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Abstract

Background—Hypertension is a common complication of chronic kidney disease (CKD) and 

persists among most patients with end-stage renal disease (ESRD) despite the provision of 

conventional thrice weekly hemodialysis.

Methods—We analysed the effects of frequent hemodialysis on blood pressure in the 

randomized controlled Frequent Hemodialysis Network Trials. The Daily Trial randomized 245 

patients to 12 months of 6× (“frequent”) versus 3× (“conventional”) weekly in-center 

hemodialysis; the Nocturnal Trial randomized 87 patients to 12 months of 6× weekly nocturnal 

hemodialysis versus 3× weekly predominantly home-based hemodialysis.

Results—In the Daily Trial, compared to 3× weekly hemodialysis, two months of frequent 

hemodialysis lowered pre-dialysis systolic blood pressure by −7.7 mmHg [95%CI: −11.9 to −3.5] 

and diastolic blood pressure by −3.9 mmHg [95%CI: −6.5 to −1.3]. In the Nocturnal Trial, 

compared to 3× weekly hemodialysis, two months of frequent hemodialysis lowered systolic 

blood pressure by −7.3 mmHg [95%CI: −14.2 to −0.3] and diastolic blood pressure by −4.2 
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mmHg [95%CI: −8.3 to −0.1]). In both trials blood pressure treatment effects were sustained until 

month 12. Frequent hemodialysis resulted in significantly fewer antihypertensive medications 

(Daily: −0.36 medications [95%CI: −0.65 to −0.08]; Nocturnal: −0.44 mediations [95%CI: −0.89 

to −0.03]). In the Daily Trial, the relative risk per dialysis session for intradialytic hypotension 

was lower with 6×/week HD but given the higher number of sessions per week, there was a higher 

relative risk for IDH requiring saline administration.

Conclusions—Frequent hemodialysis reduces blood pressure and the number of prescribed 

antihypertensive medications.
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Introduction

Hypertension is diagnosed in over 80% of patients on maintenance hemodialysis1. While 

there is no agreement on optimal blood pressure (BP) targets or the therapeutic means to 

achieve BP goals2, recent meta-analyses indicate that antihypertensive therapy in patients on 

maintenance HD is associated with lower mortality3,4. Previous studies suggest that 6× 

weekly HD compared to the conventional 3× weekly regimen reduces BP5–15. Two small 

randomized 6-months-long trials16,17 reported 7 – 23 mmHg reductions in pre-HD systolic 

BP (SBP) and 4–12 mmHg in diastolic BP (DBP). However, there is little information about 

how frequent HD affects BP over time. To our knowledge, no published study has described 

the effects of frequent HD on episodes of intradialytic hypotension, a common problem 

associated with poor short-term and long-term outcomes18. We previously reported the 

primary results of two parallel year-long randomized controlled trials on the effects of 

frequent HD19,20. Here we provide a description of BP dynamics in both FHN trials, the 

influence of baseline factors on treatment effects, the association between changes in pre-

HD SBP and fluid status, and the effects of frequent HD on antihypertensive therapy and 

intradialytic hypotensive events.

Subjects and Methods

FHN Trials

The FHN Daily and Nocturnal Trials (ClinicalTrials.gov#NCT00264758) are multicenter, 

randomized, prospective trials of in-center short daily HD and predominantly home-based 

nocturnal HD. The designs, inclusion and exclusion criteria of both trials were described 

previously21. Pertinent to this report was the less stringent exclusion criterion for residual 

renal function in the Nocturnal Trial (average of the urea and creatinine clearances >10 

mL/min/1.73m2) compared to the Daily Trial (>3 mL/min per 35 L urea distribution 

volume)22. Post-HD target weight was prescribed by the patient’s attending nephrologist. 

Patients were enrolled between 3/2006 and 5/2009 and the trials concluded in 5/2010. Both 

trials were conducted in accordance with the Declaration of Helsinki and were approved by 

the Institutional Review Board at each participating site. An independent Data Safety 

Monitoring Board provided oversight of both trials.
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Measurements

In the daily trial blood pressure was measured according to facility protocol by an automated 

device before and after HD. Pre- and post-HD BP were averaged over one week each month. 

Patients in the nocturnal study kept flow sheets for all of their home treatments and brought 

them to the clinic once a month. Patients on home hemodialysis monitored their blood 

pressure initially every 30 minutes per treatment for a week and then every hour for two to 

three weeks. Nocturnal patients were advised to monitor their BP every hour during the 

night for the first month after they went home. The reason we did this was to detect if the 

patient had any hypotensive episodes during the night. Once the investigators were 

comfortable that hypotensive episodes did not occur, patients were advised to stop 

measuring blood pressure every hour and just measure it before and after dialysis treatment. 

Caregivers were trained to measure BP and look for symptoms when a patient was dialyzed 

at home or at night.

Pre-HD and post-HD weights were recorded during the same week each month that the BP 

measurements were taken. Interdialytic weight gain (IDWG) was estimated from the 

intradialytic weight loss, calculated as pre-HD weight minus post-HD weight per dialysis 

session; the average IDWG over the recorded week was used for estimating associations 

with changes in BP. Brain natriuretic peptide (B-type natriuretic peptide; BNP), was 

measured in F1 and F12.

Antihypertensive Therapy

Category and dose of prescribed antihypertensive medications were recorded at baseline and 

every 4 months during the course of the trials. The quantities of medications belonging to 

relevant drug classes were summed over four week periods. Adjustment of antihypertensive 

therapy was at the discretion of the attending nephrologist.

Intradialytic Hypotensive Episodes (IDHE)

We defined sessions associated with IDHE as those HD treatments during which 

hypotensive symptoms led to either lowering the ultrafiltration rate or to saline 

administration. In the nocturnal trial patients were taught to give themselves 250 to 500 mL 

of normal saline whenever they experienced hypotensive symptoms during the dialysis 

treatment. We analyzed relative rates as well as the absolute counts of sessions associated 

with IDHE. Incidents of sessions associated with IDHE during one week periods were 

recorded monthly. A maximum of one IDHE was counted per HD session.

Subgroup Analyses—We defined a priori three baseline factors that might modify the 

effect of frequent HD on the change in average pre-HD SBP during follow-up months 3 to 5 

(F3–5) and 10 to 12 (F10–12). The primary assessment of treatment interactions with 

quantitative subgroup factors was based on a test for linear interaction which treated the 

subgroup factor as a continuous variable; estimated treatment effects are also provided for 

the subgroups defined by the indicated cut-offs for descriptive purposes. These three factors 

were a) baseline pre-HD SBP ≤ 145 or > 145 mmHg, b) baseline IDWG ≤ 3 or > 3 kg, and 

c) baseline urine volume (Daily Trial: ≤ 100 or >100 mL per day; Nocturnal Trial: ≤ 500 or 

> 500 mL per day). We also conducted a posteriori subgroup analyses in patients with 
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baseline urinary volumes of 0, 1 – 400, and >400 mL/day. Exploratory analyses were 

conducted in patients whose SBP declined 30 mmHg or more from baseline to F10–12.

Statistical Methods—We summarized categorical variables using proportions and 

continuous variables using mean ± SD or median with 10th and 90th percentiles where data 

were skewed. Descriptive summaries of changes in treatment-related variables are provided 

for the patients with non-missing values at four time points: baseline, F2, F3–5, and F10–12.

We estimated the effects of the randomized treatment assignment on pre-HD SBP, DBP and 

other continuous outcomes with a mixed effects analysis that included a time interaction 

with the baseline value of each outcome for both trials and with clinical centers for the Daily 

Trial. The mixed effects analyses incorporated baseline and monthly measurements; we used 

a combined compound-symmetry first order autoregressive covariance matrix to account for 

correlations in measurements over time23. This analytic approach incorporated baseline BP 

measurements in cases where patients died or dropped out of the study during the follow-up 

period. We estimated treatment effects for the mean changes from baseline to the average 

values during F2, F3–5, and F10–12 with change to F10–12 representing the pre-specified 

measure of most interest. While not pre-specified, we conducted an additional analysis with 

adjustment for prescribed dialysate sodium concentration.

We obtained treatment group comparisons for the number of prescribed antihypertensive 

medications at F3–5 and F10–12 using exact permutation tests stratified by the baseline 

amounts.

For each of the three pre-specified subgroup factors, we used linear regression analyses to 

relate the change in pre-HD SBP to treatment assignment, the pre-specified baseline 

covariates, and to corresponding interaction terms. The primary assessment of treatment 

interactions with quantitative subgroup factors was based on a test for linear interaction 

which treated the subgroup factor as a continuous variable. In the Daily Trial, we present P-

values for the subgroup interactions without adjustment for multiple comparisons. Due to its 

limited sample size, we treated all subgroup analyses in the Nocturnal Trial as exploratory 

without significance testing.

To assess the relationship between changes in SBP and changes in indicators of fluid status 

we depicted the association of changes in pre-HD SBP with changes in other factors for 

individual patients using scatter plots with separate nonparametric local regression curves 

for each treatment group24 and we also computed Spearman correlations between the 

changes for each group.

We report both the absolute numbers and relative rates of IDHE. Treatment-based 

differences in both outcomes were tested using generalized estimating equations. Analyses 

were not adjusted for baseline values of IDHEs or other covariates

We performed all analyses using SAS version 9.2. Two-tailed P-values <0.05 were 

considered statistically significant unless otherwise indicated.
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Results

In the Daily Trial 245 patients were randomized to 12 months of 6× weekly HD or 3× 

weekly in-center HD. In the Nocturnal Trial 87 patients were randomized to 12 months of 

6× weekly nocturnal HD or 3× weekly conventional predominantly home-based HD, four 

patients went through all of follow-up being dialyzed in-center (Table 1).

Fourteen patients died in the Daily Trial (5 in 6× weekly and 9 in 3× weekly cohorts), and 3 

in the Nocturnal Trial (2 in the nocturnal and 1 in the 3× weekly cohorts).

Treatment Effects on Blood Pressure Dynamics and Antihypertensive Therapy

In the Daily Trial, compared to 3× weekly HD, 6× weekly HD resulted in a significant 

reduction of pre-HD SBP by 7.7 mmHg and DBP by 3.9 mmHg at month 2 of the trial (F2) 

(Figures 1a and 1b, Table 2a). The SBP reduction remained relatively stable for the 

subsequent 10 months; the mean reduction of pre-HD SBP at F10–12 was 10 mmHg 

(Figures 1a and 1b, Table 2a). Comparable dynamics were observed for pre-HD DBP, post-

HD SBP, and post-HD DBP (Table 2a). Sixteen patients (7%) experienced a decline in pre-

HD SBP of ≥30 mmHg between baseline and F10–12 (13 in the 6× weekly group; 3 in the 

3× weekly arm, Table 3). The most prominent clinical characteristic among these patients 

was a relatively high baseline SBP (164±17.8 mmHg).

In the Nocturnal Trial at F2, the pre-HD SBP treatment effect was 7.3 mmHg and 4.2 mmHg 

for pre-HD DBP. These relative BP changes remained stable thereafter (Figures 2a and 2b, 

Table 2b). No significant treatment effects were observed on post-HD SBP and DBP (Table 

2b). In 7 subjects (8%) pre-HD SBP fell by ≥30 mmHg between baseline and F10–12 (4 in 

the 6× weekly nocturnal arm; 3 in the conventional arm, Table 4). Older age (60.6±13.3 

years) and a higher pre-HD SBP (166±14.7 mmHg) at baseline distinguished these patients.

The number of prescribed antihypertensive drugs was significantly lower among 6× weekly 

subjects by F3–5 both in the Daily Trial (−0.38 [95%CI: −0.70 to −0.008]; Table 2a) and the 

Nocturnal Trial (−0.46 [95%CI: −0.98 to −0.004]; Table 2b).

We also conducted a not pre-specified analysis with adjustment for prescribed dialysate 

sodium concentrations. This additional analysis indicated a significant treatment effect for 

pre-HD SBP in the Daily Trial, but not in the Nocturnal Trial (Supplemental Table 1).

Treatment Effects on Indicators of Fluid Volume

In the Daily Trial, in the 6× weekly group post HD weight at F2 was relatively lower 

compared to the 3× weekly control group. The difference was not significant later in the trial 

(Table 2a). In the Nocturnal Trial, there was no treatment effect on post HD weight at any 

time point (Table 2b). In contrast, pre-HD weight decreased by 1.3 to 1.6 kg more among 

Daily 6× weekly subjects in the first 2–5 months compared to conventional HD (P<0.001). 

However, by F10–12, this difference was no longer significant (Table 2a). In the Nocturnal 

Trial, there were no significant changes in either the pre- or the post-HD weights by 

treatment group (Table 2b).
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In the Daily Trial, in both treatment groups changes in IDWG from baseline remained 

remarkably constant throughout the study (3× weekly: ~3.1 kg; 6× weekly: ~1.0 kg) (Table 

2a). In the Nocturnal Trial the overall IDWG was ~2.4 kg in the 3× weekly group and ~ 1.9 

kg in the 6× weekly group with a significant difference of ~ 0.5 kg between the two 

treatment arms from F2 onwards (Table 2b).

Intradialytic Hypotensive Episodes (IDHE) (Table 5)

In the Daily Trial there was a trend for a lower percentage of sessions associated with 

IDHEs relative to the number of sampled HD sessions in the 6× weekly group compared to 

the 3× weekly group (P=0.056). However, with more HD sessions in the 6× weekly group, 

the absolute number of sessions associated with IDHE episodes requiring saline 

administration was also greater resulting in a relative risk of 1.53 (95%CI: 1.11 to 2.09) for 

6× weekly patients in the Daily Trial.

In the Nocturnal Trial the relative frequency of sessions associated with IDHE was 

significantly lower in the 6× weekly group (P<0.001). The relative risk for sessions 

associated with IDHE requiring saline administration for 6× weekly subjects was 0.35 

(95%CI: 0.18 to 0.69) compared to 3× weekly subjects.

Baseline Predictors of pre-HD SBP Response to Frequent Dialysis

Neither baseline pre-HD SBP nor the baseline interdialytic weight gain (IDWG) 

significantly influenced the treatment effect on BP in both trials (data not shown). However, 

the effect of frequent HD on pre-HD SBP was significantly greater among Daily Trial 

patients who were anuric at baseline, when compared to those who produced any urine 

(interaction P = 0.05) (Figure 3). A comparable modification of urine volume on the 

treatment effect was not seen in the Nocturnal Trial (interaction P = 0.73) (Figure 4).

Correlational Analyses

In the Daily Trial changes in pre-HD SBP between baseline and F2 were modestly 

correlated with changes in IDWG in the 3× weekly group (Spearman rho = 0.21, P=0.035), 

but not in the 6× weekly groups (Figure 5). This lack of correlation was also true at F10–12. 

In the Nocturnal Trial, there was no correlation between the change in pre-HD SBP and the 

change in IDWG in F2 (Figure 6).There was also no correlation between the change in post-

HD weight and the change in pre-HD BP in either trial (data not shown). In both trials 

changes in BNP between F1 and F12 and changes in pre-HD SBP were not correlated (data 

not shown).

Discussion

Frequent HD reduces BP and the number of prescribed antihypertensive medications 

whether it is given in shorter duration daily or in longer nocturnal sessions. Our results are 

comparable to those seen in observational studies and randomized trials of daily in-center 

HD, in which reductions in pre-HD SBP of 7 to 23 mmHg and in DBP of 4 to 12 mmHg 

have been reported5–13,16. In addition to greater declines in BP, patients who received 
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frequent HD were also prescribed significantly fewer antihypertensive medications, a 

finding in keeping with previous studies5–8,11,17.

BP dynamics appeared to differ slightly between daily and nocturnal 6× weekly HD (Table 

2a, 2b). We speculate that shorter dialysis vintage and larger urine volumes in the Nocturnal 

Trial may have attenuated the impact of frequent dialysis compared to the Daily trial. 

Subgroup analysis in the Daily Trial indicated a significant interaction between daily urine 

volume at baseline and BP response, so that anuric patients had greatest relative decline in 

BP with frequent HD. These findings suggest that the larger residual urinary volume in the 

Nocturnal Trial at baseline may have tempered BP lowering in this group.

Intradialytic hypotensive episodes (IDHE) are a major concern for HD patients. While in 

patients in the frequent HD arms of both FHN trials pre-HD SBP and DBP were lower than 

at baseline, there was a lower percentage of sessions associated with IDHE relative to the 

total number of sampled HD sessions in the 6× weekly groups compared to the 3× weekly 

groups in both trials. The reasons for the lower rates of sessions associated with IDHE are 

not completely clear, but the lower ultrafiltration rate observed with more frequent HD is a 

reasonable possibility (Table 2a, 2b). However, while the relative frequency of sessions 

associated with IDHE decreased in the 6× weekly group in the Daily Trial, the absolute 

number of IDHE per patient over a given time increased, resulting in a significantly higher 

relative risk for sessions associated with IDHE requiring the administration of saline (Table 

5). In the Nocturnal Trial the relative risk of sessions associated with IDHE was decreased 

in the 6× weekly arm. The smaller number of sessions associated with IDHE among 6× 

weekly patients in the Nocturnal Trial may be related to differences in monitoring; it is 

conceivable that in a sleeping patient it would be less likely that ultrafiltration rate would be 

adjusted or saline be given.

While these trials were not designed to study the mechanisms responsible for BP reductions 

with more frequent HD, we speculate that several pathways may be responsible. A reduction 

in interdialytic fluid gain with 6× weekly dialysis may lead to a reduction in BP. Our data 

appear to support prior studies that frequent dialysis reduced predialysis BP and the number 

of antihypertensive agents. Blood pressure rises in the interdialytic period at a rate that 

depends on the interdialytic weight gain. This has been confirmed using ambulatory and 

home BP measurements. Patients who had daily dialysis had weight excursions in a 

narrower range than those in conventional dialysis group, and in both trials the weekly 

average IDWG was lower in the frequent HD arms. Thus, one could hypothesize that 

reduction in BP may simply reflect lower weight excursions, lower interdialytic weight gain, 

and therefore lower predialysis blood pressure. In order to further explore the association 

between changes in IDWG and pre-HD SBP, we analyzed this in individual patients in each 

group. We focused on the changes 2 months after randomization, reasoning that these earlier 

changes would be less confounded by other factors such as physiological adjustments to a 

lower BP, changing medications, provider adjustments to the prescribed target weight, 

differences in diet, and changes in body composition that might occur later in the trials. 

When the relationship between change in IDWG and change in pre-HD SBP was examined 

at the individual patient level, the association was modest in the 3× weekly arm in the Daily 

Trial (Spearman rho = 0.21, P=0.035) and not significant in the 6× weekly groups in both 
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trials (Figures 5 and 6). In addition, correlational analysis of changes in pre-HD SBP and 

changes in BNP, an indicator of volume status, showed no relationship in both trials. These 

results call into question a direct effect of interdialytic fluid intake on pre-HD SBP. While 

not excluding the role of extracellular volume differences, other factors, including reduced 

sympathetic tone25, improved endothelial function, and more efficient removal of pressor 

substances26 may play a role in the decline in BP with frequent HD. In a not pre-specified 

analysis we adjusted for the effect of prescribed dialysate levels on pre-HD SBP. In this 

analysis the treatment effect of frequent HD on pre-HD SBP remained significant in the 

Daily but not in the Nocturnal Trial. Notwithstanding the fact that no data on actually 

delivered dialysate sodium concentrations is available, we believe that this observation 

deserves future research into the relationship between actually delivered dialysate sodium 

and blood pressure.

The Daily and Nocturnal Trials are the largest published randomized trials of frequent HD, 

permitting robust evaluations of these interventions on BP. However, there are important 

limitations to the data. First, actual antihypertensive drug dose was not recorded; only the 

prescribed antihypertensive drug dose could be relied on as an indicator of antihypertensive 

therapy. Secondly, despite randomization in the Nocturnal Trial, average pre-HD SBP at 

baseline was 7.7 mmHg higher in the 3× weekly arm (152.6±22.2 vs. 144.9±13.7 mmHg; 

Table 2b). This baseline difference would be expected to favor a more pronounced BP 

decline in the 3× weekly arm. However, BP reduction was actually more pronounced in the 

6× weekly nocturnal arm. Thirdly, we did not rigorously standardize methods for measuring 

BP and IDHE. However this limitation should have been mitigated by our focus on changes 

over time since the center-specific modes of BP measurement probably remained fixed 

during the study; in addition, any differences would have been expected to be balanced by 

randomization. Fourth, ambulatory BP monitoring was not performed in either trial and 

home blood pressure measurements were required only at baseline but not at the end of 

study. Ambulatory BP monitoring would have facilitated to investigate in greater detail the 

time course and mechanistic concepts related to the BP dynamics. Fifth, there is a potential 

for ascertainment bias, because of the unmasked design. However, it is almost inconceivable 

that an intervention such as frequent hemodialysis can be delivered in a masked fashion. 

Finally, additional measures of extracellular (e.g. bioimpedance spectroscopy) and / or 

intravascular volume (e.g. diameter of inferior vena cava) would be very useful. 

Unfortunately, measurements of fluid status by means of bioimpedance spectroscopy are 

available only in certain selected patient subsets. In conclusion, compared to 3× weekly HD, 

6× weekly HD produced a comparable reduction of BP in both the Daily and Nocturnal 

Trials, indicating that frequent HD reduces BP in both frequent in-center HD and with 

frequent nocturnal HD sessions at home. The BP reduction was accompanied by fewer 

prescribed antihypertensive drugs. Favorable reductions in BP should be considered when 

balancing the relative risks and benefits of frequent HD in selected patients with ESRD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a: Monthly pre-dialysis systolic blood pressure in the Daily Trial

Patients in the 6× weekly group (open squares) had significantly lower values than the 3× 

weekly group (closed circles) at F1 (P<0.001) and thereafter (mixed effects analysis 

adjusting for baseline value of outcome and clinical center).

b: Monthly mean changes of pre-dialysis SBP from baseline in the Daily Trial

Patients in the 6× weekly group (open squares) had significantly lower values than the 3× 

weekly group (closed circles) at F1 (P<0.001) and thereafter (mixed effects analysis 

adjusting for baseline value of outcome and clinical center).
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Figure 2. 
a: Monthly pre-dialysis SBP in the Nocturnal Trial

Patients in the 6× weekly group (open squares) had significantly lower values than the 3× 

weekly group (closed circles) at F3–5 (P=0.003) and thereafter (mixed effects analysis 

adjusting for baseline value of outcome).

b: Monthly mean changes of pre-dialysis SBP from baseline in the Nocturnal Trial

Patients in the 6× weekly group (open squares) had significantly lower values than the 3× 

weekly group (closed circles) at F3–5 (P=0.003) and thereafter (mixed effects analysis 

adjusting for baseline value of outcome).
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Figure 3. Estimated treatment effect on pre-dialysis SBP by magnitude of daily urine volume at 
baseline in the Daily Trial
Tests were performed on the continuous form of urine volume but results were represented 

using urine volume categories, simply for illustrative purposes. Patients who had no urine 

output at baseline had a greater reduction in SBP in the frequent dialysis group compared to 

the conventional 3× weekly group (P for interaction = 0.05).
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Figure 4. Estimated treatment effect on pre-dialysis systolic BP by magnitude of daily urine 
volume at baseline in the Nocturnal Trial
Tests were performed on the continuous form of urine volume but results were represented 

using urine volume categories, simply for illustrative purposes. Urine output at baseline had 

no modifying effect on the reduction in SBP in the frequent dialysis group compared to the 

conventional 3× weekly group.

Kotanko et al. Page 16

Hemodial Int. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Daily Trial
Association between change in pre-dialysis systolic BP and change in interdialytic weight 

gain between baseline and F2. There was a modest correlation in the 3× weekly group 

(Spearman rho = 0.21, P=0.035), but not in the 6× weekly group
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Figure 6. Nocturnal Trial
Association between change in pre-HD systolic BP and change in interdialytic weight gain 

between baseline and F2. There was no statistically significant correlation in either the 3× 

weekly (closed circles) and 6× weekly (open squares) groups.
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