for this acute impairment in endothelial cell function remains to be 

determined.   

 

Our study shows a positive relationship between dialysate exposure and endothelial dysfunction 

that is in accordance with recent findings. There is in vitro evidence that endothelial cells exposed 

to high sodium medium down-regulate nitric oxide formation and stiffen
12

 Studies in 
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hypertensive individuals have shown higher sodium intake to be associated with impairments in 

endothelial cell function.
17

 Furthermore, recent studies in dialysis patients have shown an increase 

in SBP with increases in pre-dialysis plasma sodium.
18

 It is possible that sodium loading from 

dialysate may exert both acute (intradialytic hypertension) and chronic effects along with sodium 

intake that leads to altered fluid intake and volume overload. However, our primary goal of this 

study was to focus on the effects of dialysate sodium on blood pressure changes during dialysis 

treatment. For this study we did not regulate sodium intake among patients; further investigation 

to delineate this process is necessary.  

 

This study was not powered to detect significant changes in RAAS levels, and we did not find 

any meaningful trends in RAAS during the intradialytic period. The role of RAAS in 

hypertension among dialysis patients remains to be elucidated. Prior studies have suggested 

activation of the renin-angiotensin-aldosterone system (RAAS) as a potential mechanism for 

acute increases in BP during HD.
19, 20

 Several studies have shown that aldosterone impairs 

vascular reactivity by increasing reactive oxygen species in endothelial cells and decreasing the 

bioavailability of NO by decreasing endothelial NO synthase (eNOS) activity.
21-23

 In vitro studies 

have shown that the adverse effect exerted by high extracellular sodium also depends on 

aldosterone.
12

 Treatment with ACEI or ARB has been shown to improve arterial stiffness and 

result in a reduction of inflammatory cytokines and markers of endothelial injury.
24, 25

 However, 

renin and aldosterone levels have been shown to not increase during HD among patients with 

intradialytic hypertension.
8
 In addition, the persistent prevalence of hypertension among these 

patients despite the widespread use of ACEI and ARBs indicate a more complex interplay with 

other factors.  

 

While this is a novel study showing changes in mediators of vascular function that correlated with 

dialysate sodium exposure, the study is not without its limitations. Although we showed that 

dialysate exposure correlated with endothelial cell dysfunction and increases in SBP, we cannot 

establish causality. For this pilot study we did not assess other potentially contributory factors, 

such as the possible effects of other electrolytes created by the dialysate, such as calcium and 

potassium. We did not regulate dietary sodium intake among our subjects, although 

recommendations for achieving low sodium diet was provided in a handout.  This study was 

performed to generate hypothesis and provide data for creating a larger trial. With the small 

sample size, there is an increased risk of type II error and with multiple testing, there is an 

increased risk of a type I error. A larger, randomized study design will be needed to confirm these 

findings. 
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CHAPTER FIVE 

Conclusions and Recommendations 

 

Topic A 

 
We have previously identified intradialytic hypertension to be associated with more 
than a two-fold increase in hazard of hospitalization and death, as well as with higher 2-
year mortality (2– 4). In this study, we identified a novel association between the 
presence of intradialytic hypertension and significant impairment in markers of in vivo 
endothelial cell function. Considering our findings, we propose that impaired 
endothelial cell function may partially explain the higher rate of adverse events among 
patients with intradialytic hypertension. Future studies into the cause of endothelial cell 
dysfunction among patients with intradialytic hypertension are warranted. 
 

 

 

Topic B 

In summary, our study identified that carvedilol up to 50 mg twice a day is associated with 

modest improvements in EC function in vivo measured by increased FMD. We also found that 

carvedilol was associated with improved interdialytic BP and reduced frequency of intradialytic 

hypertension. Considering we have previously identified intradialytic hypertension to be 

associated with increased morbidity and mortality as well as with impaired EC function (2-5, 27), 

cause-targeted agents, such as carvedilol, may represent a simple therapeutic option in this high-

risk patient population. However, randomized controlled trials are required to confirm these 

findings. 

 

 

TOPIC C 

In this study, we identified a novel association between dialysate exposure and imbalances in 

vasoregulators favoring vasoconstriction with intradialytic increases in blood pressure. We 

propose that the high dialysate to plasma sodium gradient may play a role in intradialytic 

hypertension by contributing to endothelial cell dysfunction. Larger studies further exploring the 

role of dialysate sodium while controlling for other possible contributory mechanisms are 

warranted in the future.  
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