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Abstract
Background Ambulatory-BP-monitoring (ABPM) is recommended for hypertension diagnosis and management in hemo-
dialysis patients due to its strong association with outcomes. Intradialytic and scheduled interdialytic BP recordings show 
agreement with ambulatory BP. This study assesses in parallel the association of pre-dialysis, intradialytic, scheduled inter-
dialytic and ambulatory BP recordings with cardiovascular events.
Methods We prospectively followed 242 hemodialysis patients with valid 48-h ABPMs for a median of 45.7 months to 
examine the association of pre-dialysis, intradialytic, intradialytic plus pre/post-dialysis readings, scheduled interdialytic BP, 
and 44-h ambulatory BP with outcomes. The primary end-point was a composite one, composed of cardiovascular death, 
non-fatal myocardial infarction, non-fatal stroke, resuscitation after cardiac arrest, hospitalization for heart failure, coronary 
revascularization procedure or peripheral revascularization procedure.
Results Cumulative freedom from the primary end-point was significantly lower with increasing 44-h SBP (group 
1, < 120 mmHg, 64.2%; group 2, ≥ 120 to < 130 mmHg 60.4%, group 3, ≥ 130 to < 140 mmHg 45.3%; group 4, ≥ 140 mmHg 
45.5%; logrank-p = 0.016). Similar were the results for intradialytic (logrank-p = 0.039), intradialytic plus pre/post-dialysis 
(logrank-p = 0.044), and scheduled interdialytic SBP (logrank-p = 0.030), but not for pre-dialysis SBP (logrank-p = 0.570). 
Considering group 1 as the reference group, the hazard ratios of the primary end-point showed a gradual increase with 
higher BP levels with all BP metrics, except pre-dialysis SBP. This pattern was confirmed in adjusted analyses. An inverse 
association of DBP levels with outcomes was shown with all BP metrics, which was no longer evident in adjusted analyses.
Conclusions Averaged intradialytic and scheduled home BP measurements (but not pre-dialysis readings) display similar 
prognostic associations with 44-h ambulatory BP in hemodialysis patients and represent valid metrics for hypertension 
management in these individuals.
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Introduction

Hypertension is the most common modifiable risk fac-
tor in patients with chronic kidney disease (CKD) and 
is associated with an increased risk for cardiovascular 
disease, progression of CKD and all-cause mortality [1, 
2]. Hypertension is highly prevalent among patients with 
end-stage renal disease (ESRD) undergoing hemodialysis 
(HD); an estimated 85% is considered to be hypertensive, 
but only 30% of patients have appropriate control of their 
blood pressure (BP) [3]. Both diagnosis and management 
of hypertension in hemodialysis patients have tradition-
ally been based on peridialytic BP measurements [4], but 
pre- and post- dialysis BP recordings are poorly repro-
ducible and have either no association or non-linear asso-
ciations (“J” or “U” shaped) with cardiovascular events 
and mortality [5–7]. Additionally, pre-dialysis BP tends 
to overestimate, while post-dialysis BP to underestimate 
the interdialytic BP load [3, 8, 9], a phenomenon relevant 
to the progressive increase of BP during the interdialytic 
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Association of peridialytic, intradialytic, scheduled interdialytic and ambulatory BP 
recordings with future cardiovascular events in hemodialysis patients

Results

242 hemodialysis patients 
with 48-h ABPM

Follow-up: 45.7 months

CONCLUSION: Averaged intradialytic and scheduled home BP measurements (but not pre-dialysis readings) display similar
patterns of prognostic associations with 44-h BP in hemodialysis patients and represent valid metrics for hypertension
management in these individuals.

Background & Aims Methods

• ABPM is the gold-standard for 
hypertension diagnosis in 

hemodialysis

• Aims: assess in parallel the 
association of pre-

dialysis, intradialytic, scheduled 
interdialytic and ABPM 

measurements with
CV events.

BP measurements: Pre-
dialysis, Intradialytic, 

Intradialytic plus pre/post-
dialysis readings, Scheduled 

interdialytic BP, 44-h BP

• Intradialytic and scheduled interdialytic
BP recordings show reasonable 

agreement with ABPM.

Primary outcome: composite of
CV death, non-fatal MI, non-fatal 

stroke, resuscitation
after cardiac arrest, HHF, coronary 

or peripheral revascularization

H
az

ar
d 

R
at

io
s 

 fo
r t

he
 

pr
im

ar
y 

ou
tc

om
e

interval and the rapid decrease of BP during the dialysis 
session in most patients [10].

Over the past few years, several lines of evidence have 
suggested that ambulatory BP monitoring (ABPM) or 
home BP recordings are far more appropriate in diagnos-
ing and managing hypertension in dialysis patients [1, 11]. 
In contrast to the peridialytic BP levels, the BP measured 
with ABPM over the intradialytic interval is strongly asso-
ciated with target-organ damage and hard outcomes, as 
well as cardiovascular and all-cause mortality [12–14]. 
Furthermore, ABPM is the only way of assessing short-
term BP variability, which has been shown to increase with 
advancing CKD stages and to also be independently asso-
ciated with major cardiovascular outcomes and mortality 
in hemodialysis patients [15–17]. Home BP measurements 
display better association with interdialytic ambulatory BP 
[18], as well as higher prognostic ability for target-organ 
damage and adverse outcomes compared to peridialytic BP 
[12, 13], representing another reliable option for hyperten-
sion management in hemodialysis [1, 14, 19].

Although ABPM clearly exceeds among all BP met-
rics in predicting adverse events and mortality, its clini-
cal application in everyday dialysis practice is extremely 
limited due to several reasons including the presence of 
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characteristics, medical history, medication, co-morbidities, 
as well as other dialysis-related parameters were recorded. 
Blood samples were obtained for routine laboratory testing.

ABPM was performed with the Mobil-O-Graph device 
(IEM, Stolberg, Germany), an automated oscillometric 
device that has been validated for brachial BP measurement 
according to standard protocols [21], and that was shown to 
provide identical values with a widely used ABPM monitor 
[22]. ABPM was performed using appropriate-size cuffs on 
the non-fistula arm of participants. The recording started 
before a mid-week dialysis session and was programmed 
to last for a complete 48-h standard intra- and inter-dialytic 
period. After fitting, participants underwent their regu-
lar dialysis session, during which ultrafiltration volume 
was programmed based on their pre-specified dry weight. 
Patients were instructed to follow their usual daily activi-
ties and continue their regular medication until the next 
session. The monitor was set to measure BP every 20 min 
during day-time (07:00–22:59) and every 30 min during 
night-time (23:00–06:59). Measurements were included in 
the analysis if > 80% of the total recordings were valid and 
a maximum of 2 non-consecutive day-hours had fewer than 
two valid measurements and a maximum of 1 night-hour 
had no valid recording. In case of invalid measurements the 
ABPM was repeated one week later. In order to minimize the 
possible effect of manual BP measurements, only measure-
ments recorded at the pre-specified time intervals at which 
the device was set to take measurements were used in this 
analysis.

BP metrics examined

We examined the association with outcomes of the following 
systolic blood pressure (SBP) and diastolic blood pressure 
(DBP) metrics:

 i. Pre-dialysis SBP/DBP, recorded before initiation of 
the dialysis session at the level of the brachial artery 
in the non-fistula arm with a validated oscillometric 
device.

 ii. Intradialytic SBP/DBP, defined as the mean of 12 BP 
measurements that were recorded every 20 min during 
a 4-h dialysis session with the Mobil-O-Graph device.

 iii. Intradialytic plus pre/post-dialysis SBP/DBP, defined 
as the mean of 14 BP measurements including pre-
dialysis BP, intradialytic BP measurements and post-
dialysis BP, of the same dialysis session.

 iv. Mean home SBP/DBP, calculated by taking the aver-
age of two scheduled Mobil-O-Graph BP measure-
ments that were recorded at 08:00 am and 08:00 pm 
of the out-of-dialysis day.

 v. Ambulatory SBP/DBP, recorded during the standard 
interdialytic interval (i.e. 44-h SBP and 44-h DBP).

non-functional old arteriovenous fistulae, patient discom-
fort, lack of reimbursement, physician inertia and others 
[1, 11]. Such restrictions created the need for investigation 
for alternative valid BP metrics in hemodialysis [1, 11]. In 
a recent cross-sectional study, we showed that, in contrast 
to pre- and post- dialysis BP, the average of intradialytic, 
intradialytic plus pre- and post- dialysis, or scheduled 
interdialytic BP measurements have strong correlations 
with 44-h ambulatory BP and could represent alternative 
methods for assessing the true BP load in hemodialysis 
patients [20]. The aim of the present study was to assess 
in parallel the associations of each of the above BP met-
rics for cardiovascular events and mortality in a cohort of 
hemodialysis patients.

Methods

Study population

This is a prospective cohort study including hemodialysis 
patients from five affiliated Hemodialysis centers in North-
ern Greece. Ethical approval of this study was obtained from 
the Ethics Committee of the School of Medicine, Aristotle 
University of Thessaloniki. All evaluations were performed 
according to the Declaration of Helsinki (2013 Amend-
ment). Inclusion criteria were: (i) age > 18 years; (ii) ESRD 
treated with a standard thrice-weekly hemodialysis sched-
ule for > 3 months; (iii) informed written consent. Exclu-
sion criteria included: (i) chronic atrial fibrillation or other 
arrhythmia; (ii) non-functional arteriovenous fistula in the 
contralateral brachial arm area of the one used for vascular 
access that could interfere with proper ABP recording; (iii) 
modification of dry weight or antihypertensive treatment 
during the month before study initiation; (iv) myocardial 
infarction, angina pectoris and ischemic stroke during the 
month prior to enrollment; (v) history of malignancy or any 
other condition with poor prognosis.

Supplemental Fig.  1 presents the flowchart of study 
participants for this analysis. From a total of 312 patients 
assessed for eligibility, 286 patients fulfilled the inclusion/
exclusion criteria and consented to participate. Of these, 37 
patients had invalid 48-h ABPM and seven invalid record-
ings of at least one of the other BP metrics. Thus, a total of 
242 patients were included in the final analysis.

Study procedures and data collection

A total 242 hemodialysis patients that met the inclusion/
exclusion criteria and had valid 48-h BP recordings between 
February 2013 and February 2018 were included in this 
analysis. The initial evaluation started before a mid-week 
dialysis session. Patients’ demographic and anthropometric 
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Study endpoints

In this prospective cohort study, patients were censored on 
the date of the first occurrence of the endpoints under study 
or on May 31st, 2020. The primary end point was a compos-
ite of cardiovascular death, non-fatal myocardial infarction, 
non-fatal stroke, resuscitation after cardiac arrest, hospitali-
zation for heart failure, coronary revascularization procedure 
or peripheral revascularization procedure. The secondary 
end-point was a combination of all-cause death, non-fatal 
myocardial infarction and non-fatal stroke.

Statistical analysis

Statistical analysis was performed with Statistical Package 
for Social Sciences version 22.0 (SPSS Inc, Chicago, IL, 
USA). Continuous data are presented as mean and stand-
ard deviation (SD) or median and interquartile range (IQR) 
depending on the normality of distribution which was exam-
ined with the Shapiro–Wilk test, while categorical data are 
presented as frequencies and percentages (n, %). To compare 
differences in the occurrence of study end-points among the 
different levels of each studied parameter, patients were cat-
egorized into four groups, based on their BP measurements. 
The systolic BP groups that were formed were the following: 
group 1, < 120 mmHg; group 2, ≥ 120 to < 130 mmHg; group 
3, ≥ 130 to < 140 mmHg; group 4, ≥ 140 mmHg. Accord-
ingly, the diastolic BP groups were: group 1, < 70 mmHg; 
group 2, ≥ 70 to < 80 mmHg; group 3, ≥ 80 to < 90 mmHg; 
group 4, ≥ 90 mmHg. Kaplan–Meier curves were created, 
and the log-rank test was applied in order to compare the 
differences between SBP or DBP groups in freedom from 
the studied end-points during follow-up. Furthermore, we 
performed univariate Cox regression analysis and calculated 
hazard ratios (HRs) with relevant 95% confidence intervals 
(CI) on the association of SBP or DBP groups of the various 

Table 1  Baseline demographic, clinical and laboratory characteristics 
of the study population

Parameter Value

N 242
Age (years) 62.71 ± 14.23
Male gender (n, %) 151 (62.4%)
Height (m) 168.52 ± 8.86
Weight (kg) 73.01 ± 15.09
Dialysis vintage (months) 27.8 (3–292.6)
Smoking (n, %) 50 (20.8%)
Diabetes mellitus (n, %) 71 (29.3%)
Hypertension (n, %) 220 (90.9%)
Dyslipidemia (n, %) 57 (23.8%)
Coronary heart disease (n, %) 62 (25.6%)
Peripheral vascular disease (n, %) 17 (7.0%)
Heart failure (n, %) 98 (40.5%)
Stroke (n, %) 19 (7.9%)
Primary cause of ESRD
 Diabetic kidney disease (n, %) 59 (24.4%)
 Hypertension or ischemic renal disease (n, %) 23 (9.5%)
 Glomerulonephritis (n, %) 42 (17.4%)
 Inherited diseases (n, %) 19 (7.9%)
 Other (n, %) 33 (13.2%)
 Unknown (n, %) 67 (27.7%)

UF rate (ml/kg/h) 7.01 ± 3.47
Interdialytic weight gain (kg) 1.89 ± 1.03
Patients achieving dry weight (± 0.5 kg) at session 

end
175 (72.3%)

URR (%) 69.2 (40.0–96.0)
Hemoglobin (g/dl) 11.39 ± 1.32
Serum urea nitrogen (mg/dl) 139.21 ± 34.73
Serum creatinine (mg/dl) 8.42 ± 2.60
Serum sodium (mg/dl) 137.50 ± 3.18
Serum potassium (mg/dl) 4.89 ± 0.65
Serum calcium (mg/dl) 8.98 ± 0.71
Serum phosphate (mg/dl) 5.15 ± 1.44
Serum albumin (g/l) 4.01 ± 0.37
Parathormone (ng/dl) 315.96 ± 241.48
Medication
 β-blockers (n, %) 126 (52.1%)
 CCBs (n, %) 113 (46.7%)
 Loop diuretics (n, %) 79 (32.6%)
 Centrally active agents (n, %) 39 (16.1%)
 ARBs (n, %) 37 (15.3%)
 ACEIs (n, %) 24 (9.9%)
 Aldosterone blockers (n, %) 3 (1.2%)
 Renin inhibitors (n, %) 1 (0.4%)
 Insulin (n, %) 53 (22%)
 Statins (n, %) 105 (43.4%)
 EPO (n, %) 195 (80.6%)

PreHD SBP (mmHg) 144.5 ± 23.3
PreHD DBP (mmHg) 86.6 ± 13.7

Table 1  (continued)

Parameter Value

Intradialytic SBP (mmHg) 134.2 ± 19.4
Intradialytic DBP (mmHg) 82.1 ± 12.6
Intradialytic + pre + post dialysis SBP (mmHg) 134.7 ± 18.8
Intradialytic + pre + post dialysis DBP (mmHg) 82.3 ± 12.1
Mean home SBP (mmHg) 135.6 ± 21.7
Mean home DBP (mmHg) 80.5 ± 14.5
44-h SBP (mmHg) 133.5 ± 18.8
44-h DBP (mmHg) 79.0 ± 12.1

ACEIs angiotensin converting-enzyme inhibitors, ARBs angiotensin 
II receptor blockers, CCBs calcium channel blockers, DBP diastolic 
blood pressure, EPO erythropoietin, ESRD end-stage renal disease, 
HD hemodialysis, SBP systolic blood pressure, UF ultrafiltration, 
URR  urea reduction rate
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BP metrics with the primary and secondary outcome. We 
also performed multivariate Cox regression analysis of the 
associations of each BP metric with the primary outcome, 
including age, sex, dialysis vintage, diabetes mellitus, cor-
onary heart disease and smoking in the model. Values of 
p < 0.05 (two-tailed) were considered statistically significant 
in all comparisons.

Results

Baseline characteristics and endpoints

Demographic, clinical, laboratory and dialysis-related char-
acteristics of the study population are presented in Table 1. 
In total, 242 hemodialysis patients (151 men and 91 women) 
with mean age 62.71 ± 14.23 years and median hemodialysis 
vintage 27.8 (12–56.75) months were prospectively followed 
for 46.7 (28.7–75.7) months. At initial evaluation, the preva-
lence of major cardiovascular risk factors and associated 
co-morbidities was 29.3% for diabetes mellitus, 90.9% for 
hypertension (defined as ambulatory BP ≥ 130/80 mmHg or 
current antihypertensive treatment), 23.8% for dyslipidemia, 
25.6% for coronary heart disease, 40.5% for heart failure, 
7.9% for previous stroke and 7.0% for peripheral vascular 
disease.

Supplemental Table 1 presents the distribution of the 
patient population in each of the four BP groups with each 
one of the BP metrics studied. With the exception of pre-
dialysis BP, the SBP and DBP of the remaining BP met-
rics that we examined display rather similar distributions of 

patients (i.e. for SBP around 16–25% of patients for groups 
1, 2, and 3 and 35–40% for group 4).

Table  2 summarizes the frequencies of primary and 
secondary endpoints and their individual components. 
During follow-up, a total of 122 (50.4% of total) patients 
died, 9 (3.7%) due to myocardial infarction, 7 (2.9%) due to 
stroke, 53 (21.9%) patients experienced sudden death and 
53 (21.9%) due to non-cardiac causes, such as infection, 
cachexia or cancer.

Associations of SBP and DBP captured 
with the various BP metrics with the primary 
outcome

The Kaplan–Meier curves and the life tables of freedom 
from the primary endpoint for groups of pre-dialysis SBP, 
intradialytic SBP, intradialytic plus pre/post-dialysis SBP, 
mean home SBP and 44-h SBP are presented in Fig. 1. As 
shown in figure, cumulative freedom from the primary end-
point was significantly lower for groups of higher 44-h SBP 
(64.2%, 60.4%, 45.3% and 45.5% for group 1, group 2, group 
3 and group 4, respectively; logrank-p = 0.016, Fig. 1E). 
Similarly, cumulative freedom from the primary endpoint 
was lower for higher groups of intradialytic SBP (64.7%, 
57.6%, 38.5% and 49.4%, for groups 1–4, respectively; 
logrank-p = 0.039, Fig. 1B), intradialytic plus pre/post-dial-
ysis SBP (63.0%, 58.3%, 44.4% and 47.6%, respectively; 
logrank-p = 0.044, Fig. 1C), and mean home SBP (64.9%, 
50.0%, 55.1% and 44.9%, respectively; logrank-p = 0.030, 
Fig. 1D). In contrast to all the other SBP metrics, cumulative 
freedom from the primary endpoint was not significantly 

Table 2  Outcomes of interest 
during follow-up in the study 
population

MI myocardial infarction

Parameter Value

Cardiovascular death, or non-fatal MI or non-fatal stroke or resuscitation after cardiac arrest 
or hospitalization for heart failure or coronary revascularization procedure or peripheral 
revascularization procedure (n, %)

115 (47.5%)

All cause death or non-fatal MI or non-fatal stroke (n, %) 133 (55.0%)
Myocardial infarction (n, %)
 Fatal 9 (3.7%)
 Non-fatal 17 (7.0%)

Stroke (n, %)
 Fatal 7 (2.9%)
 Non-fatal 13 (5.4%)

Sudden death (n, %) 53 (21.9%)
Resuscitation after cardiac arrest (n, %) 6 (2.5%)
Coronary revascularization procedure (n, %) 10 (4.1%)
Peripheral revascularization procedure (n, %) 16 (6.6%)
Hospitalization for heart failure (n, %) 44 (18.2%)
Cardiovascular death (n, %) 69 (28.5%)
Death from any cause (n, %) 122 (50.4%)
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Groups for Intradialytic SBP

Logrank p =  0.039 

Group 1
Group 2

Group 3

Group 4

Logrank p =  0.044 

Groups for Intradialytic plus pre/post-dialysis SBP

Group 1
Group 2

Group 3

Group 4

C

Logrank p =  0.030

Groups for Mean Home SBP

Group 1

Group 2

Group 3
Group 4

Logrank p =  0.016

Groups for 44-h SBP

Group 1
Group 2

Group 3
Group 4

A Groups for Pre-dialysis SBP

Group 1

Group 2

Group 3

Group 4

Logrank p =  0.570 

PreHD SBPmean 0 20 40 60 80 100

Group 1 105.0 ± 8.2 26 22 14 7 3 0

Group 2 125.5 ± 2.4 32 18 10 5 3 0

Group 3 134.5 ± 3.2 38 31 19 15 4 0

Group 4 160.9 ± 17.3 146 105 80 43 16 0

B

Intradialytic SBPmean 0 20 40 60 80 100

Group 1 110.6 ± 8.0 51 40 23 13 3 0

Group 2 125.0 ± 3.0 58 46 38 25 9 0

Group 3 134.5 ± 2.9 52 38 23 11 3 0

Group 4 155.3 ± 14.8 81 52 39 21 11 0

D

Intradialytic + pre + post SBPmean 0 20 40 60 80 100

Group 1 110.6 ± 7.6 46 36 21 12 3 0

Group 2 125.5 ± 3.0 60 47 36 22 8 0

Group 3 134.7 ± 3.1 54 43 29 16 5 0

Group 4 154.8 ± 14.3 82 50 37 20 10 0

Mean Home SBPmean 0 20 40 60 80 100

Group 1 107.9 ± 9.0 57 45 28 21 6 0

Group 2 125.2 ± 3.1 38 29 23 7 4 0

Group 3 134.0 ± 2.8 49 37 28 19 7 0

Group 4 156.6 ± 13.5 98 65 44 23 9 0

E

44h SBPmean 0 20 40 60 80 100

Group 1 108.7 ± 8.5 53 40 26 14 5 0

Group 2 124.9 ± 3.0 48 40 31 20 7 0

Group 3 134.5 ± 2.7 53 37 25 18 6 0

Group 4 152.5 ± 11.8 88 59 41 18 8 0
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different between the groups of pre-dialysis SBP (73.1%, 
40.6%, 55.3%, 50.7%, respectively; logrank-p = 0.570, 
Fig. 1A).

Figure 2 depicts the HRs of the primary end-point for 
patients categorized in the relevant groups of pre-dialysis 
SBP, intradialytic SBP, intradialytic plus pre/post-dialysis 
SBP, mean home SBP and 44-h SBP. In all cases, group 
1 (i.e. SBP < 120 mmHg with each metric), served as the 
reference group. Mean SBP values of each group are dis-
played below the relevant HRs. Pre-dialysis SBP displayed 
an irregular pattern with regard to the association with the 
primary outcome, with group 2 showing an increased risk 
for the primary outcome (HR 3.05, 95% CI 1.28–7.25). In 
contrast, 44-h SBP and all other SBP metrics we examined 
were associated with a rather gradual increase of future risk 
of the primary outcome with higher BP values. Figure 3 
depicts the HRs of the associations of each SBP metric with 
the primary outcome after adjustment for age, sex, dialysis 
vintage, diabetes mellitus, coronary heart disease and smok-
ing in the model; as noted in figure, the patterns of associa-
tions of each BP metric with the primary outcome remained 
similar with the unadjusted analysis.

The Kaplan–Meier curves and the life tables of freedom 
from the primary end-point for groups of pre-dialysis DBP, 
intradialytic DBP, intradialytic plus pre/post-dialysis DBP, 
mean home DBP and 44-h DBP are presented in Supple-
mental Fig. 2. The HRs of the primary endpoint for patients 
categorized in the relevant groups of DBP with the vari-
ous metrics are depicted in Supplemental Fig. 3. For all BP 
metrics cumulative freedom from the primary endpoint was 
higher for groups of higher DBP, showing an inverse asso-
ciation of DBP levels with outcomes. This association was 
significant for pre-dialysis DBP (logrank-p = 0.014), intra-
dialytic DBP (logrank-p = 0.045), and intradialytic plus pre/
post-dialysis DBP (logrank-p = 0.041), and displayed a bor-
derline significance for mean home DBP (logrank-p = 0.071) 
and 44-h DBP (logrank-p = 0.111). The adjusted HRs of the 
associations of each DBP metric with the primary outcome 
are depicted in Supplemental Fig. 4. Notably, the inverse 
associations of 44-h BP or the surrogate BP metrics with 
outcomes were no longer evident in the adjusted analyses.

Associations of SBP and DBP captured 
with the various BP metrics with the secondary 
outcome

The HRs of the secondary endpoint for patients categorized 
in the relevant groups of pre-dialysis SBP, intradialytic SBP, 
intradialytic plus pre/post-dialysis SBP, mean home SBP and 
44-h SBP are presented in Supplemental Fig. 5. Pre-dialysis 
SBP and mean home SBP show an irregular pattern, with an 
increased risk of group 2 for the secondary outcome, while 
intradialytic SBP, intradialytic plus pre/post-dialysis SBP 
and 44-h SBP display a gradual increase of the future risk 
of the secondary outcome from group 2 onwards. However, 
none of these associations between the various SBP metrics 
and the secondary outcome was statistically significant.

The HRs of the secondary endpoint for patients catego-
rized in the relevant groups of DBP with the various metrics 
are depicted in Supplemental Fig. 6. All DBP metrics exam-
ined displayed a significant association with the secondary 
outcome, showing a decrease of the future risk with higher 
BP values.

Discussion

This is the first study examining the associations of pre-
dialysis, intradialytic, intradialytic plus pre/post-dialysis, 
scheduled interdialytic and 44-h BP recordings with cardio-
vascular events and mortality in a cohort of hemodialysis 
patients. Our main finding was that with the exception of 
pre-dialysis BP, cumulative freedom of the primary end-
point was significantly lower and the HRs of the primary 
outcome were generally higher, with increasing BP levels 
evaluated with intradialytic, intradialytic plus pre/post-
dialysis, scheduled interdialytic and 44-h SBP. An inverse 
association of DBP with cardiovascular events was present 
with all BP metrics examined. The above strongly suggest 
that either averaged intradialytic measurements or scheduled 
home measurements in the dialysis-off day display similar 
prognostic significance for cardiovascular events with 44-h 
ambulatory BP and could be valid alternatives for hyperten-
sion management in hemodialysis patients.

Several lines of evidence suggest that pre- and post-dia-
lytic BP readings are imprecise estimates of interdialytic 
BP recorded with ABPM. A meta-analysis showed that 
pre-dialysis BP overestimated and post-dialysis BP under-
estimated the 44-h interdialytic BP load [23]. In a recent 
study in 396 hemodialysis patients, predialysis BP had 76% 
sensitivity and 54% specificity to diagnose hypertension 
evident by ABPM, while the prevalence of white-coat and 
masked hypertension were 18.2% and 14.1%, respectively 
[24]. This inability of pre- and post-dialysis BP to reflect 
the interdialytic BP is obviously related to the overall BP 

Fig. 1  Kaplan–Meier survival curves and life tables for the occur-
rence of the primary end point (cardiovascular mortality or non-fatal 
myocardial infarction or non-fatal stroke or resuscitation after cardiac 
arrest or hospitalization for heart failure or coronary revascularization 
procedure or peripheral revascularization procedure) and A groups of 
pre-dialysis systolic blood pressure (pre-dialysis SBP), B groups of 
intradialytic systolic blood pressure (intradialytic SBP), C groups of 
intradialytic plus pre-dialysis plus post-dialysis systolic blood pres-
sure (intradialytic plus pre/post-dialysis SBP), D groups of mean 
home systolic blood pressure (mean home SBP), and E groups of 
44-h ambulatory systolic blood pressure (44-h SBP)

◂
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Fig. 2  Hazard ratios of primary outcome for groups of pre-dialysis SBP, intradialytic SBP, intradialytic plus pre/post-dialysis SBP, mean home 
SBP, 44-h SBP. p values depicted are those of the relevant log-rank tests
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951Journal of Nephrology (2022) 35:943–954 

1 3

pattern in hemodialysis, with most patients having a gradual 
BP fall during dialysis session and a progressive increase 
during the interdialytic interval, and approximately 5–15% 
exhibiting intradialytic hypertension, i.e. a paradoxical BP 
increase during or immediately after the session [1, 10, 25]. 
In addition, hemodialysis patients represent perhaps the 
human patient population with the highest short-term BP 
variability [15, 16, 19, 25], and this adds to poor accuracy 
of peridialytic BP recordings.

A previous study in 135 hemodialysis patients tested the 
accuracy of various metrics (peridialytic, intradialytic, intra-
dialytic including pre- and post-dialysis and the average of 
pre- and post-dialysis) using ambulatory BP as the reference 
standard. Intradialytic including pre- and post-dialysis BP 
was the most accurate and reproducible metric; an SBP cut-
point of 135 mmHg had sensitivity and specificity of 90.4% 
and 75.9%, respectively, of diagnosing increased ambulatory 
SBP [8]. In a recent study, we tested the accuracy of pre- 
and post-dialysis, intradialytic, intradialytic without first/last 
dialysis reading, intradialytic plus pre/post-dialysis readings 
and scheduled interdialytic BP against 44-h BP [20]. We also 
observed that pre-dialysis SBP and DBP were significantly 
higher whereas post-dialysis SBP was significantly lower 
than relevant 44-h levels; pre- and post-dialysis BP read-
ings had the worst agreement and the lowest sensitivity and 
specificity for ambulatory BP, among the metrics examined. 
In contrast, intradialytic, intradialytic plus pre/post-dialysis 
and scheduled interdialytic SBP, showed areas-under-the-
curve of 0.850, 0.850 and 0.917 and maximal sensitivity/
specificity of 73.0%/81.2%, 68.1%/88.1% and 82.3%/89.1%, 
respectively, for diagnosing 44-h SBP ≥ 130 mmHg.

As of this writing, no study has evaluated in parallel 
the prognostic significance of all the above BP metrics in 
hemodialysis patients. A previous study in 150 hemodialysis 
patients [26] examined the association of pre- and post-dial-
ysis BP, home BP readings performed over 1 week using a 
validated oscillometric device and 44-h BP with cardiovas-
cular and all-cause mortality over a median of 24 months. 
In contrast to peri-dialytic measurements that showed no 
associations with outcomes, both home BP and ambulatory 
BP showed a J-curve pattern of association; with the lowest 
BP quartile used as the reference, the second quartile dis-
played non-significantly lower and the fourth quartile higher 
HRs for the outcomes. For example, 44-h SBP > 145 mmHg 
were associated with HRs of 2.11 (95% CI 0.71–6.30) and 
2.52 (95% CI 1.03–6.19), and home SBP > 157.9 mmHg 
with HRs of 2.10 (95% CI 0.70–6.25) and 1.80 (95% CI 
0.78–4.15) for cardiovascular and all-cause mortality. Subse-
quent studies with larger populations also showed J-shaped 
or U-shaped associations of ambulatory SBP with out-
comes [27, 28]. With regard to ambulatory DBP, an inverse 
association with outcomes in hemodialysis patients was 
also previously shown [17, 27]. Evidence from the general 

population suggests that the increased risk observed with 
low DBP values is actually explained by the association of 
increased pulse pressure (due to underlying arterial stiffness) 
with cardiovascular events [29]. In previous studies of our 
group in hemodialysis patients, we observed that increased 
pulse wave velocity has the strongest associations with car-
diovascular events and is also the main determinant of the 
associations of BP parameters with adverse outcomes [17, 
27, 30]. The J-curve is also considered by many to be an 
epiphenomenon related to increased mortality of severely 
diseased patients, including those with cachexia or advanced 
heart failure, which are not uncommon in the hemodialysis 
population. This was also confirmed by a large prospective 
study showing that hemodialysis patients with heart failure 
and/or atrial fibrillation had an inverse association of BP 
with mortality [28].

Our study expands the above observations from 44-h BP 
to other BP metrics. First, it confirms the absence of asso-
ciation of pre-dialysis BP and the significant association 
of 44-h SBP with cardiovascular events, showing that the 
first (44-h SBP < 120 mmHg) and second (44-h SBP ≥ 120 
to < 130 mmHg) groups of ambulatory SBP signify the 
lowest risk. Second, it displays a rather similar pattern 
for scheduled home BP. Most importantly, it shows that 
when compared to 44-h SBP, intradialytic SBP displays a 
similar association and intradialytic plus pre/post-dialysis 
SBP shows an identical association with the primary end-
point. Finally, intradialytic, intradialytic plus pre/post-dial-
ysis, scheduled interdialytic and 44-h DBP displayed simi-
lar inverse associations with the cardiovascular outcome 
in unadjusted analyses. In adjusted analyses these inverse 
associations were no longer evident, a finding also pointing 
towards that this was rather an epiphenomenon related to 
aging and co-morbid conditions. Again, the pattern of the 
associations was not morphologically different between 44-h 
BP and the other metrics, with the exception of pre-dialysis 
BP.

Consensus documents clearly suggest that ABPM is 
the most appropriate tool for hypertension management in 
hemodialysis patients but at the same time they recognize its 
limited application in everyday practice and call for explo-
ration of BP metrics alternative to pre- and post-dialysis 
BP [1, 11]. The recent Kidney-Disease-Improving-Global-
Outcomes (KDIGO) BP Guidelines advocate for the first 
time the use of an initial ABPM and, thereafter, home BP 
measurements to supplement standardized office BP in pre-
dialysis patients with CKD [31]. In an ideal world ABPM 
would be used in routine intervals (i.e. once a year) or when 
deemed necessary in all hemodialysis patients to effectively 
obtain information on the complex BP phenotypes of these 
individuals; however, the reality is that in the majority of 
clinical settings worldwide hypertension management is 
still based on pre- and post-dialysis BP readings, which are 
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largely inaccurate [3, 8, 9]. Our findings on the similarity of 
prognostic associations of the aforementioned BP metrics 
with those of 44-h BP are added to previous cross-sectional 
data on the validity of these metrics to reflect the 44-h BP 
load [8, 20]. As such, in situations where ABPM can be 
used, our data suggest that averaged intradialytic or aver-
aged intradialytic plus pre/post-dialysis or scheduled home 
readings on the dialysis-off day could complement ABPM 
performance for hypertension management. In clinical set-
tings where ABPM is not available or feasible, averaged 
intradialytic or home BP metrics should at least substitute 
the use of pre- and post-dialysis BP, as there are far more 
accurate approaches to identify the true BP load.

This study has strengths and limitations. It is the first to 
evaluate the prognostic significance of BP indices alterna-
tive to ambulatory BP in hemodialysis patients. We included 
valid 48-h recordings, which is a difficult task in diseased 
populations such as hemodialysis patients, and tested sev-
eral candidate BP metrics with careful analyses. Our study 
population consisted of 242 patients and the mean follow-up 
lasted more than 4 years, which corresponds to the largest 
sample and follow-up period available among hemodialysis 
studies with 48-h ABPM. The main limitation is that we 
did not perform typical home BP recordings with validated 
oscillometric devices [32], but used the average of read-
ings obtained at 8 am and 8 pm on a single non-dialysis 
day with the ABPM monitor. Thus, our findings refer to 
readings obtained outside the dialysis unit that are not typi-
cal home BP readings. However, most experts agree that 
home BP readings and awake ambulatory BP readings offer 
to a large extent similar information regarding the actual BP 
levels, while home BP and awake ambulatory BP share the 
same threshold for identifying hypertension [14, 32, 33]. 
Thus, although these scheduled interdialytic readings may 
be essentially similar to appropriate home BP readings at 
the relevant time points, our findings on this matter should 
be further confirmed with studies employing typical home 
BP. Furthermore this study, like most longitudinal studies in 
the field, assessed the association of BP recorded at a single 
time-point and not the association of BP trajectories over 
time with cardiovascular outcomes; thus, it is not known 
whether changes in BP control over time existed and whether 
they influenced the observed results.

Recent consensus documents recognize the limitations 
in expanded everyday use of ABPM and call for studies 
assessing the utility of different types of readings, such as 
simple BP readings, averaged intradialytic BP readings, 
and scheduled home BP readings compared to ABPM [11]. 
This study answers this call, showing that, in contrast to pre-
dialysis readings, averaged intradialytic BP, averaged intra-
dialytic plus pre- and post-dialysis BP, as well as scheduled 

interdialytic BP recordings at the out-of-dialysis day display 
significant associations with cardiovascular outcomes, that 
are similar to those of 44-h interdialytic ambulatory BP. 
These findings of similar prognostic significance are major 
additions to previous diagnostic accuracy studies, demon-
strating that intradialytic, intradialytic plus pre/post-dialysis 
and scheduled interdialytic BP recordings show good agree-
ment with ambulatory BP. Overall, our study suggests these 
three metrics are better tools for hypertension diagnosis and 
management in hemodialysis patients than pre- or post-dial-
ysis BP; future recommendations should incorporate these 
findings.
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