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Hemodiafiltration maintains a sustained improvement in blood
pressure compared to conventional hemodialysis in children—the
HDF, heart and height (3H) study
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Abstract
Background Hypertension is prevalent in children on dialysis and associated with cardiovascular disease. We studied the blood
pressure (BP) trends and the evolution of BP over 1 year in children on conventional hemodialysis (HD) vs. hemodiafiltration
(HDF).
Methods This is a post hoc analysis of the “3H – HDF-Hearts-Height” dataset, a multicenter, parallel-arm observational study.
Seventy-eight children on HD and 55 on HDF who had three 24-h ambulatory BP monitoring (ABPM) measures over 1 year
were included. Mean arterial pressure (MAP) was calculated and hypertension defined as 24-h MAP standard deviation score
(SDS) ≥95th percentile.
Results Poor agreement between pre-dialysis systolic BP-SDS and 24-h MAP was found (mean difference − 0.6; 95% limits of
agreement −4.9–3.8). At baseline, 82% on HD and 44% on HDF were hypertensive, with uncontrolled hypertension in 88% vs.
25% respectively; p < 0.001. At 12 months, children on HDF had consistently lower MAP-SDS compared to those on HD
(p < 0.001). Over 1-year follow-up, the HD group had mean MAP-SDS increase of +0.98 (95%CI 0.77–1.20; p < 0.0001),
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whereas the HDF group had a non-significant increase of +0.15 (95%CI −0.10–0.40; p = 0.23). Significant predictors of MAP-
SDS were dialysis modality (β = +0.83 [95%CI +0.51 − +1.15] HD vs. HDF, p < 0.0001) and higher inter-dialytic-weight-gain
(IDWG)% (β = 0.13 [95%CI 0.06–0.19]; p = 0.0003).
Conclusions Children onHD had a significant and sustained increase in BP over 1 year compared to a stable BP in those onHDF,
despite an equivalent dialysis dose. Higher IDWG% was associated with higher 24-h MAP-SDS in both groups.

Keywords Hemodialysis (HD) . Hemodiafiltration (HDF) . Children . Blood pressure (BP) . Mean arterial pressure (MAP) .

Ambulatory blood pressuremonitoring (ABPM) . 3H study

Introduction

Hypertension (HTN) is common among children on dialysis
[1], is often inadequately controlled [2], and is causally associ-
ated with adverse cardiovascular outcomes [3, 4]. HTN can
cause left ventricular hypertrophy (LVH) and vascular stiffness
[5], which are key pathogenic mechanisms for early cardiovas-
cular events [6, 7]. Appropriate management of blood pressure
(BP) in children on dialysis is important to prevent cardiovas-
cular morbidity and reduce mortality [8]. Two large, prospec-
tive multicenter studies in children with chronic kidney disease
(CKD) have shown that HTN is highly prevalent and associated
with LVH and vasculopathy even in early CKD [9, 10] with an
increase in prevalence of HTN as CKD progresses.

Previous studies have not identified therapeutic modifica-
tions to control BP adequately and around 30% of children
with CKD on anti-hypertensive treatment have uncontrolled
hypertension [2]. The “3H – HDF-Hearts-Height” study, a
multicenter, longitudinal study in children receiving
hemodiafiltration (HDF) compared to conventional hemodial-
ysis (HD), showed that subclinical cardiovascular disease is
prevalent in children on dialysis, with attenuated progression
of vascular changes in children receiving HDF compared to
conventional HD [11, 12]. HTN was significantly more com-
mon in HD compared to HDF patients, but the risk factors for
HTN and effects of different dialysis modalities in controlling
BP were not explored. In addition, 3H is one of the only
studies in adults or children on HDF that has utilized 24-h
ambulatory BP monitoring (ABPM) to characterize HTN,
uniquely allowing an in-depth analysis of the BP profile, day-
time and nocturnal HTN, as well as comparing ABPM with
the routinely used pre-dialysis systolic and diastolic BP
measurements.

In this study, we perform a post hoc analysis of the 3H data
in order to determine the risk factors associated with the evo-
lution of BP over a 1-year follow-up. Our hypothesis is that
HDF achieves and maintains a normal BP in children without
the need for anti-hypertensive medications.

Methods

Data collection This is a post hoc analysis of the “3H – HDF-
Hearts-Height” dataset. 3H was a multicenter, non-

randomized, parallel-arm intervention study that was per-
formed across 28 pediatric dialysis centers in 10 countries,
following children receiving kidney replacement therapy with
either HD or HDF for 1 year. Standardized procedures for
HDF and HDwere provided to all centers, but in order to keep
the study as “real life” as possible individualized changes to
the dialysis prescription were left to the treating physician.
Inclusion criteria were incident and prevalent patients between
5 and 20 years of age undergoing post-dilution HDF or HD on
a 4 h per session, three times per week schedule. A minimum
follow-up of 12 months was required. Children in whom a
living donor kidney transplant was planned, those on
predilution HDF, and prevalent patients on HD in whom the
single pool Kt/V was <1.2 in the month preceding recruitment
were excluded. In order to determine the effect of convective
clearance on outcome, only prevalent HD patients with single
pool Kt/V > 1.2 in the preceding month were enrolled. Given
that recent randomized controlled trials (RCTs) in adults have
shown that all-cause and cardiovascular mortality are lower
when higher convection volumes are used [13–15], we aimed
for a comparable target convection volume of 12–15 L/m2

body surface area in children. Ultrapure dialysis fluid (defined
as containing <0.1 colony-forming unit/ml (CFU/ml) and <
0.03 endotoxin unit/ml (EU/ml)) was used as per international
standards and depending on availability in each unit. HD was
performed with high-flux membranes using a similar blood
flow rate and dialysate composition as on HDF. Full details
are described in the publications on study design [11] and
primary outcomes [12]. Here we focus on BP control, the
evolution of BP over the 12 months follow-up, risk factors
for HTN including dialysis-related parameters, and effect of
anti-hypertensive medications on BP control. The study is
registered with ClinicalTrials.gov (NCT02063776).

Of 177 children recruited, 133 children (78 [74%] on HD
and 55 [77%] on HDF) completed 12 months follow-up and
were included in this post-hoc analysis. Of the 44 children
excluded, 35 (80%) progressed to transplantation and 9
moved center or were lost to follow-up. At baseline the HD
and HDF patients were comparable for age, sex, race, under-
lying kidney disease, time on dialysis before start of the 3H
study, previous transplantation, type of vascular access and
residual kidney function [12]. At baseline, 26 (33%) on HD
and 27 (49%) onHDFwere on dialysis, with a median dialysis
vintage of 24.5 (18–52) and 29.5 (17–53.3) months
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respectively (p = 0.91). As with all dialysis studies, incident
patients were allowed a period of stability on dialysis before
inclusion in the 3H study and had a median dialysis vintage of
1.03 (0.2–1.7) and 1.4 (0.61–1.9) months in the HD and HDF
groups, respectively (p = 0.69). As previously described [12],
within-center comparisons on incident patients on HD and
HDF in the five largest centers, contributing 28 (36%) patients
on HD and 18 (33%) on HDF, showed no difference in patient
demographics or MAP-SD score between patients on HD and
HDF (p > 0.05 for all).

Measurements Children underwent ABPM using the
Spacelab ABPM portable device (Spacelabs 90,207–2Q) as
previously described [11]. ABPM and all BP measures were
recorded in the mid-week dialysis period, with BP recordings
starting immediately post-dialysis and continuing for a 24-h
period. All patients had three ABPMmeasurements (baseline,
6 and 12 months). The 24-h BP measurements were obtained
every 15 min during the day and every 30 min at night. For
further analysis, ABPM profiles were divided into daytime
(08:00 to 20:00 h) and nighttime periods (24:00 to 06:00 h).
Routine measurements of systolic and diastolic BP measured
by auscultation with a standard sphygmomanometer before
the start of dialysis were collected, and the mean over the
previous 4 weeks was used for analysis. Pre-dialysis
(auscultatory) and ambulatory BP measurements were nor-
malized for age, sex, and height and expressed as standard
deviation scores (SDS) [16]. Systolic and diastolic BP SDS
were derived from the National High Blood Pressure
Education ProgramWorking Group (NHBPEP) Fourth report
[17].

Definition of variables The time-averaged 24-h MAP was
used for primary analyses and HTN defined as 24-h time-
integrated MAP exceeding the 95th percentile [16]. Patients
on anti-hypertensive medication were referred to as having
controlled or uncontrolled HTN if their 24-h MAP was below
or above the 95th percentile respectively. HTN was also de-
fined based on pre-dialysis auscultatory systolic and diastolic
BP SDS according to the European Society of Hypertension
guidelines [18] that define HTN as a persistently elevated
systolic or diastolic BP above the 95th percentile for gender,
age and height measured on at least three separate occasions.
The cut-off age considered in these guidelines is 16 years,
beyond which the absolute values for defining HTN in adults
must be used [18]. More recently, the American Heart
Association (AHA) guidelines have moved this age cut-off
to 13 years [19, 20]. The European Society of Hypertension
guidelines have been used throughout this document, but
comparison made with the AHA guidelines. As for 24-h
MAP, uncontrolled HTN was defined as presence of HTN
(above the 95th percentile) when the patient was on anti-
hypertensive therapy. Masked HTN was defined as normal

pre-dialysis systolic BP SDS but elevated 24-h MAP SDS,
white coat HTN as elevated pre-dialysis BP SDS, but without
MAP-hypertension.

SDS for height, weight, and BMI were calculated, using
the Centers for Disease Control and Prevention growth charts
[21]. Interdialytic weight gain percentile (IDWG%), ultrafil-
tration volume per session, and dialysate sodium levels, all
expressed as the mean of the previous four mid-week dialysis
sessions were recorded at baseline, 6 months and 12months of
follow-up. The 24-h urine output measured in the inter-
dialytic period at the same time intervals of 0, 6, and 12months
was recorded.

Statistical analysis MAP-SDS and pre-dialysis systolic and
diastolic BP-SDS at 0 and 12 months are presented using
box plots, stratified by age and dialysis modality.
Univariable linear regression analysis was used to screen for
parameters potentially associated with changes in the MAP-
SDS. Parameters with p value <0.15 in univariable analysis
were selected for a multivariable analysis. Ultrafiltration rate
was excluded a priori from all multivariable analyses due to its
interdependency with IDWG. Predictors of the dependent var-
iable (24-h MAP-SDS) were indicated by the magnitude and
sign of the beta estimates. Analyses were repeated considering
daytime MAP, nighttime MAP, and pre-dialysis systolic and
diastolic BP. However, as pre-dialysis systolic BP SDS was
not normally distributed, we instead considered the presence/
absence of HTN (binary analyses) using logistic regression,
considering systolic and diastolic BP ≥ 95th percentile as our
outcome.

The evolution of MAP-SDS over the 1-year study period
was examined considering all measurements taken at 0, 6 and
12 months. This was first examined descriptively, considering
the exact time since baseline that the 6- and 12-month MAP
measurements were taken and divided into five groups (5–
7 months, 8–10 months, 11–13 months, and 14–18 months
plus baseline values) and plotted using a box plot, stratified by
dialysis modality. Next, a multi-level linear regression model
was conducted with an outcome of 24-h MAP-SDS, using all
available measurements from participants over the study peri-
od. An unstructured correlationmatrix was used to account for
repeated observations on individuals, with a random intercept
and time since baseline. Changes over time were investigated
and found to follow an approximately linear relationship, so
was fit as a continuous variable, with an interaction to account
for any differences in rate of change over time according to
dialysis modality. The robustness of these results was exam-
ined in a sensitivity analysis, by fitting a linear regression
model with generalized estimating equations (GEE) and found
to be consistent. Daytime and nighttimeMAP and pre-dialysis
(auscultatory) BP measurements were available at baseline
and 12 months. Therefore, evolution of these measures was
evaluated by considering the 12-month values using standard
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linear regression techniques. The agreement of MAP-SDS
with pre-dialysis systolic BP SDS both at baseline and month
12 was assessed using a Bland–Altman analysis. Statistical
analysis was performed using the SPSS software version
25.0 (SPSS, Chicago, IL) and SDS version 9.3 (SAS
Institute Inc., Cary, NC). Differences indicated by a two-
sided p value of <0.05 were considered statistically
significant.

Results

Demographics, blood results, and medication use in the study
cohort have been previously described [12]. Calcium channel
blockers were the most commonly used drugs (52 children;
39%), followed by angiotensin converting enzyme inhibitors
or angiotensin II receptor blockers (36 children; 18.8%), beta
blockers (22; 11.5%), and diuretics (5; 3.8%). There was no
difference in the anti-hypertensive medication classes used in
HD and HDF patients.

ABPM at baseline

The 24-h MAP-SDS was higher in patients on HD compared
to those on HDF in all age groups (Fig. 1a). At baseline, age,
IDWG%, baseline ultrafiltration volume, and urine output
were significantly associated with a higher 24-h MAP-SDS
on univariable analysis (Table 1), with higher baseline
IDWG% (0.25; [95%CI 0.04–0.28]; p = 0.03) significantly
associated with a higher 24-h MAP-SDS on multivariable
analysis. Overall, 64 (82%) children on HD and 24 (44%)
patients on HDF had 24-h MAP-SDS > 95th percentile at
baseline (Supplemental Table 1). In sub-group analyses of
incident vs. prevalent dialysis patients, no risk factors for
HTN were found in the incident cohort, but in prevalent dial-
ysis patients, the IDWG% was a significant and independent
risk factor for a higher 24-h MAP (0.47; [95%CI 0.15–0.50];
p = 0.001) on multivariable analysis.

Pre-dialysis auscultatory systolic and diastolic BP at
baseline

In children on HD, the pre-dialysis systolic BP-SDS was sig-
nificantly higher in the 5–10-year age group compared to
HDF (p = 0.02). In the overall cohort, no difference was seen
in systolic BP-SDS between HD and HDF cohorts (ANOVA;
p = 0.56; Supplemental Fig. 1A). There was no difference in
pre-dialysis diastolic BP-SDS between HD and HDF patients
in any age category (Supplemental Fig. 2A). HTN using sys-
tolic and diastolic BP-SDS was more common for those aged
5 to 10 years compared to >15 years (OR 6.07; 95%CI 2.04–
18; p = 0.001). Higher ultrafiltration volume was a risk factor

for higher HTN defined by systolic and diastolic BP-SDS (OR
1.07; 95%CI 1.02–1.13; p = 0.01).

Prevalence of hypertension at 12 months

Sixty-nine patients (88%) on HD and 23 (42%) on HDF had
MAP-SDS > 95th percentile at 12 months (Supplemental
Table 1). The MAP-SDS was higher in patients on HD com-
pared to those on HDF in all age groups (Fig. 1b). As previ-
ously published, both incident and prevalent patients on HD
increased their MAP-SDS from baseline to 12 months (p =
0.007 and p = 0.004, respectively), whereas there was no
change in incident or prevalent patients on HDF (p = 0.38
and p = 0.11, respectively) [12]. At 12 months, the only inde-
pendent risk factor for a higher 24-h MAP-SDS was the HD
modal i ty (0.46; [95%CI 0.30–0.61]; p < 0.0001;
Supplemental Table 2). When the same analysis was per-
formed using HTN based on systolic and diastolic BP-SDS
as outcome, HDmodality (OR 4.92 vs. HDF; 95% CI 2–12.1;
p = 0.001) and female gender (OR 3.47; 95% CI 1.5–7.7; p =
0.002) were independent risk factors.

Evolution of BP status

Twenty-four-hour MAP-SDS increased in both HD and HDF
patients over the 12-month study period (adjusting for base-
line MAP-SDS in both groups); there was a significant in-
crease in HD (mean + 0.98 [95%CI 0.77–1.20] SDS;
p < 0.0001) but no statistically significant increase in HDF
patients (mean + 0.15 [95%CI −0.10 – +0.40] SDS; p =
0.23) (Fig. 2). In all patients irrespective of HD or HDF mo-
dality, higher 24-h MAP-SDS was associated with higher
IDWG% (0.13 [95%CI 0.06–0.19]; p = 0.0003) on multivari-
able analysis (Table 2).

Daytime and night-time MAP-SDS

Onmultivariable analysis, IDWG%was the only independent
risk factor for a higher daytime and night-time MAP-SDS at
baseline (0.22 [95%CI 0.04–0.4]; p = 0.01 and 0.26 [95%CI
0.09–0.43]; p = 0.003 respectively) whereas at 12 months HD
modality (0.25 [95%CI 0.13–0.36]; p < 0.0001 and 0.47
[95%CI 0.32–0.63]; p < 0.0001) and age > 15 years compared
to 5–10 years (0.26 [95%CI 0.06–0.45]; p = 0.01 and 0.25
[95%CI −0.07–0.42]; p = 0.01) were associated with a higher
daytime and night-time MAP-SDS at 12 months.

Agreement between 24-h MAP-SDS and pre-dialysis
(auscultatory) systolic BP-SDS

In both HD and HDF treatment modalities, the agreement
between systolic BP-SDS and 24-hMAP-SDSwas investigat-
ed by a Bland–Altman analysis. The systolic (auscultatory)
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BP-SDS systematically underestimated the 24-h MAP-SDS
(mean difference = −0.6), with poor agreement and wide var-
iability between the two measures (95% Limits of Agreement
(95% LoA) −4.9–3.8; Fig. 3a). Consistent results were found
for the 12-month values (mean difference − 1.42; 95% LoA

−6.28–3.44; Fig. 3b), suggesting poor agreement between the
two measures. When the definition of HTN was considered as
per the new AHA guidelines [20], only three children diag-
nosed as hypertensive with the European definition [18] were
high-normal by AHA guidelines.

Table 1 Univariable and multivariable linear regression analysis of risk factors for higher 24-h MAP-SDS at baseline

Univariable analysis
n=133

Multivariable analysis
n=133

Beta 95% CI p value Beta 95% CI p value

Gender (male vs female) 0.38 −0.17, 0.95 0.17

Age

5–10 years 0.00 – 0.03 –

10–15 years −0.03 −0.74, 0.68 −0.05 −0.26, 0.15 0.63

> 15 years 0.75 0.04, 1.45 0.15 −0.07, 0.36 0.18

Ethnicity, Caucasian 0.44 −0.19, 1.07 0.16

Underlying renal diagnosis

Dysplasia 0.00 –

Glomerulonephritis 0.05 −0.12,0.23 0.57

other −0.11 −0.27, 0.07 0.24

Previous transplant (yes vs. no) 0.45 −0.21, 1.12 0.19

Baseline BMI (per 1 SDS higher) 0.05 −0.13, 0.22 0.58

Baseline ultrafiltration volume (per 1 L higher) 0.3 0.1, 0.47 0.001

Baseline sodium dialysate (per 1 higher) 0.09 −0.08, 0.26 0.31

Baseline IDWG (per 1% higher) 0.27 0.09, 0.4 0.002 0.25 0.04–0.28 0.03

Urine output (24 h) *

< 200 ml 0.00 – 0.00 –

200–500 ml −0.06 −0.17, 0.16 0.94 0.04 −0.14-0.22 0.65

> 500 ml −0.17 −0.35, 0.1 0.06 −0.14 −0.32-0.06 0.10

*ml/kg/day and ml/BSA/day were also analyzed and there were no significant associations

Fig. 1 Twenty-four-hour mean arterial BP (MAP) SDS by treatment
modality and age groups at baseline (a) and 12 months (b). MAP-SDS
is consistently lower in HDF compared to HD patients in all age catego-
ries both at baseline and 12 months. When compared by treatment mo-
dality, there is no difference in MAP-SDS in HD or HDF patients in the

three age groups (baseline p = 0.19 and p = 0.17 respectively and
12 months p = 0.07 and p = 0.13 respectively). Box plots show the medi-
an, the 25th and 75th percentile within the shaded box area. The 5th and
95th percentile are shown as extremes of the whisker plots. The dotted
line shows the SDS ≥ 1.65
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When comparing HTN determined by ABPM and pre-
dialysis BP, we found that of the children with ambulatory
HTN, only 57% on HD and 26% on HDF were identified by
pre-dialysis systolic BP.

Anti-hypertensive treatment

At baseline, 43 (55%) of HD and 24 (44%) of HDF patients
were on anti-hypertensive medications, but uncontrolled HTN
was present in 38 (88%) of HD and 6 (25%) of HDF patients
(Fig. 4a). At 12 months, 45 (58%) on HD and 21 (38%) on
HDF received anti-hypertensive medications; despite these,
uncontrolled HTN was highly prevalent and present in 42/45
(93.3%) on HD and 8/21 (38%) on HDF (p < 0.0001; Fig. 4b).
During the study period, 47 (80%) children who were not on
anti-hypertensive therapy at baseline remained off anti-
hypertensives; of these 27/33 (82%) on HD and 15/33
(45%) on HDF were hypertensive. Of the children taking

one or more anti-hypertensives at baseline, 13 (19.4%)
stopped all medications (2 on HD and 11 on HDF) and 10
(7.3%; 3 on HD and 7 patients on HDF) reduced the number
of anti-hypertensive medications at 12 months.

Discussion

This is the first prospective study in children on dialysis show-
ing that HTN is significantly more common and increases
more rapidly in children on conventional HD compared to a
matched cohort on HDF, despite an equivalent dialysis dose.
Over a 1-year follow-up, the MAP-SDS increased by 0.98
SDS in HD patients while there was an attenuated and non-
significant increase of 0.15 SDS in HDF patients. Significant
and independent risk factors that correlated with change in the
MAP-SDS were the dialysis modality and the IDWG%, sug-
gesting that effective volume control is the key to managing

Table 2 Univariable and multivariable multi-level regression analysis of risk factors for higher MAP-SDS during the 12-month study period

Univariable analysis
n=133

Multivariable analysis
n=133

Beta 95% CI p value Beta 95% CI p value

Annual Increase on HDF 0.17 −0.08, 0.41 0.19 0.15 −0.10, 0.40 0.23

Annual Increase on HD 1.03 0.82, 1.24 <0.0001 0.98 0.77, 1.20 <0.0001

Difference in annual increase (HD vs. HDF) 0.87 +0.54, +1.19 <0.0001 0.83 +0.51, +1.15 <0.0001

Gender (male vs. female) +
0.-
54

−0.06, +1.15 0.08 +
0.-
44

−0.08, 0.97 0.10

Age

5–10 years 0.00 - 0.01 0.00 - 0.10

10–15 years +
0.-
16

−0.62, −0.94 0.14 −0.54, 0.83

> 15 years +
1.-
04

0.26, 1.81 0.66 −0.02, 1.34

Underlying diagnosis

Dysplasia 0.29 −0.40, 0.97 0.56

Glomerulonephritis 0.42 −0.42, 1.25
other 0.00 -

Previous transplant (yes vs. no) 0.46 −0.27, 1.20 0.22

Baseline BMI (per 1 SDS higher) 0.08 −0.14, 0.30 0.45

Current ultrafiltration volume (per 1 L higher) 0.27 0.14, 0.40 <0.0001

Current sodium dialysate (per 1 higher) 0.04 −0.02, 0.10 0.20

Current IDWG (per 1% higher) 0.18 0.11, 0.26 <0.0001 0.13 0.06, 0.19 0.0003

Urine output (24 h) *

<200 0.73 0.37, 1.09 0.0003 0.30 −0.03, 0.63 0.16

200–500 0.34 −0.06, 0.73 0.29 −0.05, 0.63
>500 0.00 - 0.00 -

*ml/kg/day and ml/BSA/day were also analyzed and there were no significant associations
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HTN in children on dialysis. Uncontrolled HTN was signifi-
cantly more common in HD compared to HDF patients de-
spite a greater use of anti-hypertensive medications, challeng-
ing the effectiveness of anti-hypertensives without effective
volume control in dialysis patients. Pre-dialysis BP measure-
ments showed a poor correlation with ABPM and cannot be
relied on in dialysis patients. This study compliments our
original publication [12] and includes detailed analysis of po-
tential risk factors (age, sex, ethnicity, underlying kidney di-
agnosis, previous transplant, BMI, ultrafiltration volume, di-
alysate sodium, IDWG, urine output) related to a higher
MAP-SDS at baseline, 12 months and through 1 year of fol-
low-up. The same risk factors were analyzed also in relation to

systolic and diastolic BP-SDS at baseline and 12 months.
Correlation and agreement between MAP-SDS and SBP-
SDS have been investigated. The effect of medications on
ABPM is presented and the daytime and nocturnal BP ana-
lyzed separately.

Although HTN and its causal effects on LVH and cardio-
vascular disease are widely prevalent in dialysis patients [22],
few studies have addressed the risk factors for HTN in this
unique cohort of pediatric dialysis patients, nor examined in-
terventions to attenuate its progression. The high prevalence
of HTN in our cohort confirms previous studies showing that
there is little improvement in the diagnosis and management
of HTN in children with CKD over the past decade despite
recent guidelines [17, 18] and a better understanding of the
risks of HTN-related cardiovascular disease [1, 16, 23]. The
3H study is the first multicenter, prospective, parallel-arm ob-
servational study in children that studies the evolution of HTN
and associated risk factors in children on HD and HDF.

Routine office BP measurements, the current cornerstone
of HTN management, do not reflect the true BP load recorded
by the “gold standard”method of ABPM [24]. Of note, as it is
the SDS and not the absolute values for systolic or diastolic
BP, a comparison of their SDS vs. that of MAP-SDS should
not differ if both measures are truly the same. The fact that
there is a difference between measures itself suggests that both
measurement techniques are not identical and that the “gold
standard” of MAP-SDS should be used in hemodialysis pa-
tients. Given that the circadian BP rhythms are markedly im-
paired and that the burden of nocturnal HTN is high among
patients with CKD [24, 25], it is to be expected that ABPM
provides a more accurate estimate of HTN. As ABPM facili-
tates the identification of specific BP phenotypes (such as
masked, white coat and isolated nocturnal HTN), the wider
adoption of this technique may also improve the management
of HTN, particularly in children on dialysis. Twenty-four-

Fig. 2 Changes inMAP-SDS over time calculatedwith themixed-model.
We measured the p values for the difference between all time points in
HD and HDF children. For HD (baseline—6 months p = 0.015;
6 months—9 months p = 0.89; 9 months—12 months p = 0.006;
12 months—15 months p = 0.77). For HDF (baseline—6 months p =
0.069; 6 months—9 months p = 0.9; 9 months—12 months p = 0.058;
12 months—15 months p = 0.79)

Fig. 3 Bland–Altman plot compares the systolic BP-SDS measurements
vs. MAP-SDS measurements at baseline by plotting the difference be-
tween the two measurement techniques against their averages. The mean

deviation (dotted line) and the 95% confidence interval of the mean (con-
tinuous lines) are shown
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hour ambulatory BP samples the patient over a range of ex-
tracellular fluid volumes and uremic states, and therefore has a
greater prognostic significance, and correlates better with end-
organ damage, including LVH, than a single pre-dialysis BP
measurement [22, 26]. In the 3H study, we measured the 24-h
mean ambulatory BP at three key study points, whereas all
other randomized trials and most cohort studies on HDF in
adults have relied on a single pre-dialysis BP reading to define
HTN. This becomes even more important as, in children,
masked HTN predisposes to the development of sustained
HTN and LVH [27]. Indeed, two recent multicenter prospec-
tive studies in children with CKD have shown a similarly high
proportion of masked HTN (15–35%) [5, 24], stressing the
importance of performing regular ABPM measurements.
The Cardiovascular Comorbidity in Children with CKD
(4C) study has shown that approximately 20% of children
with CKD3–5 have masked HTN [5], with similar rates of
37% with masked HTN in the Chronic Kidney Disease in
Childhood (CKiD) study [24]. However, in a sub-group anal-
ysis of the CKiD study, the same authors report that in a cohort
of CKD patients not on dialysis, the clinic BP taken in a
protocol-driven setting were not inferior to ABPM in the dis-
crimination of BP-related adverse outcomes of LVH or pro-
gression of CKD [28].

We found that a significant risk factor for an increase in 24-
h MAP-SDS was a high IDWG%, implying that HTN in di-
alysis patients is closely related to their volume status.
IDWG% is a surrogate for sodium mass removal rate [29], a
key factor in the management of patients on chronic HD, both
because a high IDWG% leads to a supra-physiological expan-
sion of extracellular water, leading to volume overload, and
also because excessive ultrafiltration during HD carries the
risk of relative hypovolemia, reduction of myocardial perfu-
sion and myocardial stunning, with negative effects on cardiac
status [30]. A lower IDWG% suggests lower ultrafiltration
rates per session and greater hemodynamic stability. As

shown in the 3H outcomes paper, a lower IDWG% was di-
rectly associated with fewer symptoms of headaches, dizzi-
ness or cramps, fewer hypotensive episodes, and a shorter
post-dialysis recovery time [12], with an associated improve-
ment in school attendance and greater physical activity in
children on HDF compared to those on conventional HD.
The mechanisms underlying the better hemodynamic control
of HDF compared to HD are still not fully understood. One
hypothesis is that HDF allows a better fluid balance by pro-
viding a reinfusion in pre or post dilution and consequently
allowing higher pre-dialysis systolic pressures to be obtained
[31]. Secondly, the convective technique allows a more effi-
cient removal of the middle molecules allowing a better and
more lasting hemodynamic control. Finally, in HDF, the dial-
ysate is naturally cooled, which in itself may reduce the rate of
interdialytic hypotension compared with standard dialysis
[32]. In addition to improved fluid removal, greater clearance
of middle-molecular-weight uremic toxins by HDF may also
play a role in greater hemodynamic stability on HDF. A pedi-
atric study evaluated the inflammatory state and the changes
in myocardial function in children on conventional HD after
6 months of switching to HDF, and showed that HDF signif-
icantly reduced the high sensitivity-CRP and improved dia-
stolic function, but this did not correlate with improved BP
[33]. Fischbach et al. have shown that pre-dilution HDF per-
formed 6 days per week leads to normalization of BP and
amelioration of LVH [34] but it is not clear if increased dial-
ysis frequency or HDF per se resulted in improvement in the
fluid status. Other authors report that there is no difference in
BP control between HDF and HD patients [35, 36]; random-
ized trials are required to definitively answer this question.

In our cohort, the use of anti-hypertensive medications on
extracorporeal dialysis (HD or HDF) did not improve BP
control—despite the use of anti-hypertensive medications in
nearly 60% of HD and 40% of HDF patients, 93% of children
on HD, and 38% on HDF had uncontrolled HTN at 12-month

ba

Fig. 4 Distribution of hypertension in HD and HDF patients based on
MAP-SDS at baseline (a) and 12 months (b). The Y-axis indicates the
percentage of patients in each category. The X-axis indicates the number

of anti-hypertensive medications. Striped columns represent BP < 95th
percentile and filled columns represent BP > 95th percentile
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follow-up. Several studies have confirmed that anti-
hypertensive medications without adequate volume control
are not useful in dialysis patients [37–40], yet a significant
number of dialysis patients in our multicenter study were pre-
scribed anti-hypertensive medications. The key to BP control
in dialysis patients is muchmore related to maintaining a good
fluid balance [38, 39]. It is important to avoid an overestima-
tion of the optimal weight that can lead to an inadequate ul-
trafiltration prescription, resulting in chronic fluid overload
and left ventricular strain, an important predictor of cardiovas-
cular morbidity and mortality [41, 42]. On the other hand,
underestimation of dry weight puts patients at risk of higher
ultrafiltration rates, resulting in intradialytic hypotension
symptoms. High ultrafiltration rates in children on HD have
been correlated with higher left ventricular mass index
(LVMI) [43]; and children with an IDWG% of >4% are at
high risk of LVH [29, 43]. Bioimpedance spectroscopy im-
proves the clinical assessment of hydration status in children
on dialysis and correlates with established biomarkers such as
NT-proBNP as well as peripheral pulse pressure and left ven-
tricular end-diastolic diameter [44].

There are some limitations of our study, partly related to
small numbers of pediatric dialysis patients, even though
3H included 40% of the pediatric extracorporeal dialysis
cohort in Europe [12]. 3H was a non-randomized study,
largely because all centers were not able to offer both HD
and HDF modalities. Given the small numbers of children
on dialysis, both incident and prevalent patients on dialysis
were included; however, the two groups were comparable
and on sub-group analysis there were no significant differ-
ences in the risk factors for HTN in the two groups. The 3H
study was designed to have a short follow-up period of
only 1 year as high transplantation rates in children pre-
clude a longer study. The gold standard for evaluating BP
in dialysis patients is 44-h ABPM, but many study centers
did not have the facilities for this; however, future studies
must consider 44-h ABPM measurements in dialysis pa-
tients. Data on systolic and diastolic BP and anti-
hypertensive therapy were not available for the 6-month
follow-up and this limited our analysis. We do not have
data on nocturnal dipping from a number of centers, and
are unable to report these findings. Cooling of dialysate in
the HD cohort was not performed as the original 3H study
design aimed to compare HDF with conventional HD;
however, this is an area for future study. Body composition
monitoring for an objective assessment of fluid overload
must be considered in future studies.

In conclusion, our study of BP control in children on
HD and HDF shows that HTN is prevalent in children on
dialysis, but patients on HDF have an attenuated increase
in BP compared to those on HD, with an almost 1 SD
greater increase in MAP in HD compared to HDF cohorts
in 1 year. Improved fluid management as indicated by

lower IDWG%, rather than anti-hypertensive medications
was associated with normal MAP-SDS. We suggest that
HDF may be a superior dialysis modality for BP control
compared to conventional HD, but confirmation through
randomized trials is required.
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