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Overview
Hypertension is present in approximately 86% of patients with end-stage kidney disease
(ESKD) receiving maintenance hemodialysis. (1) It is a key risk and mechanistic factor in the
development of cardiovascular disease, which is the leading cause of mortality in this
population. (2) Extremes of high or low blood pressures (BP) during HD treatment are
frequently encountered in clinical practice and are associated with poor outcomes, including
mortality. (1, 3) While in most patients, systolic BP (SBP) tends to decrease during dialysis,
approximately 13-23% of patients experience intradialytic hypertension, characterized by an
increase in SBP from pre-HD to post-HD. (4- 6) Previous evidence has suggested an association
between intradialytic hypertension and adverse outcomes; (4, 6, 14-19) however, there is no
consistent, unifying definition for intradialytic hypertension described in the literature. This has
hindered a robust assessment of risks and potential predictors of this phenomenon, as well as
limiting comparisons across prior studies. To address this gap, in Paper 1 we explored three
potential definitions of intradialytic hypertension and evaluated their independent associations
with mortality in a large contemporary US-based patient cohort.
The clinical management of intradialytic hypertension is complex and predicting which
patients will experience a paradoxical increase in BP, versus other patterns of change in BP
during HD, remains a challenge. (6-8) One of the keys to solving this issue is to gain a better
understanding of the underlying pathophysiology. Although many potential etiologies have
been invoked and studied (including volume overload, the use of erythropoiesis-stimulating
agents (ESAs), and endothelial cell dysfunction), Endothelin-1 (ET-1) has emerged as a key
potential mediator. ET-1 is a potent endothelium-derived vasoconstrictor, which has previously
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been associated with essential hypertension in the non-HD population and adverse outcomes in
patients receiving hemodialysis. (20) A study by Teng et al. reported that inappropriate rises in
ET-1 were associated with increased peripheral resistance and resultant increases in SBP. (21)
These results were further corroborated by Chou et al. in a case-control study which observed
significant increases in post-HD ET-1 in participants who were “hypertension-prone” as
compared to “non-hypertension prone” HD controls. (22) However, as these studies were
relatively small (≤60 patients) and of limited duration, a knowledge gap remains to robustly
examine the association of ET-1 with pre- SBP parameters in the maintenance HD population. In
Paper 2, harnessing the wealth of repeated measures analysis and intradialytic BP recordings,
we assessed the association of baseline ET-1 in outpatient HD patients with changes in SBP
parameters (pre-SBP, intra-HD SBP, and post-SBP) over one year in large, contemporary, USbased cohort.
In summary the significance of this work is that as the HD population is at high risk for
cardiovascular mortality and since there have been very few advances that have modified this
risk, identifying novel opportunities for intervention that may modify this risk will be of great
benefit.
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ABSTRACT
Background
Hypertension is common among patients receiving maintenance hemodialysis (HD), and a subset
of patients experience an increase in systolic blood pressure (BP) from pre- to post-HD
(intradialytic hypertension). While this phenomenon is known to be associated with adverse
short and long-term outcomes, there is little consensus on an evidence-based definition.

Methods
Using a retrospective cohort of 3,198 participants HD patients, unadjusted and adjusted Cox
proportional hazards regression models were fit to examine the association of various definitions
of intradialytic hypertension (≥30% of baseline sessions with an increase in pre- to post-HD
systolic BP of 1) ≥0 mmHg [Hyper0]; 2) ≥10 mmHg [Hyper10], or 3) ≥20 mmHg increase [Hyper20])
with all-cause mortality. Interaction terms were used to assess for effect modification according
to pre-specified demographic (age, sex), HD-related (pre-HD systolic BP, ultrafiltration rate), and
comorbid disease variables (diabetes, heart failure, and peripheral vascular disease [PVD]).

Results
At baseline, the mean age was 62 ±15 years, 57% were male, and 14% were Black. The average
change in BP from pre- to post-HD was 13 ±16 mmHg (median 12 [3 to 22] mmHg). During the
baseline period, 47% of individuals met the definition for Hyper0 and were at a 29% (HR 1.29;
95%CI 1.03 to 1.62) higher adjusted risk of death, compared with participants who experienced
no SBP increase. Hyper10 was present in 21.2% of individuals and associated with a 21% higher
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adjusted risk of death (HR 1.21; 95%CI 0.96 to 1.51). Hyper20 was present in 6.8% of individuals
and associated with a 5% higher risk of death (HR 1.05; 95%CI 0.76 to 1.46). There was evidence
for effect modification by age and PVD (P-interaction=0.02 for both), with a higher risk of death
in those aged 45-70 years and those without PVD.

Conclusions
Individuals with any increase in systolic BP from pre- to post-HD experienced the highest adjusted
risk of mortality, compared with other threshold-based definitions. The association of any
increase in systolic BP with death (vs. not) is modified by age and PVD, with individuals aged 4570 years and without PVD having the highest risk.
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INTRODUCTION
End-stage kidney disease (ESKD) affects approximately 2 million people globally, and
approximately 40% of deaths in this population can be attributed to cardiovascular (CV) disease.1
While hypertension is a widespread comorbid condition in patients with ESKD receiving
maintenance hemodialysis (HD),1 the optimal blood pressure (BP) for such patients remains
unknown, with expert opinion recommending the need for focused research and adequately
powered interventional trials.2
Interestingly, the relationship of systolic BP before, during, and/or post-HD with adverse
CV outcomes is non-linear, with the most potent associations observed at the extremes of systolic
BP.3 While the HD procedure generally encompasses ultrafiltration, providing a mechanism by
which BP usually decreases from pre- to post-HD, a subset of individuals experience an increase
in BP during HD (intradialytic hypertension). We and others have examined a possible role for
higher serum endothelin-1 in the pathogenesis of this phenomenon, while other theories include
contributions from volume overload, renin-angiotensin-aldosterone system (RAAS) and
sympathetic nervous system activation, the use of erythropoiesis-stimulating agents (ESA), and
abnormalities of mineral bone disease axes.4–9 Despite focused research effort, the exact cause
remains unclear.
The prevalence of intradialytic hypertension ranges from 13-23%,10–12 depending on the
definition utilized. While several studies have reported an association of intradialytic
hypertension with adverse short-term and long-term outcomes,10,12–16 the lack of a singular
definition has limited comparisons across reports and hindered clinical utility. In the present
analyses, we describe the independent associations of various definitions of intradialytic
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hypertension with long-term mortality in patients receiving maintenance HD. Furthermore, we
examined if important demographic and clinical characteristics modified these associations.

METHODS:
Study population
The study protocol was deemed exempt by Partners Institutional Review Board. We performed
a retrospective cohort study of prevalent patients (receiving HD >180 days) in Satellite Healthcare
dialysis facilities during 2012 (n=3,725). For the present analyses, participants not on thriceweekly HD, those with a session length of >5 hours, and those who died before the end of the
baseline exposure period were excluded. Our final analytic cohort consisted of 3,198 participants
(Figure 1). Comparisons of included with excluded participants are presented in Supplementary
Table 1.

Exposure
The main exposure of interest was the presence or absence of intradialytic hypertension during
a baseline exposure period of 90 days. Individual HD sessions were considered to be complicated
by intradialytic hypertension according to the following definitions: 1) any increase in systolic BP
from pre- to post-HD (Hyper0); 2) any increase of more than 10 mmHg (Hyper10); and 3) any
increase of more than 20 mmHg (Hyper20). Patients who experienced intradialytic hypertension
in 30% or more HD sessions during the exposure period were considered as having baseline
intradialytic hypertension (those who did not meet this criterion formed the reference group).
These definitions were selected following review of the existing literature and with the goal of
capturing clinically relevant thresholds in pre- to post-HD blood pressure changes. The
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association of each definition of intradialytic hypertension with outcomes was assessed
independently.
Two additional exposure metrics were considered in sensitivity analyses: 1) the
percentage of baseline sessions (as a continuous variable, per 10 percentage points) that met the
hyper0, Hyper10, and Hyper20 definitions; 2) the average change in systolic BP from pre- to postHD during the baseline period was considered a continuous variable (where positive values
represent a decline in BP from pre- to post-HD and negative values represent an increase).

Outcome
The primary outcome was the time to death from any cause. At-risk time for all analyses began
at the end of the 90-day baseline exposure period. Subjects remained at risk until death, kidney
transplant, transfer to an outside facility, or censoring at the end of follow-up (12 December
2013). The maximum potential follow-up time was 621 days.

Assessment of Other Covariates
All clinical and hemodialysis prescription data were collected from the electronic medical record.
Demographic information, including age, race, ethnicity, sex, dialysis vintage, and comorbid
conditions (including diabetes, heart failure, coronary artery disease, and peripheral vascular
disease), were recorded at baseline. Laboratory, HD prescription, and hemodynamic data were
averaged over the baseline exposure period. Ultrafiltration rate was calculated as: ultrafiltration
volume/post-HD weight/session length in hours and expressed as mL/kg/hr.

Statistical Analysis
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According to data distribution, continuous variables were summarized using means (standard
deviations) or medians (25th-75th percentiles) and compared with t-tests, Wilcoxon rank-sum
tests, analysis of variance, or Kruskal-Wallis tests. Categorical variables were summarized as
percentages and compared with Chi-squared tests.
The association of the various definitions of intradialytic hypertension with all-cause
mortality was assessed using Cox proportional hazards models. Initially, unadjusted models were
fit.

Subsequently, multivariable models were fit that adjusted for potential confounding

variables, as follows: Model 1 adjusted for age, sex, race, ethnicity, pre-SBP, and nadir intra-HD
SBP; Model 2 adjusted for the same variables as Model 1, as well as diabetes, heart failure, HD
access, and ultrafiltration rate; Model 3 adjusted for the same variables as Model 2, as well as
pre-HD serum sodium, phosphorus, creatinine, calcium, albumin, BUN, and glucose. The
selection of variables for inclusion in these models was based on clinical and biological
plausibility, without probabilistic selection criteria. Missing data was not imputed. Potential
effect modification of the association of intradialytic hypertension with mortality was assessed
via the creation of interaction terms (Model 3) for the following a priori selected variables: age,
sex, pre-HD systolic BP, ultrafiltration rate, diabetes, heart failure, and peripheral vascular
disease. To minimize the potential for chance findings, sub-group effect estimates were only
determined if the P-value for the interaction was <0.05. The proportional hazard assumption
was assessed through a test of a nonzero slope based on Schoenfeld residuals, visualization of
Schoenfeld residuals, and log-log plots.
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All analyses were performed at the nominal alpha level of 0.05 without correction for
multiple hypothesis testing. Statistical analyses were performed using Stata MP (version 16.0,
Stata Corp., College Station, Texas).

14
RESULTS
At baseline, the mean age was 62 ±15 years, 57.2% were male, and 13.6% were Black.
Participants with ≥30% baseline sessions complicated by any increase in pre- to post-HD systolic
BP (Hyper0 definition) were more likely to be older, female, non-Hispanic, to have a history of
heart failure, dialyze with a catheter, to have lower UFR and pre-HD systolic BP, and to have lower
pre-HD serum blood urea nitrogen, phosphorus, albumin, creatinine (Table 1), compared to those
without baseline intradialytic hypertension. Comparisons of baseline characteristics according
to the Hyper10 and Hyper20 definitions are presented in Supplementary Tables 2 and 3.

Intradialytic hypertension ≥0 mmHg and mortality
During the baseline period, 1,502 (47%) individuals had ≥30% of HD sessions complicated by any
increase in pre- to post-HD systolic BP (Hyper0; Figure 2). Of these, 313 (20.8%) died during the
follow-up period, compared with 216 of 1,696 (12.7%) individuals who did not meet criteria for
baseline Hyper0, resulting in a 77% higher risk of death (HR 1.77; 95%CI 1.49 to 2.10). In the fully
adjusted model, the effect estimate was attenuated but remained statistically significant (HR
1.29; 95%CI 1.03 to 1.62; Table 2).

Intradialytic hypertension ≥10 mmHg and mortality
During the baseline period, 679 (21.2%) individuals had ≥30% of HD sessions complicated by an
increase of ≥10 mmHg in pre- to post-HD systolic BP (Hyper10; Figure 2). Of these, 152 (22.4%)
died during the follow-up period, compared with 377 of 2,519 (15%) individuals who did not meet
criteria for baseline Hyper10, resulting in a 61% higher risk of death (HR 1.61; 95%CI 1.34 to 1.95).
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In the fully adjusted model, the effect estimate was attenuated (HR 1.21; 95%CI 0.96 to 1.51;
Table 2).

Intradialytic hypertension ≥20 mmHg and mortality
During the baseline period, 217 (6.8%) individuals had ≥30% of HD sessions complicated by an
increase of ≥20 mmHg in pre- to post-HD systolic BP (Hyper20; Figure 2). Of these, 49 (22.6%)
died during the follow-up period, compared with 480 of 2,981 (16.1%) individuals who did not
meet criteria for baseline Hyper20, resulting in a 49% higher risk of death (HR 1.49; 95%CI 1.11
to 2.00). In the fully adjusted model, the effect estimate was attenuated and non-significant (HR
1.05; 95%CI 0.76 to 1.46; Table 2).

Percentage of sessions with intra-dialytic hypertension and mortality
In sensitivity analyses, the mean percentage of baseline exposure sessions complicated with
intra-dialytic hypertension was 32% for Hyper0, 18% for Hyper10, and 10% for Hyper20
definitions. In the main adjusted model, a higher proportion of baseline sessions with Hyper0
(per 10%) was associated with 13% higher risk of all-cause mortality (HR 1.13; 95%CI 1.07-1.20);
for Hyper10 (per 10%) there was a 7% higher risk (HR 1.07; 95%CI 1.01-1.14); for Hyper20 (per
10%) there was an 8% higher risk (HR 1.08; 95%CI 1.00-1.16). Both unadjusted and adjusted effect
estimates are presented in Table 3.

Systolic BP decline and mortality
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In sensitivity analyses, during the baseline exposure period, the average decline in systolic BP
from pre-HD to post-HD was 13 ±16 mmHg (median 12 [3 to 22] mmHg). In unadjusted analyses,
each 10mmHg increment in pre-to-post systolic BP (i.e., a decline in systolic BP) was associated
with a 20% lower risk of all-cause mortality (HR 0.80; 95%CI 0.76 to 0.85). This effect estimate
was marginally attenuated in the main adjusted model and remained statistically significant (HR
0.82; 95%CI 0.74 to 0.91). The adjusted risk of death was higher for individuals whose BP
increased from pre- to post-HD (Figure 3).

Effect modification and sub-group analyses
As Hyper0 had the most potent association with mortality, tests for interaction were performed
with this exposure in the fully adjusted model (Model 3). There was no evidence of effect
modification according to sex (HR 0.97, 95%CI 0.67 to 1.41; p=0.89), pre-HD systolic BP (HR 0.99,
95%CI 0.98 to 1.01; p=0.15), ultrafiltration rate (HR 1.01, 95%CI 0.96 to 1.01; p=0.71), presence
of diabetes (HR 1.02, 95%CI 0.69 to 1.52; p=0.91), or presence of heart failure (HR 0.74, 95%CI
0.50 to 1.08; pP=0.12). However, the association of pre-HD to post-HD BP decline was modified
by age (HR 0.98, 95%CI 0.97 to 1.0; p=0.02) and presence of PVD (HR 0.57, 95%CI 0.36 to 0.91;
p=0.02), such that the association of Hyper0 with mortality was most apparent in those aged 4570 years (Figure 4) and those without PVD at baseline (HR 1.37; 95%CI 1.06 to 1.76, versus 0.86;
95%CI 0.51 to 1.45 in those with PVD).
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DISCUSSION
In a large cohort study of patients receiving maintenance HD, we examined the association of
several definitions of intradialytic hypertension with all-cause mortality, finding that any increase
from pre- to post-HD systolic BP had the most potent relationship with longer-term mortality.
Further, we found that the association was different according to the age of patients and was
predominantly in those without baseline PVD.
Despite being named intradialytic hypertension, this metric is typically calculated as an
increase in systolic BP from pre- to post-HD, thereby ignoring the actual intradialytic excursions.
Several hypotheses have been put forward to explain the pathophysiology underlying the
development of intradialytic hypertension, with most focusing on contributions from
hypervolemia and endothelial dysfunction.3,17 In particular, several studies have examined a
potential imbalance between vasoconstrictive and vasodilatory mediators, with an excess of
endothelin-1 thought to play a central role.5,6,18–20 Our prior work has also found an association
of higher pre-HD endothelin-1 concentrations with higher pre-HD, intra-HD, and post-HD systolic
BP. Conversely, in a smaller open-label interventional study involving 25 patients prone to
develop intradialytic hypertension, treatment with carvedilol resulted in improved flowmediated vasodilation and lower frequency of intradialytic hypertension, without major changes
in endothelin concentrations.20 Overall, this highlights the complexity of this condition and
suggests the pathogenesis is likely multifactorial.
The prevalence of intradialytic hypertension is estimated to range from 13-23%, reflecting
the lack of a standard definition, which has limited comparisons among and between different
patient populations and studies.

In our study, the prevalence of baseline intradialytic
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hypertension was as high as 47% with the Hyper0 definition (any increase in systolic BP) and as
low as 6.8% when defined as Hyper20 (any increase ≥20 mmHg). The proportion of patients
meeting the Hyper0 definition in our study is higher than that in a large observational report by
Park et al.,14 which may partially reflect differences in demographics and comorbid disease
burden in our study (e.g., higher proportion of Hispanic patients, patients with diabetes, and with
PVD).
Although Park et al. did not critically examine different definitions of intradialytic
hypertension, our finding that Hyper0 had the most potent association with mortality is
consistent with the results of their analyses, which also found a higher risk of death with any
increase in systolic BP from pre- to post-HD.14 However, in contrast to our results, Park et al.
observed a U-shaped association of both higher and lower BP decline with mortality. This
discrepancy may partly relate to the fact that our models adjusted for the nadir of intradialytic
SBP, while the models used by Park et al more extensively adjusted for biomarkers of
malnutrition and inflammation. Furthermore, the association of more extreme definitions of
intra-dialytic hypertension lost significance in our fully adjusted model, which was in contrast to
the results reported by Inrig et al. in a post-hoc analysis of the CLIMB study and by Losito et al. in
an observational report from an Italian cohort.11,12 For example, in the CLIMB study of 443
patients receiving maintenance HD, a higher risk of the composite endpoint of 6-month nonaccess related hospitalization or death was noted with systolic BP increases ≥10 mmHg (odds
ratio 2.17; 95%CI 1.13 to 4.15),12 while similar findings were reported in the Italian study for allcause mortality. In addition to the lower proportion of patients experiencing these more extreme
definitions (and correspondingly fewer death events), our study had a higher proportion of
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Hispanic patients and patients with diabetes, compared with both other reports, while the CLIMB
participants were initially enrolled as part of a randomized trial. Other studies have reported a
higher risk of mortality with systolic BP increases of ≥5 mmHg (vs. <5 mmHg),16 while similar
patterns of association have been noted for shorter-term outcomes15 and in incident HD
patients,13 further highlighting the difficulty of comparing definitions across studies.
While our study is not able to determine the pathophysiology of why intradialytic
hypertension might lead to mortality, one may specula whether potential mediators, such as
hypervolemia and endothelin may play a role. For example, hypervolemia is associated with
increased afterload and cardiac structural changes,21 while higher serum ET-1 concentrations are
associated with development of CV disease and progression of CKD, potentially through
inflammatory and fibrotic pathways.22 While we did not have endothelin measurements in this
cohort, based on prior studies and the proposed pathophysiology, we examined for effect
modification according to other pre-specified and biologically relevant parameters. Similar to
the findings of Park et al., we did not find evidence for differences in mortality associations
according to ultrafiltration rate, diabetes, or heart failure. On the other hand, we did note that
the association of Hyper0 with mortality was most apparent in those aged 45-70 years and in
those without PVD at baseline. Although these should be only considered as hypothesisgenerating, based on the observed lack of association of Hyper0 with mortality at the higher age
range, it is tempting to speculate that the pathophysiology and downstream effects of abnormal
BP control may be different in this group. It is harder to draw more meaningful conclusions from
the lower age group and in those with PVD, based on the relatively lower sample size and the
overall paucity of events.
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The present study has many strengths, such as the large sample size, duration of followup, and availability of detailed HD-related hemodynamic and treatment-specific data. However,
there are also some limitations. Despite multivariable adjustment, this is an observational study
with the potential for residual confounding and inherent inability to confer causality. Secondly,
due to a lack of granularity in cause-specific mortality data, we were unable to specifically
examine for associations with cardiovascular mortality. Additionally, the paucity of individuals
(and events) meeting the more extreme definitions of intradialytic hypertension and in subgroups of older age and PVD limited our power to detect significant differences. Although
prespecified, the testing of multiple interactions terms increases the likelihood of detecting false
positive results, necessitating caution in their interpretation. As the cohort consists of patients in
the US, there may be limitations in generalizing the results to patients from other geographic
areas with different healthcare systems. Further, due to a lack of medication data, data on
bioimpedance, data on patient symptoms, and intradialytic fluid administration, we were unable
to incorporate these into our current analyses. Finally, BPs in this study were collected in the
setting of standard clinical practice – while reflective of real-world data, they lack the robustness
and reproducibility of protocolized measurements.
In conclusion, in this contemporary US-based HD cohort, we evaluated the associations
of three independent definitions of intradialytic hypertension with longer-term mortality. We
found the most potent association was for participants who experienced any increase in systolic
BP from pre- to post-HD. While effect modification according to age and PVD requires further
examination, our results are important for risk stratification of current HD patients and may
inform the design and recruitment of high-risk patients to future interventional studies.
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Table 1. Baseline characteristics according to ≥0 mmHg increase in pre- to post-HD systolic BP (Hyper0)

Pre- minus post-HD
systolic BP, mmHg
Age, yrs
Male, n (%)
Black, n (%)
Hispanic, n (%)
Access, n (%)
AVF
AVG
Catheter
Diabetes, n (%)
Heart Failure, n (%)
PVD, n (%)
Ultrafiltration rate, mL/kg/hr
Higher DNa,a n (%)
Serum Sodium, mmol/L
Blood Urea Nitrogen, mg/dL
Serum Phosphorus, mg/dL
Serum Albumin, g/dL
Serum Creatinine, mg/dL
Serum Calcium, mg/dL
Serum glucose, mg/dL
Pre-HD systolic BP, mmHg
Nadir intra-HD systolic BP, mmHg
Post-HD systolic BP, mmHg

(-)
Intradialytic HTN
n=1,696

(+)
Intradialytic HTN
n=1,502

24 ± 11
61 ±15
1019 (60.1%)
237 (14.0%)
574 (33.8%)

1±9
64 ±16
809 (53.9%)
197 (13.1%)
453 (30.2%)

1136 (67.0%)
303 (17.9%)
257 (15.2%)
1005 (59.3%)
368 (21.7%)
205 (12.1%)
12.4 ± 4.4
362 (21.3%)
137 ± 3
69 ± 16
5.6 ± 1.4
3.9 ± 0.3
9.1 ± 3.0
9.0 ± 0.7
142 ± 64
154 ± 19
107 ± 18
130 ± 15

879 (58.5%)
273 (18.2%)
350 (23.3%)
924 (61.5%)
414 (27.6%)
216 (14.4%)
11.3 ± 4.5
313 (20.8%)
137 ± 3
64 ± 18
5.2 ± 1.3
3.8 ± 0.4
7.9 ± 2.9
8.9 ± 0.7
141 ± 58
143 ± 19
115 ± 21
142 ± 18

P
<0.001
<0.001
<0.001
0.48
0.03
<0.001

0.19
<0.001
0.06
<0.001
0.73
0.30
<0.001
<0.001
<0.001
<0.001
0.001
0.89
<0.001
<0.001
<0.001

HTN, hypertension; HD, hemodialysis; SBP, systolic blood pressure; AVF, arteriovenous fistula; AVG,
arteriovenous graft; PVD, peripheral vascular disease; DNa, dialysate sodium
a
Higher defined as > 140 mEq/L or sodium modeling
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Table 2. Association of various definitions of intradialytic hypertension with all-cause mortality

Hyper0
Hyper10
Hyper20

No. deaths/
No. participants
(-)
(+)
Intra-HD
Intra-HD
HTN
HTN
(Reference)
251/1,766
397/1,642
(14.2%)
(24.2%)
451/2,657
197/751
(17%)
(26.2%)
587/3,162
61/245
(18.6%)
(24.9%)

Hazard Ratio (95% CI)

Unadjusted

Model 1

Model 2

Model 3

1.77
(1.49 to 2.10)
1.61
(1.34 to 1.95)
1.49
(1.11 to 2.00)

1.58
(1.28 to 1.95)
1.39
(1.12 to 1.72)
1.28
(0.94 to 1.75)

1.50
(1.21 to 1.86)
1.35
(1.09 to 1.68)
1.15
(0.84 to 1.58)

1.29
(1.03 to 1.62)
1.21
(0.96 to 1.51)
1.05
(0.76 to 1.46)

Hyper0 – 30% or more baseline sessions with no change or an increase in post-SBP from the pre-SBP
measurement
Hyper10 - 30% or more baseline sessions with an increase in post-SBP from the pre-SBP measurement of
10 mmHg or greater
Hyper10 - 30% or more baseline sessions with an increase in post-SBP from the pre-SBP measurement of
20 mmHg or greater
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Table 3. Association of various definitions of intradialytic hypertension with all-cause mortality per 10%
of baseline sessions affected.
Hazard Ratio (95% CI)
per 10% of baseline sessions with intra-dialytic hypertension
Unadjusted
Hyper0
Hyper10
Hyper20

1.15
(1.11 to 1.19)
1.14
(1.10 to 1.19)
1.17
(1.10 to 1.23)

Model 1
1.16
(1.10 to 1.22)
1.11
(1.05 to 1.17)
1.12
(1.05 to 1.20)

Model 2

Model 3

1.14
(1.09 to 1.20)
1.10
(1.04 to 1.16)
1.11
(1.03 to 1.18)

1.13
(1.07 to 1.20)
1.07
(1.01 to 1.14)
1.08
(1.00 to 1.16)
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Figure 1. Consort Diagram

3,725 Total Participants
3 aged < 18 years
N=3,722
291 not on
thrice-weekly HD
N=3,431
23 with session length
>5 hours
N=3,408
210 died during baseline
exposure period
N=3,198
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Figure 2. The proportion of patients experiencing intradialytic hypertension during the baseline
period, according to various definitions and categories of pre-HD systolic blood pressure

Hyper0 – 30% or more baseline sessions with no change or an increase in post-SBP from the preSBP measurement
Hyper10 - 30% or more baseline sessions with an increase in post-SBP from the pre-SBP
measurement of 10 mmHg or greater
Hyper10 - 30% or more baseline sessions with an increase in post-SBP from the pre-SBP
measurement of 20 mmHg or greater
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Figure 3. Adjusted association of change in pre- to post-HD systolic BP with mortality
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Figure 4. Association of any increase SBP from pre- to post-HD (Hyper0) with mortality,
according to age

The association of pre-HD to post-HD BP decline was modified by age (HR 0.98, 95%CI 0.97 to 1.0;
p=0.02)
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Supplementary Table 1. Baseline characteristics of included and excluded patients
Excluded
n=527
11 ± 17
64 ±15
315 (59.8%)
56 (10.6%)
134 (25.4%)

Included
n=3198
13 ± 15
62 ±15
1828 (57.2%)
434 (13.6%)
1027 (32.1%)

P
<0.001
0.02
0.26
0.06
0.002
<0.001

Pre- minus post-SBP, mmHg
Age, yrs
Male, n (%)
Black, n (%)
Hispanic, n (%)
Access, n (%)
AVF
299 (56.7%)
2003 (62.6%)
AVG
87 (16.5%)
574 (17.9%)
Catheter
141 (26.8%)
621 (19.4%)
Diabetes, n (%)
314 (59.6%)
1929 (60.3%)
0.75
Heart Failure, n (%)
170 (32.3%)
782 (24.5%)
<0.001
PVD, n (%)
92 (17.5%)
421 (13.2%)
0.01
Ultrafiltration rate, mL/kg/hr
11.0 ± 5.1
11.8 ± 4.5
<0.001
a
Higher DNa, n (%)
117 (22.2%)
687 (21.5%)
0.71
Serum Sodium, mmol/L
136 ± 3
137 ± 3
0.30
Blood Urea Nitrogen, mg/dL
62 ± 17
66 ± 17
<0.001
Serum Phosphorus, mg/dL
5.2 ± 1.5
5.4 ± 1.4
0.01
Serum Albumin, g/dL
3.7 ± 0.5
3.8 ± 0.4
<0.001
Serum Creatinine, mg/dL
7.5 ± 2.8
8.5 ± 3.0
<0.001
Serum Calcium, mg/dL
8.8 ± 0.7
8.9 ± 0.7
0.02
Serum glucose, mg/dL
149 ± 70
142 ± 62
0.02
Pre-HD SBP, mmHg
143 ± 23
149 ± 19
<0.001
Nadir intra-HD SBP, mmHg
108 ± 21
111 ± 19
<0.001
Post-HD SBP, mmHg
132 ± 19
136 ± 18
<0.001
HTN, hypertension; HD, hemodialysis; SBP, systolic blood pressure; AVF, arteriovenous fistula;
AVG, arteriovenous graft; PVD, peripheral vascular disease; DNa, dialysate sodium
a Higher defined as > 140 mEq/L or sodium modeling
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Supplementary Table 2. Baseline characteristics according to ≥10 mmHg increase in pre- to
post-HD systolic BP (Hyper10)
(-)
(+)
Intradialytic HTN
Intradialytic HTN
n=2519
n=679
P
Pre- minus post-SBP, mmHg
18 ± 13
-6 ± 8
<0.001
Age, yrs
61 ±15
65 ±14
<0.001
Male, n (%)
1477 (58.6%)
351 (51.7%)
<0.001
Black, n (%)
354 (14.1%)
80 (11.8%)
0.13
Hispanic, n (%)
820 (32.6%)
207 (30.5%)
0.31
Access, n (%)
<0.001
AVF
1628 (64.6%)
387 (57.0%)
AVG
445 (17.7%)
131 (19.3%)
Catheter
446 (17.7%)
161 (23.7%)
Diabetes, n (%)
1488 (59.1%)
441 (64.9%)
0.005
Heart Failure, n (%)
593 (23.5%)
189 (27.8%)
0.02
PVD, n (%)
317 (12.6%)
104 (15.3%)
0.06
Ultrafiltration rate, mL/kg/hr
12.0 ± 4.4
11.3 ± 4.6
<0.001
Higher DNa,a n (%)
536 (21.3%)
139 (20.5%)
0.65
Serum Sodium, mmol/L
137 ± 3
136 ± 3
0.04
Blood Urea Nitrogen, mg/dL
68 ± 17
63 ± 17
<0.001
Serum Phosphorus, mg/dL
5.5 ± 1.4
5.2 ± 1.3
<0.001
Serum Albumin, g/dL
3.9 ± 0.3
3.7 ± 0.4
<0.001
Serum Creatinine, mg/dL
8.8 ± 3.0
7.5 ± 2.5
<0.001
Serum Calcium, mg/dL
8.9 ± 0.7
8.8 ± 0.7
0.003
Serum glucose, mg/dL
140 ± 62
145 ± 61
0.10
Pre-HD SBP, mmHg
151 ± 19
141 ± 18
<0.001
Nadir intra-HD SBP, mmHg
109 ± 19
117 ± 21
<0.001
Post-HD SBP, mmHg
133 ± 16
147 ± 18
<0.001
HTN, hypertension; HD, hemodialysis; SBP, systolic blood pressure; AVF, arteriovenous fistula;
AVG, arteriovenous graft; PVD, peripheral vascular disease; DNa, dialysate sodium
a Higher defined as > 140 mEq/L or sodium modeling
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Supplementary Table 3. Baseline characteristics according to ≥20 mmHg increase in pre- to
post-HD systolic BP (Hyper20)
(-)
(+)
Intradialytic HTN
Intradialytic HTN
n=2981
n=217
P
Pre- minus post-SBP, mmHg
15 ± 14
-14 ± 9
<0.001
Age, yrs
62 ±15
65 ±14
0.005
Male, n (%)
1724 (57.8%)
104 (47.9%)
0.004
Black, n (%)
409 (13.7%)
25 (11.5%)
0.36
Hispanic, n (%)
954 (32.0%)
73 (33.6%)
0.62
Access, n (%)
0.02
AVF
1897 (63.6%)
118 (54.4%)
AVG
531 (17.8%)
45 (20.7%)
Catheter
553 (18.6%)
54 (24.9%)
Diabetes, n (%)
1770 (59.4%)
159 (73.3%)
<0.001
Heart Failure, n (%)
720 (24.2%)
62 (28.6%)
0.14
PVD, n (%)
380 (12.7%)
41 (18.9%)
0.01
Ultrafiltration rate, mL/kg/hr
11.9 ± 4.5
11.4 ± 4.8
0.13
Higher DNa,a n (%)
631 (21.2%)
44 (20.3%)
0.76
Serum Sodium, mmol/L
137 ± 3
136 ± 3
<0.001
Blood Urea Nitrogen, mg/dL
67 ± 17
63 ± 17
0.001
Serum Phosphorus, mg/dL
5.4 ± 1.4
5.3 ± 1.5
0.23
Serum Albumin, g/dL
3.8 ± 0.4
3.7 ± 0.4
<0.001
Serum Creatinine, mg/dL
8.6 ± 3.0
7.5 ± 2.4
<0.001
Serum Calcium, mg/dL
8.9 ± 0.7
8.8 ± 0.7
0.05
Serum glucose, mg/dL
141 ± 61
152 ± 63
0.01
Pre-HD SBP, mmHg
149 ± 19
141 ± 16
<0.001
Nadir intra-HD SBP, mmHg
110 ± 19
120 ± 20
<0.001
Post-HD SBP, mmHg
134 ± 17
154 ± 16
<0.001
HTN, hypertension; HD, hemodialysis; SBP, systolic blood pressure; AVF, arteriovenous fistula;
AVG, arteriovenous graft; PVD, peripheral vascular disease; DNa, dialysate sodium
a Higher defined as > 140 mEq/L or sodium modeling
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ABSTRACT
Background:
Hypertension is common in hemodialysis (HD) patients. Increased blood pressure (BP)
variability, particularly higher and lower extremes, is associated with adverse outcomes. We
explored the association of endothelin-1 (ET-1), a potent vasoconstrictor, with changes in BP
during HD in a contemporary patient cohort.

Methods:
This study uses the DaVita Biorepository, a longitudinal prospective cohort study with quarterly
collection of clinical data and biospecimens. Unadjusted and adjusted linear mixed effects
regression models were fit to determine association of pre-HD ET-1 (log-transformed and
quartiles) with HD-related systolic BP (SBP) parameters (pre-HD, nadir intra-HD, and post-HD).
As ET-1 was measured at baseline, analyses were restricted to one-year of follow-up.

Results
Among 769 participants, the mean age was 52 years, 42% were females, and 41% were black.
Mean pre-HD SBP was 152 (± 28) mmHg and mean ET-1 concentration was 2.3 (±1.2) ng/mL. In
fully adjusted models, each unit increase in SD of log-transformed ET-1 was associated with a
3.2 (95% CI 2.0, 4.4) mmHg higher pre-SBP; 1.9 (95%CI 1.1, 2.6) mmHg higher nadir SBP; and 2.2
(95% CI 1.3, 3.1) mmHg higher post-SBP. Each SD increase in log-transformed ET-1 was
associated with 24% higher odds of experiencing intradialytic hypertension (OR 1.24; 95%CI
1.13 to 1.37).
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Conclusions
Higher baseline ET-1 levels are independently associated with higher SBP and higher odds of
intradialytic hypertension. These results highlight a potential role for ET-1 in BP control in HD
patients and raise the possibility of ET-1 antagonism as a therapeutic target.

Keywords: hemodialysis; hypertension, blood pressure; endothelin
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INTRODUCTION
Cardiovascular (CV) disease is the leading cause of mortality in patients with end-stage kidney
disease (ESKD), accounting for approximately 40% of deaths1. While hypertension is extremely
common in patients with ESKD2, both extremes of lower and higher pre-dialysis systolic blood
pressure (SBP) are known to be associated with adverse outcomes.3 Indeed, intradialytic
hypertension, defined as an increase in SBP of ≥10mmHg from pre- to post-HD, is associated
with increased morbidity and mortality in HD patients.4,5,6
There are a multitude of factors that contribute to BP control in HD patients, including
positive sodium balance and volume overload,7 activation of the renin-angiotensin-aldosterone
(RAAS) and sympathetic nervous systems,8 removal of antihypertensive medications by
hemodialysis,9 the use of erythropoiesis-stimulating agents (ESA),10 and abnormalities of
mineral bone disease axes.11 Of particular note, endothelial cell dysfunction may play a central
role via the synthesis and release of humoral factors such as endothelin-1 (ET-1), a potent
vasoconstrictor.12 This is particularly relevant, as pharmacologic antagonists of endothelin
receptors are available and have been tested previously in patients with chronic kidney disease
(CKD).13
Although prior studies have reported that ET-1 concentrations appear to be higher in HD
patients, compared with non-HD controls, these were limited in size and duration of follow
up5,14. Herein, we examine the association of ET-1 with HD-related BP parameters using a large
contemporary and prospective patient cohort. We hypothesized that higher levels of baseline
ET-1 would be associated with higher pre-dialysis SBP and development of intradialytic
hypertension.
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METHODS
Study Population
The current analyses were performed using a prospective cohort of anonymized samples
and statistically de-identified clinical data from a biorepository assembled by DaVita Clinical
Research (DCR) and made available to academic organizations through the Biospecimen Research
Grant (BioReG) program. Patients who were <18 years-old, with Hgb <8.0 g/dL, pregnant, or with
any physical, mental, or medical condition which limited the ability to provide written informed
consent were excluded from BioReG. The present study only included patients undergoing thriceweekly HD. The sampling protocol was approved by an Institutional Review Board (Quorum IRB,
Seattle, WA, USA) and patients provided written informed consent prior to the initiation of
sample collection. All clinical and hemodialysis prescription data were collected from the
electronic medical record. A subset of the total cohort was provided to each of four academic
institutions by DCR in a deidentified format. From a cohort of 976 participants, those not on thrice
weekly hemodialysis treatment and those with ET-1 measured at baseline were excluded from
our analyses, resulting in an analytic cohort of 769 participants.

Biospecimen collection and storage
Biospecimens were collected and processed according to a standardized protocol, including
shipping on refrigerated packs on the same day as collection, processing, aliquoting, and storage
at -80°C. Re-collection was requested for any specimen with cause for rejection (e.g., unspun
tubes, insufficient volume, or thawed specimens). Specimens received > 48h from the time of
collection were also rejected and re-collected. Samples were distributed frozen at -80°C across
the four academic medical centers.
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Exposure
The primary exposure for this study was plasma endothelin-1 (ET-1) concentration,
measured at baseline (defined as first sample collection in the study). Since the distribution of
ET-1 is right skewed, data were log-transformed for incorporation as a continuous variable in
regression models. Effect estimates were reported per one unit increase in standard deviation
(SD) to facilitate interpretability and comparison of results across the larger body of literature
on this topic. Plasma ET-1 levels were measured in duplicate at Brigham and Women’s Hospital
using a commercially available ELISA kit (Quantikine Human ET-1 Immunoassay PDET100; R&D
Systems, Minneapolis, MN). The mean inter-assay coefficient of variation from blind-split
replicates was 7%.

Outcome Ascertainment
The primary outcome was defined as pre-HD treatment sitting SBP. Secondary outcomes
included the nadir intradialytic SBP and post-HD SBP. We also examined the association of ET-1
with intradialytic hypertension (defined as either: 1) an increase in SBP of ≥10mmHg from preto post-HD; or 2) any increase in SBP from pre- to post-HD)15 and intradialytic hypotension
(defined as either an absolute intradialytic nadir SBP<90 mmHg in patients with a pre-HD SBP of
<160 mmHg or nadir SBP<100 mmHg in patients with pre-HD SBP ≥160 mmHg)16. The primary
analyses were restricted to a maximum of one year following the baseline ET-1 measurement.
In sensitivity analyses, we restricted the follow-up time to 30 days.
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Assessment of Other Covariates
Demographic information including age, race, sex, dialysis access and comorbid
conditions including diabetes, heart failure, coronary artery disease, cerebrovascular disease,
peripheral vascular disease and chronic obstructive pulmonary disease (COPD), were recorded at
baseline and updated from the medical record throughout the study. Additional information such
as hemodialysis prescription and vascular access, and laboratory data were measured on blood
samples collected pre-HD. Dialysis session length was categorized (≤180 mins; 181-209 mins; 210239 mins; ≥240 mins). Ultrafiltration volume was calculated by subtracting the post-dialysis
weight from the pre-dialysis weight.

Statistical Analysis
All analyses were performed using R version 3.3.3 and Stata MP version 16 (StataCorp LP).
Continuous variables were summarized using means (standard deviations) or medians (25th-75th
percentiles) and compared with analysis of variance or Kruskal-Wallis tests, according to data
distribution. Categorical variables were summarized as percentages and compared with Chisquared tests. As ET-1 is non-normally distributed, ET-1 values were log-transformed for further
analyses. Initially, unadjusted repeated measures regression models (to account for within
person correlation) were fit to determine the association of ET-1 (first log-transformed and
then in quartiles) with outcomes of interest. Subsequently, multivariable adjusted linear mixed
effects models were fit, by adding a random intercept for subject-wise variability. Model 1
adjusted for age, sex, race, access, and pre-HD SBP (the latter was excluded from analyses
where pre-HD SBP was the outcome of interest); Model 2 adjusted for the same variables as
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model 1 with additional adjustment for categories of session length, ultrafiltration volume,
diabetes, heart failure, ischemic heart disease (history of coronary artery disease, myocardial
infarction, or angina), peripheral vascular disease, lung disease, and pre-HD SBP. We assessed
for evidence of effect modification according to diabetes and gender17,18 via the inclusion of
cross-product terms. We also performed an exploratory analysis using Model 2 with additional
adjustment for hemoglobin. The basis for the models was chosen based on clinical and
biological plausibility. Analyses were performed without imputation for missing variables. A
two-sided p-value <0.05 was considered to be statistically significant.

RESULTS
We examined data from 769 subjects and 110,315 HD sessions from the BioReG cohort (Figure
1). There was a higher frequency of females and a lower frequency of Black participants in
those excluded, compared with those included, in the final analyses. Otherwise, baseline
characteristics between these groups were similar (Supplementary Table 1). The mean age of
included participants was 52 ±22 years, 42% were females, and 41% Black. Mean pre-HD SBP
was 152 ±28 mmHg and mean ET-1 concentration was 2.3 ±1.2 ng/mL. Subjects in higher
quartiles of baseline ET-1 tended to be younger, diabetic, have higher ultrafiltration volume,
and have lower serum albumin (Table 1).

ET-1 and pre-HD systolic blood pressure
The baseline differences in HD-related blood pressure parameters according to quartiles of ET-1
are presented in Table 2. In unadjusted repeated measures analyses, each SD increase in log-
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transformed ET-1 was associated with 3.4 (95%CI 2.2. to 4.6) mmHg higher pre-HD SBP. In the
fully adjusted model, each SD increase in log-transformed ET-1 was associated with 3.2 (95%CI
2.0 to 4.4) mmHg higher pre-HD SBP. There was no evidence for effect modification according
to gender (-0.3 [95%CI -2.7 to 2.1]; p=0.82) or diabetes (-0.7 [95%CI -1.8 to 0.5]; p=0.26).
Similar patterns of associations were noted when adjusted analyses were restricted to 30-days
of follow-up measurements (Supplementary Table 1).
In categorical analyses there was an increasing trend in the association of quartiles of ET-1 with
pre-HD SBP (8.4 [95%CI 5.1 to 11.8] mmHg higher pre-HD SBP for Q4, compared with Q1; Figure
2).

ET-1 and nadir and post-HD systolic blood pressure
The association of ET-1 with other HD-related BP parameters was evaluated in unadjusted and
adjusted repeated measures analysis (Table 3). Overall, in the fully adjusted model, each SD
increase in log-transformed ET-1 was associated with 1.9 (95%CI 1.1 to 2.6) mmHg higher nadir
SBP and 2.2 (95%CI 1.3 to 3.1) mmHg higher post-HD SBP. Similar patterns of associations were
noted when adjusted analyses were restricted to 30-days of follow-up measurements
(Supplementary Table 3).
In categorical analyses, there was a monotonic association of higher quartiles of ET-1 with
higher SBP in all parameters of interest (Figure 2).

ET-1 and intradialytic hypertension and intradialytic hypotension
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The proportion of sessions affected by intra-dialytic hypertension was 34.5% when defined as
any increase from pre-to post-HD SBP. In adjusted analyses, each SD increase in logtransformed ET-1 was associated with 23% higher odds (OR 1.23; 95%CI 1.12 to 1.34) of
experiencing this outcome. The proportion of sessions affected by intra-dialytic hypertension
when defined as ≥10 mmHg increase in SBP was 20.3%. In adjusted analyses, each SD increase
in log-transformed ET-1 was associated with 24% higher odds (OR 1.24; 95%CI 1.13 to 1.37) of
experiencing this outcome.
The proportion of sessions affected by intra-dialytic hypotension was 13.7%. In adjusted
analyses, each SD increase in log-transformed ET-1 was associated with a nominally, but
statistically non-significant, lower risk of intradialytic hypotension (OR 0.91; 95%CI 0.83 to
1.01).
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DISCUSSION

In this large contemporary cohort of maintenance HD patients, we observed that higher
baseline ET-1 concentrations are associated with higher pre-HD SBP, nadir intradialytic SBP, and
higher post-HD SBP. Similarly, higher ET-1 was associated with greater odds of developing
intradialytic hypertension.
ET-1 is a 21-amino-acid peptide that was initially thought to be primarily an
endothelium-derived vasoconstrictor but is now known to be produced by many other cell
types19, including podocytes13 and glomerular endothelial cells20. There are two broad receptor
isoforms, ETA and ETB. Binding to the ETA receptor results in vasoconstriction, cell matrix
accumulation and proliferation, while binding to ETB produces the opposite counter-regulatory
responses. ET-1 concentrations are elevated in several disease states and are associated with
elevations in inflammatory markers, glomerular injury, and fibrosis in animal models.13 Studies
in non-CKD patients have reported elevated ET-1 levels in patients with atherosclerosis and
highlight a central role in the development of hypertension via increased vascular resistance.21
Increased levels of ET-1 have also been associated with development of CVD and progression of
CKD.22
Not unexpectedly, ET-1 concentrations appear to be higher with more advanced stages
of CKD23, 24, 25. In an ambulatory BP study of 27 patients with CKD, higher ET-1 was associated
with higher mean BP and a lower frequency of nocturnal dipping, with some reversal of these
findings following administration of an ET-1 antagonist26. Similar findings have been reported
among patients on maintenance HD. For example, Teng et al compared 17 stable Chinese HD
patients aged <75 years with intradialytic hypertension to 17 age- and sex-matched controls,
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reporting that post-HD serum ET-1 concentrations were significantly higher in those who
developed intradialytic hypertension (4.1 ± 2.1 vs. 2.8 ± 1.3 pg/mL, P-difference< 0.05).27 Similar
findings were reported by Chou et al from a slightly larger case-control study (n=60), where
post-HD ET-1 concentrations were almost two-fold higher in those who developed intradialytic
hypertension, compared with those who did not28. In addition, Ottosson-Seeberger et al.
reported that infusions of ET-1 resulted in higher mean arterial pressure in five HD patients
without a documented history of cardiac disease, supporting a central role for ET-1 in the
regulation of BP in HD patients29. Our results from a much larger, contemporary cohort in the
United States are consistent with these reports, and provide additional data related to the
absolute magnitude of BP changes associated with ET-1 during the course of HD sessions. The
association of higher ET-1 with hospitalization and death has been addressed by a prior analysis
of the same cohort by Li et al. In fully adjusted models, they reported a 1.46-fold increased risk
of death (HR 1.46, 95% CI 1.26 – 1.69) and 1.15-fold increased risk of hospitalization (HR 1.15,
95% CI 1.05 – 1.25) per unit increase in SD of log-transformed ET-1, further highlighting the
potential importance of this pathway for adverse outcomes in HD patients.30

Our results confirm the presence of a pronounced association of ET-1 with BP control in
HD patients. While some prior studies have reported higher ET-1 concentrations in
normotensive17 and hypertensive 18 Black populations, when compared with white populations,
we did not find evidence for effect modification according to self-reported race in our analyses.
Prior studies of have also reported higher ET-1 levels in non-ESRD patients with diabetes,31, 32, 33
compared with non-diabetics. While data regarding differences in ET-1 in patients with diabetes
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on maintenance HD is sparse, we did not find differences in baseline ET-1 according to diabetes,
nor evidence of effect modification of the association with HD-related BP parameters. Our
results are important, given the associations between intradialytic hypertension and adverse
short term and long-term outcomes.34,35 The relationship between intradialytic hypertension
and mortality is complex and may related to downstream effects of potential predictors such as
ET-1. Our results are particularly relevant given the availability of ET-1 receptors antagonists. Of
note, the prior use of such agents in patients with CKD have been hampered by adverse effects
related to hypervolemia36, 37, providing the impetus for recent trials to have an enrichment
period to identify those most likely to benefit and least likely to have adverse effects37. In
theory, the risks of hypervolemia from ET receptor blockade may be lower in patients on
maintenance HD therapy, who tend to be oligo-anuric and less prone to renal-mediated sodium
retention.

There are several strengths to our study, including the relatively large sample size,
duration of follow-up, and availability of detailed HD-related hemodynamic data. However,
there are several limitations to mention. These include the use of a single baseline
measurement of ET-1, non-availability of laboratory data for each HD session, limited data on
the dialysate prescription, temperature, and potential for misclassification of covariables via the
use of ICD-9 codes. Additionally, measures of bioimpedance, regular medications, and patient
symptoms were not systematically recorded in this study. Furthermore, clinical blood pressures
were used for the purposes of this study, per routine management and although these allow for
a ‘real-word’ understanding, clinical blood pressure measurements may be unreliable. Indeed,
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despite the performance of multivariable adjusted models, the potential for residual
confounding remains. Furthermore, this was an observational study and therefore hypothesis
generating. Finally, this represents a contemporary outpatient cohort from the US, which may
not be generalizable to other cohorts.

In conclusion, we observed strong association between ET-1 and higher HD-related
parameters of SBP. These results support a potential role of ET-1 in BP regulation in
maintenance HD patients and provide rationale for testing ET-1 antagonists in future
interventional studies.
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Table 1. Baseline characteristics of participants according to quartiles of plasma endothelin-1

Endothelin-1,
ng/mL
Age, yrs
Female, n (%)
Pre-dialysis
weight, kg
Ultrafiltration
volume, L
Race, n (%)
White
Black
Other
Access, n(%)
AVF
AVG
Tunneled
Catheter
Session length,
mins
Diabetes, n(%)
Hypertension,
n(%)
Ischemic Heart
Disease, n(%)
Serum
Albumin, g/dL

Quartile 1
(n=193)
1.3
[1.1, 1.4]
56 ± 22
74 (38.3%)

Quartile 2
(n=192)
1.8
[1.7, 1.9]
52 ± 22
86 (44.8%)

Quartile 3
(n=192)
2.3
[2.1, 2.5]
53 ± 21
79 (41.1%)

Quartile 4
(n=192)
3.3
[2.9, 4.0]
48 ± 22
80 (41.7%)

<0.001
<0.001
0.69

89.5 ± 23.8

91.1 ± 23.5

92.9 ± 24.9

90.2 ± 24.5

0.63

1.9 ± 1.6

2.2 ± 1.6

2.0 ± 1.5

2.4 ± 1.5

0.004
0.84

81 (42.0%)
68 (35.2%)
44 (22.8%)

85 (44.3%)
77 (40.1%)
30 (15.6%)

80 (41.7%)
85 (44.3%)
27 (14.1%)

76 (39.6%)
84 (43.8%)
32 (16.7%)

P

0.93
137 (71.0%)
24 (12.4%)

124 (64.6%)
28 (14.6%)

129 (67.2%)
29 (15.1%)

131 (68.2%)
34 (17.7%)

32 (16.6%)
210
[180, 227]
67 (34.7%)

40 (20.8%)
210
[182, 240]
81 (42.2%)

34 (17.7%)
214
[188, 240]
101 (52.6%)

27 (14.1%)
210
[182, 240]
94 (49.0%)

0.04
<0.001

67 (34.7%)

50 (26.0%)

68 (35.4%)

48 (25.0%)

0.18

15 (7.8%)

12 (6.2%)

19 (9.9%)

16 (8.3%)

0.54

3.6 ± 0.6

3.6 ± 0.5

3.5 ± 0.5

3.4 ± 0.5

0.005
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Legend: Values for continuous variables are presented as mean (± standard deviation), median
(25th-75th percentile). Abbreviations: HD, hemodialysis; BP, blood pressure; UF, ultrafiltration;
AV, arteriovenous.

Table 2: Baseline systolic blood pressure parameters of participants according to quartiles of
plasma endothelin-1

Pre-dialysis
SBP, mmHg
Nadir
intradialytic
SBP, mmHg
Postdialysis
SBP, mmHg

Quartile 1
(n=193)

Quartile 2
(n=192)

Quartile 3
(n=192)

Quartile 4
(n=192)

P

149 ± 26

151 ± 27

151 ± 28

157 ± 30

0.003

119 ± 25

119 ± 24

120 ± 24

123 ± 27

0.15

145 ± 27

144 ± 27

145 ± 24

150 ± 31

0.06

Legend: Values for continuous variables are presented as mean (± standard deviation), median
(25th-75th percentile). Abbreviations: SBP, systolic blood pressure.
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Table 3: Unadjusted and adjusted multiple linear mixed effects regression models
SBP Parameter

Model

Change in SBP

95% CI

P

per SD increase
in logET-1
(mmHg)
Pre-HD SBP

Nadir SBP

Post-HD SBP

Unadjusted

3.4

[2.2, 4.6]

<0.001

Model 1

3.3

[2.2, 4.5]

<0.001

Model 2

3.2

[2.0, 4.4]

<0.001

Unadjusted

2.7

[1.7, 3.7]

<0.001

Model 1

1.4

[0.6, 2.1]

<0.001

Model 2

1.9

[1.1, 2.6]

<0.001

Unadjusted

2.8

[1.7, 4.0]

<0.001

Model 1

1.7

[0.8, 2.6]

<0.001

Model 2

2.2

[1.3, 3.1]

<0.001

Models: unadjusted; model 1 adjusted for: age, gender, race, HD access, pre-HD systolic BP;
model 2: adjusted for same as model 1 plus categories of session length, ultrafiltration volume,
diabetes, congestive heart failure, ischemic heart disease, peripheral vascular disease, and lung
disease
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Figure 1:
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Figure 2:
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Supplementary Material:
Supplementary Table 1: Comparison between Included and Excluded Participants.

Age, yrs
Female, n (%)
Pre-dialysis weight, kg
Ultrafiltration volume, L
Race, n (%)
White
Black
Other
Pre-dialysis systolic
blood pressure, mmHg
Access, n (%)
AVF
AVG
Tunneled Catheter
Peritoneal Dialysis
Catheter
Diabetes, n (%)
Hypertension, n (%)
Ischemic Heart Disease,
n (%)
Serum Albumin, g/dL

Included
(n=769)
52 ± 22
319 (41.5%)
90.9 ± 24.1
2.1 ± 1.5

Excluded
(n=207)
54 ± 23
108 (52.2%)
88.3 ± 24.7
2.0 ± 1.5

322 (41.9%)
314 (40.8%)
133 (17.3%)

66 (31.9%)
55 (26.6%)
86 (41.5%)

152 ± 28

154 ± 28

521 (67.8%)
115 (15.0%)
133 (17.3%)

137 (66.2%)
23 (11.1%)
39 (18.8%)

0 (0.0 %)
342 (44.5%)
233 (30.3%)

8 (3.9 %)
87 (42.0%)
66 (31.9%)

0.53
0.66

62 (8.1%)
3.5 ± 0.5

21 (10.1%)
3.5 ± 0.6

0.34
0.92

P
0.41
0.01
0.19
0.40
<0.001

0.47
0.32
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Supplementary Table 2: Exploratory linear mixed effects regression models.

SBP Parameters
Pre-SBP
Min SBP
Post-SBP

Change in SBP per
SD increase in
logET-1 (mmHg)
2.8
1.8
2.2

95% CI
[1.6, 4.0]
[1.0, 2.5]
[1.3, 3.2]

p
<0.001
<0.001
<0.001

Models: adjusted for: age, gender, race, HD access, pre-HD systolic BP, categories of session length,
ultrafiltration volume, diabetes, congestive heart failure, ischemic heart disease, peripheral vascular disease,
lung disease, and hemoglobin.

Supplementary Table 3. Adjusted association of ET-1 with change in SBP over 30-days of follow-up
SBP Parameter

Model

Pre-HD SBP

Model 2

Change in SBP per
SD increase in
logET-1 (mmHg)
3.1

95% CI

P

[1.8, 4.5]

<0.001

Nadir SBP

Model 2

1.3

[0.3, 2.2]

0.01

Post-HD SBP

Model 2

1.8

[0.6, 3.0]

0.002
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Summary of Results and Conclusions

This body of work focuses on two overarching goals: first, exploring different definitions
for intradialytic hypertension and identifying which may have the most potent association with
mortality. The second, investigating the role of a modifiable factor, ET-1, in contributing to
changes in SBP and the development of higher BP during dialysis.
In our first project, we described the associations of three independent definitions of
intradialytic hypertension with mortality in a large, contemporary, HD cohort using survival
analyses. Our primary observation was that the most potent association with mortality was
observed in participants who experienced any increase in systolic BP from pre- to post-HD.
This observation contributes to the body of literature on this topic as it is one of the first to put
forth a single definition for intradialytic hypertension relevant to clinical outcomes, which may
help guide clinical decision-making in the future.
We also observed effect modification by age and PVD. Specifically, the association
between any increase in SBP from pre to post-HD with mortality being most pronounced in
those aged 45-70 years, while the association between any increase in SBP from pre to post-HD
with mortality was most pronounced in those without PVD at baseline. While these findings
should be interpreted with some caution because of lack of statistical power, they may support
further investigation into the potential impact of both age and PVD on intradialytic BPs.
Following the results observed in project 2, we further aimed to explore potential
predictors of SBP change and intradialytic hypertension. As ET-1 is a potent vasoconstrictor and
is a known predictor for hypertension in the non-ESKD population, we hypothesized that ET-1
might play a potential role in SBP change in the ESKD population. Herein, we examined the
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association of ET-1 with HD-related BP parameters using a large, contemporary, prospective
patient cohort. We observed the following: 1) Higher ET-1 concentrations were independently
associated with higher pre-HD SBP, nadir intradialytic SBP, and higher post-HD SBP; and 2)
higher endothelin was associated with greater odds of developing intradialytic hypertension.
These observations support a potential role for ET-1 in intradialytic blood pressure variation
and intradialytic hypertension. These observations build on earlier data from Li et al. who
observed an association between ET-1 and mortality in the maintenance HD population (23)
and further suggest a potential therapeutic pathway for pharmacologic management of
intradialytic hypertension with already developed ET-receptor antagonists, which, while yet to
be evaluated in the ESKD population, have demonstrated safety and efficacy in the CKD
population (24). Further, while yet to be developed, these results suggest potential for the
development for ET-receptor agonists for those who are more hypotensive-prone on HD, as
there are currently limited pharmacologic management strategies for this clinical condition.
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Discussion and perspectives:
The present studies highlight the impact intradialytic hypertension has on morbidity and
mortality in the HD population and the importance of further investigation into the predictors
of intradialytic hypertension and potential modifiable risk factors. Despite a paucity of evidence
on this topic, through analyses of large HD cohorts, our results reflect not only a potentially
unifying definition for intradialytic hypertension that is relevant to clinical outcomes, but also a
potential modifiable risk factor for this disease state.
Hemodialysis (HD) is the primary life-sustaining treatment for those with end-stage
kidney disease. (27) However, many patients on HD have comorbid or worsening cardiovascular
disease, which may impact their survival on HD therapy. (1) Extensive evidence exists regarding
the importance of SBP regulation and hypertension management in this population in order to
minimize these risks; however, there have been few biomarkers reported that have
demonstrated potential for pharmacologic intervention. Endothelin-1 has been studied in both
CKD and non-CKD populations. Pharmacological antagonism has demonstrated efficacy in
reducing renal events in patients with type 2 diabetes and appears promising as a potential
renal protective early intervention. (23) While this has yet to be studied in the ESKD population,
it is biologically plausible that this may have beneficial effects in reducing CV disease and aid in
the management of intradialytic hypertension in this population.
In conclusion, this body of work reflects an in-depth analysis of the potential outcomes
associated with intradialytic SBP increases and, more specifically which definitions of
intradialytic hypertension are associated with greater risks of mortality. Further, we describe
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the relationship between a potential predictor for SBP change in this population, ET-1, and
outline a potential avenue for intervention.
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