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Abstract

An intradialytic systolic blood pressure (SBP) decline, which defines intradialytic hypotension, may be associated with higher
all-cause mortality. However, in Japanese patients on hemodialysis (HD), the association between intradialytic SBP decline and
patient outcomes is unclear. This retrospective cohort study included 307 Japanese patients undergoing HD over 1 year in three
dialysis clinics and evaluated the association between the mean annual intradialytic SBP decline (predialysis SBP-nadir
intradialytic SBP) and clinical outcomes, including major adverse cardiovascular events (MACEs; cardiovascular death,
nonfatal myocardial infarction or unstable angina, stroke, heart failure, and other severe cardiovascular events requiring
hospitalization) by following up for 2 years. The mean annual intradialytic SBP decline was 24.2 (25-75th percentile,
18.3-35.0) mmHg. In the model fully adjusted for intradialytic SBP decline tertile group (T1, <20.4 mmHg; T2, 20.4 to
<29.9 mmHg; T3, 229.9 mmHg), predialysis SBP, age, sex, HD vintage, Charlson comorbidity index, ultrafiltration rate, use of
renin—angiotensin system inhibitors, corrected calcium, phosphorus, human atrial natriuretic peptide, geriatric nutritional risk
index, normalized protein catabolism rate, C-reactive protein, hemoglobin, and use of pressor agents, Cox regression analyses
showed that the hazard ratio (HR) was significantly higher for T3 than for T1 for MACEs (HR, 2.38; 95% confidence interval
1.12-5.09) and all-cause hospitalization (HR, 1.68; 95% confidence interval 1.03-2.74). Therefore, in Japanese patients on HD,
a greater intradialytic SBP decline was associated with worse clinical outcomes. Further studies are warranted to investigate
whether interventions to attenuate the intradialytic SBP decline will improve the prognosis of Japanese patients on HD.

Keywords Hemodialysis * Intradialytic systolic blood pressure decline * Intradialytic hypotension * Major adverse
cardiovascular events
Introduction

More than 340,000 people are on dialysis in Japan, and more
than 40,000 new patients start dialysis yearly. End-stage renal
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disease (ESRD) requiring renal replacement therapy (RRT)
has become a significant public health and social problem [1].
Hemodialysis (HD), which includes conventional HD and
hemodiafiltration dialysis (HDF), is the most widespread
RRT in Japan [2]. In HD, a significant amount of water is
removed in a short period, which may cause a decrease in
systolic blood pressure (SBP) during HD. Blood pressure
decline during dialysis is closely associated with intradialytic
hypotension (IDH), which is defined as a decrease in the
intradialytic SBP by a specific amount (2040 mmHg) or a
nadir SBP below a threshold (90-100 mmHg). However, no
standard definition has been established [2—7]. IDH has been
reported to be a significant complication associated with
increased cardiovascular and all-cause mortality in patients
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Graphical Abstract

Does a decline in intradialytic blood pressure increase
cardiovascular complications in hemodialysis (HD) patients?

Methods
@ Study design: Retrospective cohort study

oo Population: 307 HD patients

2 Exposure: Annual average of intradialytic systolic

blood pressure (SBP) decline
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Conclusion

In Japanese hemodialysis patients, a
greater intradialytic SBP decline was
associated with worse clinical outcomes.

Hypertens Res. Rina Takahashi et al. Mean annual intradialytic blood pressure decline
and cardiovascular events in Japanese patients on maintenance hemodialysis

on HD [8]. Risk factors for IDH include diabetes, cardio-
vascular complications, malnutrition, high ultrafiltration rate
(UFR), and serum osmolality (and its changes) [1, 3—7]. In
Japan, where online hemodiafiltration (OL-HDF) and inter-
mittent infusion HDF (I-HDF) are widely used, we reported
the possibility of risk factors for greater intradialytic SBP
decline, such as the nonuse of calcium channel blockers
(CCBs), use of alpha-blockers (ABs), poor nutrition statuses,
high serum calcium (Ca)/phosphorus (P) levels, and exces-
sive protein intake [9]. All previous reports on the association
between low blood pressure during HD and prognosis were
conducted in patients on conventional HD, and there were no
data on patients on OL-HDF or I-HDF, which are commonly
used in Japan. In addition, in previous studies, IDH and
declines in SBP during dialysis have been evaluated or cal-
culated over a short period (3—6 months at most). Given
seasonal variations in blood pressure and other clinical and
laboratory parameters [9—14], this period is insufficient to

determine the actual and overall dialysis patterns of patients
on HD. Therefore, in this study, we calculated the average
annual intradialytic SBP decline in patients on HD, including
many OL-HDF and I-HDF patients, taking into account
seasonal variations, and examined the relationship between
SBP decline during dialysis and clinical outcomes. The pri-
mary clinical outcomes were major adverse cardiac events
(MACES) [15]. Secondary endpoints included death or hos-
pitalization due to a decline in activities of daily living (ADL)
and all-cause hospitalization [16].

Methods
Study population

HD outpatients from three dialysis clinics (Shibagaki Dia-
lysis Clinic in Jiyugaoka, Shinagawa Togoshi, and

SPRINGER NATURE



1538

R. Takahashi et al.

From April 2019 to March 2020
(Enrollment period)

Subjects enrolled and analyzed
n=307

Divided into three groups according to
the tertile of intradialytic SBP decline

| |

Tl T2 T3
(T1: <20.4 mmHg) (T2: 20.4 to <29.9 mmHg) (T3:>29.9 mmHg)
n=102 n=102 n=103

| |

followed up for 2 years,
from April 2020 to March 2022
(Observation period)

<Outcome>
Primary outcome
MACEs

Secondary outcome
1) death or hospitalization due to a decline in ADL
2) all-cause hospitalization

Fig. 1 Flowchart of the study participant recruitment process during
the study period. SBP systolic blood pressure, MACEs major adverse
cardiovascular events, ADL activities of daily living

Kugahara in Tokyo, Japan) were included in the previous
study from April 2019 to March 2020 [9]. Stable patients
aged 20 years or older who remained on HD during the
entire study period (April 2019 to March 2020) were
included in the study. Patients with missing data in any
month and patients who did not undergo HD three times a
week were excluded, as previously described [9]. This ret-
rospective study used the same population for the analysis.
In this study, the 1-year period from April 2019 to March
2020 was the enrollment period, and the 2-year period from
April 2020 to March 2022 was the observation period
(Fig. 1). Additionally, informed consent for participation in
this study was obtained via an opt-out method on the
website, and patients who opted out were excluded. The
study protocol was independently reviewed and approved
by the Keio University Hospital Ethics Committee
(approval number: 20221055) and followed the principles
of the Declaration of Helsinki.

Study data

Blood pressure was measured in the supine position, on the
arm without vascular access, before puncture and every
60 min after that. Blood pressure was measured with a cuff
connected to the dialysis machine, GC-X01 (JMS, Tokyo,
Japan), and was recorded automatically. Intradialytic SBP
decline was defined as predialysis SBP minus nadir intra-
dialytic SBP, and the annual mean was calculated. In
addition, annual means of predialysis SBP, predialysis
diastolic blood pressure (DBP), nadir SBP, and
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ultrafiltration rate (UFR, ml/kg/h) were calculated. Demo-
graphic data on age (years), sex, dialysis vintage (years),
primary disease leading to ESRD, Charlson comorbidity
index (CCI), treatment type, use of antihypertensive medi-
cations (CCBs, renin-angiotensin system inhibitors
(RASIs), beta-blockers, ABs, and mineralocorticoid recep-
tor antagonists), diuretics (loop diuretics and thiazide
diuretics) and other drugs (pressor agents, antiplatelet
agents, and statins), and past medical history were recorded
in April 2020. In CCI, one point each was assigned for
myocardial infarction, congestive heart failure, peripheral
arterial disease, dementia, cerebrovascular disease, chronic
lung disease, collagen disease, peptic ulcer, mild liver dis-
ease, and uncomplicated diabetes mellitus (DM); two points
each for hemiplegia, moderate-to-severe renal disease,
complicated DM, localized solid cancer, leukemia, and
lymphoma; three points for moderate-to-severe liver dis-
ease, and 6 points each for metastatic solid cancer and AIDS
[17]. However, patients with “6 points” added, i.e., those
with metastatic solid cancer or AIDS, were not included in
this study. Predialysis serum parameters such as sodium
(mEqg/1), potassium (mEq/1), total protein (g/dl), albumin (g/
dl), urea nitrogen (UN) (mg/dl), creatinine (mg/dl), cor-
rected Ca (mg/dl), P (mg/dl), parathyroid hormone (pg/ml),
C-reactive protein (CRP) (mg/dl), and hemoglobin (Hb) (g/
dl) were obtained during the first dialysis session in the first
week of each month. Data from April 2019 to March 2020
were recorded to calculate annual averages for use in the
analyses of this study. Postdialysis serum parameters
included human atrial natriuretic peptide (hANP, pg/ml) as
a marker of the fluid status. The body mass index (BMI)
(kg/mz) was calculated from the height (cm) and weight
(kg), the geriatric nutritional risk index (GNRI) from the
BMI and serum albumin, the normalized protein catabolic
rate (nPCR) (g/kg/day) and single-pool Kt/V from serum
UN and BW before and after dialysis, and the session’s
length. In addition, the experienced doctors at the dialysis
clinics determined the dry weight based on the guidelines
[18] by referring to the cardiothoracic ratio, blood pressure
during dialysis, home blood pressure, hANP, and edema.
For hANP, the median number of measurements was 8
[6-11] from April 2019 to March 2020, and the mean value
of those measurements was used in the analysis.

Follow-up

Patients were divided into three groups according to the
tertile of intradialytic SBP decline. All patients were fol-
lowed up for 2 years, from April 2020 to March 2022
(observation period). The primary endpoint was the pre-
sence of MACE:s (cardiovascular death, nonfatal myocardial
infarction or unstable angina, stroke, heart failure, and other
severe cardiovascular events requiring hospitalization) [15].
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Secondary endpoints were death or hospitalization due to a
decline in ADL (having difficulty visiting a dialysis clinic)
and all-cause hospitalization [16]. Regarding the method of
recording clinical data and outcomes, medical clerks,
medical engineers, and nurses, who were not directly
involved in this study, recorded the data and events each
time those events occurred. In this study, we could not
follow up the patients further if they stop visiting dialysis
clinics, regardless of whether it is due to death or hospita-
lization caused by a decline in ADL. On the contrary,
similar to all-cause mortality, hospitalization due to
decreased ADL is an important outcome associated with
serious morbidity. Therefore, we combined these two out-
comes. For the same reason, a report of Japanese patients
with HD set a similar outcome [16].

Statistical analysis

As appropriate, comparisons of baseline variables among
the three groups were made via the analysis of variance,
Kruskal-Wallis test, or Fisher’s exact test, followed by the
post hoc Bonferroni test. The normality of the distribution
of continuous variables was examined using the
Kolmogorov-Smirnov test. Results are expressed as mean +
standard deviation, median (interquartile range), n (%), or
estimates (95% confidence intervals [CI]); P-values are two-
sided, and P <0.05 indicates statistical significance.
Survival curves were plotted via the Kaplan—Meier
method and compared using the log-rank test. Log-rank
trend tests were also conducted. The Cox proportional
hazards model was employed to determine hazard ratios
(HRs) with 95% CIs for survival. In the multivariate fully
adjusted model, intradialytic SBP decline tertile groups,
predialysis SBP, age, sex, HD vintage, CCI, UFR, RASI
use, serum corrected Ca/P, hANP, nPCR, GNRI, CRP, Hb,
and use of pressor agents were included as independent
variables. Furthermore, we modeled the nonlinear associa-
tions between the intradialytic SBP decline and outcomes
by Cox regression models using restricted cubic splines
with four knots (5th, 35th, 65th, and 95th percentiles).
Moreover, since the death and/or hospitalization due to a
decline in ADL are competing risk events against MACEs
and all-cause hospitalization, the cumulative incidence rates
considering competing risks were compared using Gray’s
test. The Fine—Gray subdistribution hazards model was used
in the multivariate model as a sensitivity analysis for
MACEs and all-cause hospitalization, together with the
standard Cox regression model for cause-specific hazards.
Finally, a subgroup analysis was performed for the presence
of DM and predialysis SBP using the Cox proportional
hazards model. Predialysis SBP was divided into three
groups based on tertiles for the analysis. All statistical
analyses were performed using EZR (Saitama Medical

University Hospital, Saitama, Japan), a graphical user
interface of R (The R Foundation for Statistical Computing,
Vienna, 12 Austria) [19], and Stata version 17.0 (Stata
Corporation, College Station, TX, USA).

Results
Baseline characteristics

Among the 379 patients who underwent HD at Shibagaki
dialysis clinics in Jiyugaoka, Shinagawa Togoshi, and
Kugahara in April 2019, 17 patients who underwent HD at a
frequency other than three times per week did not meet the
inclusion criteria, and 55 patients with missing data in any
month were excluded, including patients who died (n = 32)
during the 1-year study period. As a result, 307 patients
were included in the analysis (Fig. 1). Among the 307
patients included in the previous study, no one opted out,
and all the patients were enrolled in the analyses of this
study. The intradialytic SBP decline of the participants was
24.2 (18.3-35.0) mmHg, and the patients were divided into
three groups according to their tertiles: T1: <20.4 mmHg;
T2: 204 to <299 mmHg; T3: 229.9 mmHg. Baseline
characteristics for each group are listed in Tables 1 and 2.
Age (P=0.001), DKD (P<0.001), nephrosclerosis
(P =0.001), autosomal dominant polycystic kidney disease
(P=0.005), CCI (P<0.001), I-HDF (P=0.02), AB use
(P =0.01), pressor agent use (P =0.004), predialysis SBP
(P<0.001), predialysis DBP (P<0.001), -creatinine
(P =0.03), and BMI (P =0.008) were significantly differ-
ent among the groups. A total of 47,219 HD sessions
(153.5+6.4 sessions/patient) were performed during the
1-year enrollment period. IDH was detected only in 2 (0-7)
sessions/patient, representing 1.3% (0—4.5%) of all sessions
in the 1-year cohort.

Association between tertile groups of intradialytic
SBP decline and the development of MACEs

The intradialytic SBP decline was divided into three groups
according to the tertile, T1, T2, and T3, from the smallest
decline to the largest. During the 2-year observation period,
18 (18%) patients in T1, 23 (23%) in T2, and 36 (35%) in
T3, and a total of 77 (25%) developed MACEs (cardio-
vascular death: 3 patients, nonfatal myocardial infarction or
unstable angina: 15 patients, stroke: 12 patients, heart fail-
ure: 26 patients, other severe cardiovascular events requir-
ing hospitalization: 21 patients). Among those MACEs, 24
(31%) occurred in spring, 18 (23%) in summer, 14 (18%) in
fall, and 21 (27%) in winter. The log-rank test showed a
significant difference in the incidence of MACEs in the
three groups (P = 0.008), with the Bonferroni post hoc test

SPRINGER NATURE
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Z?':I'; :ufiayszzﬁfcic;‘;;f‘scirﬁﬁl Variables Total 1 =307) T1 (n=102) T2 (n=102) T3 (n=103) P value
2020 and the groups divided Age (years) 700+125  73.1£120  70.0+127  66.7+ 12.0%% 0.001
according to the tertile of
intradialytic SBP decline Male/Female (%male) 202/105 (66%) 68/34 (67%) 67/35 (66%) 67/36 (65%) 0.99
HD vintage (years) 5.1(3.0-8.7) 4.6 2.3-74) 49 (3.2-9.0) 6.1 (3.3-9.2) 0.05
Primary disease
Diabetes 121 (39%) 26 (26%) 36 35%) 59 (57%)* <0.001
Nephrosclerosis 69 (22%) 33 (32%) 24 (24%) 12 (12%)** 0.001
Chronic glomerulonephritis 40 (13%) 15 (15%) 16 (16%) 9 (9%) 0.29
ADPKD 11 (4%) 8 (8%) 3 (3%) 0 (0%)** 0.005
Others 21 (7%) 8 (8%) 8 (8%) 5 (5%) 0.61
Unknown 45 (15%) 12 (12%) 15 (15%) 18 (18%) 0.52
Charlson comorbidity index 4.0 (3.0-5.0) 4.0 (2.0-5.0) 4.0 (3.0-5.0) 5.0 (4.0-5.5)=*+* <0001
Treatment type
Conventional HD 13 (4%) 2 (2%) 7 (7%) 4(4%) 0.22
Predilution OL-HDF 183 (60%) 56 (55%) 69 (68%) 58 (56%) 0.13
I-HDF 111 (36%) 44 (43%) 26 (25%)* 41 (40%) 0.02
Use of antihypertensive agents
CCBs 66 (58%) 66 (65%) 60 (59%) 53 (51%) 0.16
RAS inhibitors 180 (59%) 59 (58%) 61 (60%) 60 (59%) 0.97
BBs 128 (42%) 37 36%) 47 (46%) 44 (43%) 0.36
ABs 43 (14%) 9 (9%) 11 (11%) 23 (22%)* 0.01
MRAs 3 (1%) 0 (0%) 1 (1%) 2 (2%) 0.78
Use of diuretics
Loop diuretics 116 (38%) 44 (43%) 34 (33%) 38 37%) 0.35
Thiazide diuretics 6 2%) 3 (3%) 2 (2%) 1 (1%) 0.54
Use of other drugs
Pressor agents 38 (12%) 7 (7%) 9 (9%) 22 (21%)* 0.004
Antiplatelet agents 134 (44%) 36 (35%) 48 (47%) 50 (49%) 0.11
Statins 120 (39%) 31 30%) 40 (39%) 49 (48%)* 0.04
Past medical history
CVD 159 (52%) 48 (47%) 51 (50%) 60 (58%) 0.26
PCI 44 (14%) 12 (12%) 13 (13%) 19 (18%) 0.35
Cardiovascular surgery 15 (5%) 5 (5%) 3 (3%) 7 (7%) 0.49

*P<0.05; #*P <0.01; ***P<0.001 versus T1. #P <0.05; ##P < 0.01; ###P <0.001 versus T2

SBP systolic blood pressure, HD hemodialysis, ADPKD autosomal dominant polycystic kidney disease, OL-
HDF online hemodiafiltration, I-HDF intermittent infusion hemodiafiltration, CCBs calcium channel
blockers, RAS renin-angiotensin system, BBs § blockers, ABs a blockers, MRA mineralocorticoid receptor
antagonists, CVD cardiovascular disease, PCI percutaneous coronary intervention

showing a significantly higher incidence of MACEs in T3
compared to T1 (P = 0.009). The log-lank trend test showed
that the greater the intradialytic SBP decline, the greater the
incidence of MACEs (P =0.003) (Fig. 2A). Furthermore,
the cumulative incidence of MACEs differed significantly
between the three groups (Gray’s test, P =0.01), with a
significantly higher incidence in T3 than in T1 using the
Bonferroni correction (P =0.01) (Fig. 2B). The present
study is characterized by fewer conventional HD and more
OL-HDF and I-HDF. The intradialytic SBP decline values
were 25.8+10.1, 27.5+13.4, and 29.5+17.3 mmHg in
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patients on HD, OL-HDF, and I-HDF, respectively, and no
significant difference was found for each treatment modality
(P =0.45). MACEs occurred in 4 (31%) patients on con-
ventional HD, 49 (27%) on predilution OL-HDF, and 24
(22%) on I-HDF, and the log-rank test showed no sig-
nificant difference by treatment groups (P = 0.64).

In the multivariate analysis, the Cox proportional hazards
model and the Fine—Gray subdistribution hazards model
were performed. In the Cox proportional hazards model, the
HR for MACE:s was significantly higher for T3 than for T1
(HR 2.38 [95% CI 1.12-5.09]) (Fig. 3A). In the Fine—Gray
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Table 2 Baseline characteristics ;) oo Total Tl n=102) T2(®m=102) T3 (n=103) P value
of the study participants (n=307)
averaged annually from April _
2019 to March 2020, and the Predialysis 15124202  1405+160  146.6+16.7% 1663+ 1825 001
groups divided according to the SBP (mmHg)
tertile of intradialytic SBP o s
decline Predialysis 792114 75.6+10.3 77.8+10.7 81.2£11.5%** <0.001
DBP (mmHg)
Nadir SBP (mmHg) 123.0+16.9 1253 +154 122.0+£16.2 121.7+18.8 0.23
Intradialytic SBP 24.2 159 24.2 39.6 (35.0-48.5) <0.001
decline (mmHg) (18.3-35.0) (12.9-18.1) (22.2-26.6)%% kit
UFR (ml/kg/h) 152+53 14.8+5.7 153+5.1 15.5+4.9 0.57
Predialysis serum parameters
Sodium (mEq/1) 140.1£24 140.1£2.3 140.3+2.5 140.0+2.6 0.64
Potassium (mEq/1) 4.87+£0.55 4.87+0.54 4.84 £0.58 4.90+0.52 0.75
Total protein (g/dl)  6.48 £0.38 6.44 +0.36 6.49+0.41 6.50+0.36 0.51
Albumin (g/d) 3.65+0.25 3.64+0.25 3.63+0.21 3.68+0.28 0.39
Urea nitrogen (UN) ~ 61.9+12.3 63.1+11.8  604=125 622+12.6 0.29
(mg/dl)
Creatinine (mg/dl) 10.01 £2.57 9.47+245 10.18 +2.71 10.37 £2.48% 0.03
Corrected calcium 8.89 +0.37 8.90+0.35 8.93+0.37 8.84 +0.37 0.18
(mg/dl)
Phosphorus (mg/dl)  5.19+0.82 5.07+0.74 5.18+0.84 5.31+0.87 0.13
Parathyroid hormone 163.2+74.6 157.7+£58.8 170.3£92.8 161.7£68.3 0.47
(pg/ml)
CRP (mg/dl) 0.28 0.26 0.30 0.28 (0.12-0.59) 0.42
(0.11-0.59) (0.09-0.53) (0.14-0.63)
Hemoglobin (g/dl) 11.1 11.1 11.1 11.1 (10.9-11.6) 0.25
(10.9-11.4) (10.9-11.3) (10.8-11.4)
Postdialysis serum parameters
hANP (pg/ml) 69.2 71.1 69.9 64.1 (45.9-100.3) 0.7
(47.6-104.3) (53.8-103.9) (46.8-119.0)
BMI (kg/mz) 21.7 21.2 21.6 21.9 (20.3-22.0)** 0.008
(19.6-22.0) (19.1-22.0) (19.5-22.0)
GNRI 93.4+55 928+54 92.9+5.1 945+59 0.05
nPCR (g/kg/day) 0.88+0.15 0.88+0.14 0.86+0.15 0.88£0.15 0.56
Kt/vV 1.53+0.28 1.53+£0.28 1.54+0.26 1.55+0.30 0.71

*P<0.05; **P<0.01; ***P<0.001 versus T1. #P <0.05; ##P < 0.01; ###P <0.001 versus T2

SBP systolic blood pressure, DBP diastolic blood pressure, UFR ultrafiltration rate, CRP C-reactive protein,
hANP human atrial natriuretic peptide, BMI body mass index, GNRI geriatric nutritional risk index, nPCR

normalized protein catabolism rate

analysis, the HR for MACEs increased for T3 compared
with that for T1 (HR 2.07 [95% CI 0.98-4.40]), although
this was not statistically significant (Fig. 3B).

Besides, restricted cubic spline curves were developed
for the HR for the incidence of MACEs according to
intradialytic SBP decline. In the unadjusted model, HR
tended to increase when intradialytic SBP decline was less
than 20 mmHg; however, this finding was not statistically
significant (Fig. 4A). In the fully adjusted model, the HR
curve was almost horizontal below 1 when the intradialytic
SBP decline was less than 20 mmHg whereas the HR was
significantly increased when the intradialytic SBP was
greater than 24.2 mmHg (Fig. 4B).

Association between tertile groups of intradialytic
SBP decline and secondary outcomes

We first examined the association between the intradialytic
SBP decline and death or hospitalization due to a decline in
ADL. During the 2-year observation period, 14 (14%)
patients in T1, 19 (18%) patients in T2, and 23 (23%)
patients in T3, and a total of 56 (18%) patients experienced
death or hospitalization due to an ADL decline. A log-rank
test showed no significant difference in the incidence of
death or hospitalization due to a decline in ADL among the
three groups (P =0.26) (Supplementary Fig. 1A). In the
multivariate analysis, the Cox proportional hazards model

SPRINGER NATURE
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Fig. 2 Kaplan—Meier curve (A) and cumulative incidence curve (B) for
the development of major adverse cardiovascular events

was performed. The Cox proportional hazards model
showed that for death or hospitalization due to a decline in
ADL, the HR was significantly increased at T2 compared
with that at T1 (HR 2.16 [95% CI 1.05-4.46]) (Fig. 3C).
Next, cubic spline curves of HR for death or hospitalization
due to a decline in ADL according to the intradialytic SBP
decline were created. Although the HR curve did not exceed
1 from 24.2 to 50 mmHg in some areas in the unadjusted
model (Supplementary Fig. 2A), in the fully adjusted
model, the greater the intradialytic SBP decline, the higher
the HR; however, this association was not statistically sig-
nificant (Supplementary Fig. 2B).
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Next, we examined the association between the intra-
dialytic SBP decline and all-cause hospitalization, which
included 61 (60%) patients in T1, 60 (59%) in T2, 63
(61%) in T3, and a total of 184 (60%) experienced all-
cause hospitalization during the 2-year observation per-
iod. Log-rank tests showed no significant difference in
the incidence of all-cause hospitalization between the
three groups (P = 0.58) (Supplementary Fig. 1B). In the
multivariate analysis, the Cox proportional hazards
model and the Fine—Gray subdistribution hazards model
were performed. The Cox proportional hazards model
showed that for all-cause hospitalization, the HR was
significantly higher at T3 than at T1 (HR 1.68 [95% CI
1.03-2.74]) (Fig. 3D). The Fine-Gray subdistribution
hazards model revealed that for all-cause hospitalization,
the HR was significantly higher at T3 than at T1 (HR
2.23 [95% CI 1.05-4.75]) (Fig. 3E). Besides, cubic spline
curves were created for the HR for all-cause hospitali-
zation according to the intradialytic SBP decline. In both
the unadjusted and fully adjusted models, the HR
increased with greater intradialytic SBP decline, and the
increase in HR became statistically significant when the
intradialytic SBP decline exceeded 24.2 mmHg (Supple-
mentary Fig. 2C and 2D).

Subgroup analyses by DM and predialysis SBP

First, we performed subgroup analyses in the DM and non-
DM groups with the Cox proportional hazards model. We
found a significant HR increase at T3 compared with that at
T1 only in the DM group for any outcomes of MACEs (HR
4.22 [95% CI 1.14-15.55]), death or hospitalization due to a
decline in ADL (HR 5.02 [95% CI 1.19-21.24]), and all-
cause hospitalization (HR 3.80 [95% CI 1.54-9.36]). On the
contrary, in the tests for interaction between DM and
intradialytic SBP decline for each outcome in T3 compared
with that in T1, no interaction was found for MACEs
(P =0.59) and all-cause hospitalization (P = 0.37), whereas
a significant interaction was found for death or hospitali-
zation due to a decline in ADL (P = 0.02) (Supplementary
Fig. 3).

Then, patients were divided into three groups by tertile of
predialysis SBP. For MACEs and death or hospitalization
due to a decline in ADL, HR was significantly higher at T3
than at T1 only in the group with higher predialysis SBP
(predialysis SBP 2 159 mmHg) (MACEs, HR 3.59 [95% CI
1.10-11.7]; death or hospitalization due to a decline in
ADL, HR 5.02 [95% CI 1.45-17.31]). While assessing the
interaction between predialysis systolic blood pressure and
intradialytic SBP decline for each outcome, no interaction
was found for either outcome in T3 and T1 (Supplementary
Fig. 3). However, these results should be cautiously inter-
preted because of the limited sample size.
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Discussion

This study analyzed a total of 47,219 HD sessions in 307
patients who had been on HD for 1 year, with an annual
mean intradialytic SBP decline of 24.2 (18.3-35.0) mmHg
from April 2019 to March 2020. The log-rank and Gray’s
tests showed a significant increase in the risk of MACE:s in
the T3 group with the largest intradialytic SBP decline,
compared to the T1 group with the smallest one. Addi-
tionally, in a fully adjusted multivariate model, the T3
group was significantly associated with an increase in the
rate of occurrence of MACEs and all-cause hospitalization
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compared with the T1 group. The Cox regression models
using restricted cubic splines also supported these results. In
this study, MACEs occurred in 25% of the patients during
the 2-year observation period, which is not exceptionally
high considering the previously reported prevalence rates
[20, 21].

Previous reports have shown an increase in mortality
with intradialytic SBP declines >30-50 mmHg [22-26]. A
study conducted in Japan also found an increase in the
mortality rate with intradialytic SBP declines of 240 mmHg
[22]. On the other hand, another report suggested that the
mortality rate increases with an intradialytic SBP decline of

SPRINGER NATURE
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<15 mmHg [25], indicating that patients with less intradia-
lytic SBP decline may also have a worse prognosis. How-
ever, in the present study, the log-rank trend test and the
Cox proportional hazards model indicated that the incidence
of MACEs was significantly higher at T3 than at TI.
Besides, the Cox proportional hazards model showed that
the HR for all-cause hospitalization was significantly higher
at T3 than at T1. Therefore, the results of this study do not
rule out the possibility that the reduction of intradialytic
SBP decline may improve the prognosis of patients on HD,
although further intervention studies are required as this is
an observational study. To minimize intradialytic SBP
decline, first of all, intradialytic weight gain should be
reduced by restricting salt intake, which leads to slower
UFR. Additionally, a previous retrospective study sug-
gested that CCB use, the appropriate control of chronic
kidney disease-mineral bone disorders (especially serum
phosphorus levels), avoidance of AB use, and not excessive
protein intake are associated with ameliorations in the
intradialytic SBP decline [9]. Therefore, these interventions
may improve the prognosis of patients on HD by preventing
intradialytic SBP decline.

SPRINGER NATURE

The mechanism by which greater intradialytic SBP
decline is associated with worse prognosis, including
MACEs, is not precise. In a previous report [27], a greater
intradialytic SBP decline was associated with the develop-
ment of regional wall motion abnormalities, and conse-
quently, with a lower left ventricular ejection fraction.
Concerning IDH, a study reported that organ ischemia due
to blood pressure decline affects various outcomes,
including cardiovascular complications [28]. Although
organ blood flow is determined by systemic blood pressure,
vascular organ resistance, and capillary function [29],
patients on HD may be more susceptible to organ ischemia
due to vascular stenosis and reduced capillary function.
Such tissue ischemia may cause further hypotension by
releasing adenosine, an endogenous vasodilator, leading to
a vicious cycle and worsening prognosis [30].

Although previous studies have shown that mortality is
also associated with IDH and blood pressure variability
during dialysis [22-26], the present study found only a
significant increase in HR for death or hospitalization due to
a decline in ADL at T2 compared with T1 in the fully
adjusted model. This might suggest that among the expla-
natory variables in the fully adjusted model, age and CCI
were more closely and significantly associated with the
increased risk of death or hospitalization due to a decline in
ADL, compared with intradialytic SBP decline (age, HR
1.04 [95% CI 1.01-1.07]; comorbidity index, HR 1.33
[95% CI 1.09-1.61]). In addition, unlike previous reports,
this study considered death and hospitalization due to a
decline in ADL as the same outcome, which may have
blunted the association between intradialytic SBP decline
and all-cause mortality.

The novelty of this study compared to previous reports
will be discussed as follows. First, all previous studies
included patients on conventional HD [22-26], and there
have been no data on patients on OL-HDF or I-HDF (a total
of 96% in this study). Patients who underwent OL- and
I-HDF are theoretically less susceptible to intradialytic SBP
declines than those who underwent conventional HD
[2, 31]. In our study, the T3 group exhibited a significantly
worse prognosis; however, the intradialytic SBP decline in
the group was only >29.9 mmHg. Additionally, in the
restricted cubic spline curves, the HR for MACEs and all-
cause hospitalization significantly increased when the
intradialytic SBP decline was greater than 24.2 mmHg.
These cut-off values were smaller than previously reported
risks of intradialytic SBP decline of 240-50 mmHg
[22-26]: this may be due to the large proportion of OL- and
I-HDF patients included in our study. Second, previous
reports calculated intradialytic SBP declines from the period
of 3-6 months at most [22-26]. However, this calculation
method did not consider their seasonal variations. Actually,
predialysis SBP and intradialytic SBP declines in patients
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on HD, like blood pressure in the general population, show
a consistent seasonal pattern, peaking in winter and falling
nadir in summer [9-14]. Therefore, it is essential to use
annual averages of intradialytic SBP declines to consider
seasonal variations, as was done in the present study.
Finally, we obtained intradialytic SBP and UFR data for all
HD sessions and monthly clinical and laboratory parameters
for all participants for 1 year and used the averages of these
values for analyses, enhancing this study’s internal validity.
However, the present study has several limitations. First,
this is a retrospective observational study and not an
intervention study. Therefore, it was impossible to deter-
mine a causal relationship between the intradialytic SBP
decline and any outcomes. Second, the covariates such as
home blood pressure measurements, dietary behaviors, and
exercise habits that might have been associated with intra-
dialytic blood pressure could not be obtained. Third,
excluding patients who did not continue HD for 1 year may
have introduced some selection bias during patient screen-
ing, making it difficult to extrapolate the results of this study
to patients with a life expectancy of less than 1 year. Fourth,
it is impossible to eliminate the effect of medications to treat
cardiovascular diseases or procedures for IDH such as lower
extremity elevation, infusion, and ultrafiltration rate, on
outcomes. Finally, the sample size was also not large.
However, we performed multivariate analyses adjusted for
sufficient covariates, including age, CCI, pressor agent use,
and predialysis SBP, which were significantly different
among the tertile groups and may be associated with the
outcomes.

In conclusion, this was the first observational study to
examine the association between the intradialytic SBP
decline and MACEs and all-cause hospitalization using
annually averaged values to accommodate seasonal varia-
tions. This study showed that in Japanese patients on HD,
mainly on OL-HDF and [-HDF, the mean annual decline in
the intradialytic SBP was significantly associated with
increased MACEs and all-cause hospitalization even in the
fully adjusted model. Although avoiding the intradialytic
SBP decline may improve the prognosis, including MACE:s,
in patients on HD, a prospective study is needed to
demonstrate a causal relationship.
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