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Key Points
� There were 551 cases of clinically significant bradyarrhythmia or asystole (CSBA) that occurred in the last 12

hours of the interdialytic interval preceding 100 of 4424 dialysis sessions.
� We did not find significant associations between dialytic parameters or electrolytes and CSBA in the last 12

hours of the interdialytic period.
� Association of laboratory and dialytic factors with CSBA from one session to the next were not significant except

dialysate sodium concentrations ,135 mEq/L.

Abstract
Background Bradycardia and asystole events are common among patients treated with maintenance hemodialysis.
However, triggers of these events in patients on maintenance hemodialysis (HD), particularly during the long
interdialytic period when these events cluster, are uncertain.

Methods The Monitoring in Dialysis Study (MiD) enrolled 66 patients on maintenance HD who were implanted
with loop recorders and followed for 6 months. We analyzed associations of predialysis laboratory values with
clinically significant bradyarrhythmia or asystole (CSBA) during the 12 hours before an HD session. Associations
with CSBAwere analyzed with mixed-effect models. Adjusted negative binomial mixed-effect regression was
used to estimate incidence rate ratios (IRR) for CSBA. We additionally evaluated associations of CSBA at any
time during follow-up with time-averaged dialytic and laboratory parameters and associations of peridialytic
parameters with occurrence of CSBA from the start of one HD session to the beginning of the next.

Results There were 551 CSBA that occurred in the last 12 hours of the interdialytic interval preceding 100 HD
sessions in 12% of patients and 1475 CSBA events in 23% of patients overall. We did not identify significant
associations between dialytic parameters or serum electrolytes and CSBA in the last 12 hours of the interdialytic
interval in adjusted analyses. Median time-averaged ultrafiltration rate was significantly higher in individuals
without CSBA (9.8 versus 8, P50.04). Use of dialysate sodium concentrations#135 (versus 140) mEq/L was
associated with a reduced risk of CSBA from the start of one session to the beginning of next.

Conclusions Although a few factors had modest associations with CSBA in some analyses, we did not identify
any robust associations of modifiable parameters with CSBA in the MiD Study. Further investigation is needed
to understand the high rates of arrhythmia in the hemodialysis population.
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Introduction
Sudden cardiac or arrhythmic death (SCD) accounts for 44%
of deaths with a known cause in patients on maintenance
hemodialysis (HD) (1). Several unique risk factors have been
identified that could contribute to high risk such as uremic
toxins, cardiovascular autonomic dysfunction, and repetitive
volume overload (2). Besides the risk factors, mechanisms
triggering arrhythmia in the setting of hemodialysis may dif-
fer from the underlying causes in the general population.
Some of these triggers such as the long interdialytic period,
rapid and cyclic electrolyte and fluid shifts, and repetitive
dialysis induced myocardial stunning have been identified as
potential factors underlying the high incidence of SCD and
arrhythmia in the hemodialysis population (3,4). Of note,
defects in conduction including bradycardia and asystole as
opposed to ventricular tachycardia or fibrillation appear to be
the predominant arrhythmias underlying hemodialysis-
associated SCD (5–9). However, the triggers underlying
bradyarrhythmia in the hemodialysis population remain
incompletely understood, and analysis of data collected
around these events could help in identifying and modifying
dialysis practices that may prevent the risk of SCD (2,10).
We used data from the Monitoring in Dialysis Study

(MiD) (5) to analyze highly granular electrolyte, dialysis,
and arrhythmia data from loop recorder monitoring to
test for associations of potentially modifiable, predialytic
parameters with clinically significant arrhythmia (CSA)
episodes with bradycardic and asystole (CSBA).

Materials and Methods
Study Population
The MiD (NCT01779856) was a multicenter, prospective

cohort study. The design, objectives, and primary outcomes
have been reported in detail (5,11). Briefly, implantable
loop recorders (ILR; Medtronic Reveal XT or LINQ) were
implanted in 66 individuals on maintenance in-center
hemodialysis three times a week. Individuals with an exist-
ing permanent pacemaker or implantable defibrillator were
excluded. ILR were utilized for continuous cardiac rhythm
monitoring to detect the occurrence of CSA for 6 months
and were interrogated at each HD session during the
6-month primary outcome period and after every session
with protocol-mandated phlebotomy. Vital signs and
dialytic parameters were recorded at each dialysis session.
Serum chemistries were tested before and after dialysis
twice weekly for 4 weeks and then weekly through
6 months.
CSA was prospectively defined as (1) ventricular tachy-

cardia $115 beats per minute (bpm) lasting $30 seconds,
but subsequently changed to $130 bpm with a protocol
amendment; (2) bradycardia with a rate of #40 bpm for $6
seconds; (3) asystole for $3 seconds; or (4) patient-marked
(symptomatic) events with electrocardiogram-confirmed
clinically relevant arrhythmia. This was derived using stan-
dard arrhythmia definitions (11,12), device capabilities, and
expert opinion.

Primary Analysis
The temporal patterns of CSBA in the MiD were strongly

associated with the dialytic cycle occurring with a

markedly higher incidence rate during the last 12 hours of
each interdialytic interval (13). For the current study, our
primary question of interest is how volume status and
ambient electrolytes—potentially modifiable parameters—
relate to the occurrence of serious arrhythmias. We postu-
lated that electrolytes and weight parameters measured at
the beginning of a session (primary exposures) are repre-
sentative surrogates of the ambient electrolytes and volume
status during the last few hours of the preceding interdia-
lytic interval (i.e., the previous 12 hours). Thus, our primary
outcome for this analysis leveraged the concurrence of a
period of maximally elevated risk of CSBA and the ability
to infer the ambient levels of blood chemistries and volume
status to analyze the association of predialysis laboratory
parameters with the occurrence of a CSBA during the final
12 hours before a HD session. In secondary analyses, we
analyzed associations of baseline or time-updated serum
and dialytic parameters with any occurrence of CSBA dur-
ing the 6-month study period, and association of laboratory
and dialytic parameters with the occurrence of CSBA
occurring from the start of one dialysis session to the begin-
ning of the next dialysis session.

Statistical Analyses
Baseline demographics, dialysis parameters, and labora-

tory characteristics are presented as the mean6SD or
median interquartile range (IQR) for continuous variables
and percent (n/N) for categorical variables. Time-averaged
serum electrolyte concentrations or dialysis prescription
parameters are presented as the mean or median of all ses-
sions, depending on normality. Characteristics between
patients with and without at least one CSBA were com-
pared using unpaired t tests or Wilcoxon rank sum tests for
continuous variables and Fisher’s exact tests for categorical
variables. Where three or more groups were assessed,
ANOVA and Kruskal–Wallis tests were used for continu-
ous variables and Fisher’s exact tests were used for categor-
ical variables.

Unadjusted associations between serum chemistries and
weight parameters and the occurrence of CSBA in the final
12 hours of the interdialytic interval were analyzed with
mixed-effect models, accounting for repeated measures per
patient. In secondary analyses, negative binomial mixed-
effect regression was used to analyze associations of elec-
trolytes, dialysis prescription, and interdialytic changes in
fluid or electrolytes with CSBA rate as the incidence rate
ratio (IRR) for the final 12 hours of the interdialytic interval
and in a secondary analysis during the interval beginning
at the end of each dialysis session through the next dialysis
session—the same interval utilized for the primary analysis
of the MiD study (5). The latter interval was chosen because
causal associations between dialytic parameters and chem-
istries measured at the time of dialysis were felt to be
unlikely to extend beyond the next dialysis session.

Given the limited sample size, a base-model was created
incorporating age, sex, race, dialysis vintage, and vascular
access. This model has been previously utilized in the pri-
mary and secondary outcome analyses on the basis of
known associations with cardiovascular outcomes or mor-
tality (5). All analyses were completed using SAS v9.4 (SAS
Institute, Cary, NC), with P,0.05 considered significant.
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Results
Baseline Characteristics and CSA
Overall, the study included 66 patients (4761 dialysis ses-

sions): 15 with CSBA and 51 without CSBA (Table 1). In the
analysis restricted to 12 hours before the start of dialysis, 62
patients and 4424 sessions were included. Most study par-
ticipants were men (70%) with a median age of 58 years
(IQR 49.2–66.1 years). The most common causes of ESKD
were diabetes (42%) and hypertension (38%). Individuals
with CSBA were older (67 years) than those without CSBA
(57 years). The distribution of comorbidities was similar,
although a numerically higher proportion of patients with
CSBA had a history of heart failure (40%) or arrhythmia
(40%) than patients without CSBA during follow-up (22%
and 29%, respectively).

Incidence
As reported previously (5), there were 1461 CSA brady-

cardia events detected in 13 (20%) patients and 14 CSA asys-
tole events detected in six (9%) patients, which occurred at a
rate of 0.74 and 0.002 events per patient month, respectively.
Of these, 551 CSBA occurred in the last 12 hours of the inter-
dialytic interval preceding 100 of 4424 dialysis sessions.
Events occurred in eight (12%) patients with an expected
event rate per patient per month of three (confidence inter-
val [CI], 0.7 to 12.9).

Time-Averaged Parameters and Bradycardia
In analyses including the entire duration of follow-up

regardless of timing relative to dialysis, there was only
modest evidence of an association between time-averaged
dialytic parameters and the occurrence of CSBA (Table 2).
The median time-averaged ultrafiltration rate (UFR) was
significantly higher (9.8 ml/kg per hour; IQR 7.8–12.7) in
individuals without than those with CSBA (8 ml/kg per
hour; IQR 5.8–9.6; P50.04). However, there were no signifi-
cant differences in dialytic parameters such as dialysate
temperature, dialysate potassium concentration, dialysate
calcium, or dialysate bicarbonate between the two groups.
Time-averaged serum chemistries, including serum potas-
sium, calcium, and magnesium, were also similar in those
with and without CSBA during follow-up.

Associations of Dialytic Parameters and Serum Chemistry
with CSBA during the last 12 Hours of the
Interdialytic Interval
In unadjusted analyses, (Table 3), there were no signifi-

cant differences in the predialysis serum chemistries or
dialytic parameters in sessions with versus without CSBA
during the last 12 hours of the interdialytic period.
Mean6SD predialysis serum potassium (4.760.7 versus
4.960.8), calcium (8.860.8 versus 8.760.9), magnesium
(260.3 versus 2.460.5), and bicarbonate (24.763.1 versus
22.364) levels were similar in sessions with and without
CSBA.
In crude count analyses before dialysis, calcium concen-

tration was associated with a higher incidence of CSBA
(IRR51.38 per 1 mg/dl; 95% CI, 1 to 1.91; P50.05),
although the result was not significant for analyses using
the albumin-corrected calcium level, whereas predialysis
BUN levels were associated with a lower incidence rate of

CSA (IRR50.96 per 1 mg/dl; 95% CI, 0.94 to 0.99;
P50.007). There were no significant associations between
the remaining serum chemistries as continuous variables
(Table 4). Further, in models adjusting for age, race, sex,
current vascular access, and dialysis vintage (Table 4), there
were no significant associations between potassium, bicar-
bonate, phosphorous, or sodium concentrations and the
incidence of CSBA, and the association of predialysis cal-
cium concentration with CSA bradycardia was consistent
with lower risk at higher serum calcium levels but was no
longer significant (IRR50.62; 95% CI, 0.36 to 1.08; P50.09).
A qualitatively similar association was seen for the
albumin-corrected calcium level (P50.02). In contrast, the
pre-BUN concentration remained significantly associated
with a lower incidence rate of CSBA in the preceding 12
hours (IRR50.95; 95% CI, 0.93 to 0.98; P#0.001).

Associations of Dialytic Parameters and Serum Chemistry
with CSBA from Start of One Session to the Beginning of
the Next
In unadjusted count analyses (Table 5), higher dialysate

calcium (.2.5 versus 2.5) was associated with an increased
risk of CSBA (IRR52.38; 95% CI, 1.39 to 4.06; P50.001).
Conversely, a lower dialysate sodium concentration (#135
versus 140 mEq/L) was associated with a lower risk
(IRR50.27, 95% CI: 0.10–0.73; P50.01), and greater interdia-
lytic weight change was associated with reduced risk of
CSBA (IRR50.77; 95% CI, 0.63 to 0.95; P50.02). There were
no signification associations between serum chemistries
and CSBA.

Discussion
To obtain a broader picture of the patient and dialytic

characteristics associated with the occurrence of serious
bradycardia and asystole events—the rhythms that appear
to underlie the majority of SCD—we analyzed data from 66
hemodialysis patients enrolled in the MiD study. Although
the highest risk period of CSBA is the 12 hours before HD,
our analysis did not identify any significant differences in
chemistries or dialytic parameters, including predialysis
sodium, potassium, magnesium, calcium, or interdialytic
weight change, between individuals with and without
CSBA in this period, and in a multivariable model adjust-
ing for key factors, only predialysis BUN was associated
with the rate of CSA during the last 12 hours of the inter-
dialytic period, with a decreased incidence rate in those
with higher predialysis BUN. We additionally explored
other intervals and similarly found no significant differ-
ences in time-averaged electrolytes and dialytic parameters
between individuals with and without any CSBA during
follow-up, with the exception of a higher UFR in those
without CSBA during follow-up and associations of greater
interdialytic weight gain and greater intradialytic weight
loss with a reduced incidence rate of CSBA between the
start of dialysis and the beginning of the next dialysis ses-
sion. Associations of other chemistries and dialytic factors
with the occurrence of CSBA from one session to the begin-
ning of next were not significant, with the exception of a
lower risk following sessions using dialysate sodium con-
centrations ,135 (versus 140) mEq/L.
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To our knowledge, this is the first study to examine the
association of dialysate and serum potassium concentra-
tions with the occurrence of serious bradycardia and asys-
tole—arrhythmias that seem to underlie many instances of

SCD in patients on maintenance HD. Notably, neither pre-
dialytic serum potassium nor dialysate potassium levels
were associated CSBA in any of our analyses. Our findings
are consistent with a recent international study including

Table 1. Baseline characteristics of the study population

Characteristics All Subjects (N566)

No Clinically Significant Arrhythmia Clinically Significant Arrhythmia

Brady/Asystole (N551) Brady/Asystole (N515)

Age (yr) 57.8 (49.2–66.1) 57.2 (44.7–63.4) 66.6 (54.2–69.6)
Age $70 yr 12 (8/66) 10 (5/51) 20 (3/15)
Women 30 (20/66) 28 (14/51) 40 (6/15)
Race
Asian 35 (23/66) 35 (18/51) 33 (5/15)
Black 53 (35/66) 53 (27/51) 53 (8/15)
Other 2% (1/66) 2 (1/51) 0 (0/15)
White 11 (7/66) 10 (5/51) 13 (2/15)

Hispanic ethnicity 0 (0/66) 0 (0/51) 0 (0/15)
Cause of ESKD
Diabetes 42 (28/66) 43 (22/51) 40 (6/15)
GN 9 (6/66) 8 (4/51) 13 (2/15)
Hypertension 38 (25/66) 37 (19/51) 40 (6/15)
Other 11 (7/66) 12 (6/51) 7 (1/15)

ESKD vintage (yr) 65 50 15
2.4 (1.2–5.3) 2.5 (1.2–5.7) 1.3 (1–3.9)

Prior kidney transplant 14 (9/66) 14 (7/51) 13 (2/15)
Previous peritoneal dialysis 11 (7/66) 14 (7/51) 0 (0/15)
Vascular access
AV fistula 69 (45/65) 66 (33/50) 80 (12/15)
AV graft 26 (17/65) 28 (14/50) 20 (3/15)
Catheter 5 (3/65) 6 (3/50) 0 (0/15)

Diabetes 64 (42/66) 63 (32/51) 67 (10/15)
Diabetes duration (yr) 37 30 7

17.9612.8 17.6613.6 1969.3
Hyperlipidemia 61 (40/66) 61 (31/51) 60 (9/15)
Hypertension 85 (56/66) 84 (43/51) 87 (13/15)
Ischemic heart disease 49 (32/66) 47 (24/51) 53 (8/15)
Myocardial infarction 9 (6/66) 6 (3/51) 20 (3/15)
Congestive heart failure 26 (17/66) 22 (11/51) 40 (6/15)
Coronary artery bypass surgery 14 (9/66) 12 (6/51) 20 (3/15)
Arrhythmia 32 (21/66) 29 (15/51) 40 (6/15)
Smoking
Current 8 (5/66) 10 (5/51) 0 (0/15)
Never 70 (46/66) 71 (36/51) 67 (10/15)
Past 23 (15/66) 20 (10/51) 33 (5/15)

Weight (kg) 66 51 15
81.7 (68.2–95.2) 82 (67.3–94.5) 81.3 (68.9–108.2)

BMI 66 51 15
27.2 (24.3–32.5) 26.6 (23.7–32.5) 27.6 (25.9–34.1)

Systolic BP 66 51 15
140.8623.4 138.2623.7 149.8620.4

Diastolic BP 66 51 15
80 (70–84) 80 (66–83) 80 (76–85)

LVEF 65 50 15
55 (55–60) 55.3 (55–61) 55 (55–60)

Medication
b blocker 58 (38/66) 55 (28/51) 67 (10/15)
Calcium channel blocker 58 (38/66) 59 (30/51) 53 (8/15)
ACE or ARB 33 (22/66) 31 (16/51) 40 (6/15)
Antilipidemic 49 (32/66) 43 (22/51) 67 (10/15)
Calcium binder 35 (23/66) 37 (19/51) 27 (4/15)

Binary data are presented as % (n/N). Continuous data are presented as n with median (interquartile range) or median6SD. BMI,
body mass index; AV, arteriovenous; LVEF, left ventricular ejection fraction; ACE, angiotensin converting enzyme inhibitor; ARB,
angiotensin receptor blocker.
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Table 2. Time-averaged characteristics by presence of clinically significant arrhythmia bradycardia or asystole during 6-month
follow-up

Characteristics

No Clinically Significant Arrhythmia Clinically Significant Arrhythmia

P Value

Brady/Asystole (N551) Brady/Asystole (N515)

Median (Median Interquartile Range) Median (Median Interquartile Range)

Duration of dialysis (h) 4 (3.8–4) 4 (3.5–4) 0.54
Dry weight target (kg) 80.5 (66–92) 79 (65.5–107.5) 0.64
kg over dry weight target (kg) 3 (2.6–3.7) 3 (1.7–3.7) 0.5
Ultrafiltration rate (ml/kg per h) 9.8 (7.8–12.7) 8 (5.8–9.6) 0.04
Interdialytic weight change (kg) 2.6 (2.1–3.1) 2.1 (1.6–3.2) 0.18
Dialysate temperature (�C) 37 (37–37) 37 (37–37) 0.97
Dialysate potassium (mEq/L) 2 (2–2) 2 (2–2) 0.9
Dialysate calcium (mEq/L) 2.5 (2.5–3.) 2.5 (1.6–2.5) 0.31
Dialysate sodium (mEq/L)a 140 (140–140) 140 (138–140) 0.42
Laboratory values
BUN (mg/dl) 52.0 (46.5–64.7) 64.4 (53.4–67.9) 0.2
Creatinine (mg/dl) 9.6 (7.3–12.5) 8.1 (7.8–10.8) 0.33
Sodium (mEq/L) 137 (134–139) 139 (134–142) 0.12
Potassium (mEq/L) 4.8 (4.4–5.1) 4.7 (4.3–5.2) 0.59
Bicarbonate (mEq/L) 22.6 (19.9–24.5) 24.4 (19.6–25.4) 0.6
Calcium (mg/dl) 8.6 (8.2–9.2) 9 (8.4–9.4) 0.36
Corrected calcium (mg/dl) 8.8 (8.4–9.2) 9 (8.6–9.3) 0.17
Magnesium (mg/dl) 2.3 (2–2.5) 2.4 (2–2.7) 0.99
Phosphorous (mg/dl) 5.1 (4.5–5.9) 5.7 (3.9–6.8) 0.46
Hemoglobin (g/dl) 10.7 (10.1–11.4) 10.4 (9.7–11) 0.33
Albumin (g/dl) 4.0 (3.7–4.2) 3.9 (3.7–4.1) 0.43
Predialysis systolic BP (sitting) 147 (134–151) 150 (138–155) 0.47
Post-dialysis systolic BP (sitting) 140 (120–150) 140 (128–149) 0.62
Nadir intradialytic systolic BP 120 (107–135) 120 (110–130) 0.98

aDialysate sodium. CSA brady/asystole N546 (missing in five individuals). Corrected calcium (mg/dl)=[0.83(normal
albumin–Pt’s albumin)1serum Ca]; normal albumin54 g/dl. Interdialytic weight change is the weight gain or loss from the end of
one dialysis session to the beginning next consecutive one in kg.

Table 3. Laboratory and weight parameters in sessions with or without clinically significant bradycardia or asystole in the last 12
hours of the interdialytic interval

Characteristics
Sessions without Clinically Significant

Arrhythmia Brady/Asystole
Sessions with Clinically Significant

Arrhythmia Brady/Asystole P Valuea

Predialysis potassium (per mEq/L) 1523 38 0.86
4.960.8 4.760.7

Calcium predialysis (per mg/dl) 1532 38 0.22
8.760.9 8.860.8

Corrected calcium 1532 38 0.86
8.860.8 8.960.8

Sodium predialysis (per mEq/L) 1532 38 0.23
136.964.1 139.362.8

Bicarbonate predialysis (per mEq/L) 1531 38 0.67
22.364 24.763.1

Magnesium predialysis (mg/dl) 1532 38 0.43
2.460.5 260.3

Phosphorus predialysis (mg/dl) 1530 38 0.92
5.461.7 4.561.2

Interdialytic weight change (kg) 4273 98 0.31
2.761.5 1.761.2

aP values are from mixed-effect models, accounting for repeated measures per subject. Corrected calcium (mg/dl)=[0.83(normal
albumin–Pt’s albumin)1serum Ca]; normal albumin54 g/dl. Interdialytic weight change is the weight gain or loss from the end of
one dialysis session to the beginning next consecutive one in kg.
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55,183 patients on HD evaluating the association between
serum and dialysate potassium and an arrhythmia compos-
ite (arrhythmia-related hospitalizations and sudden death).
In that study, there was no association between dialysate
potassium and the arrhythmia composite outcome in any
of the serum potassium subgroups (,4 to .6 mEq/L). In
addition, there was no effect modification of dialysate
potassium by serum potassium for either all-cause mortal-
ity or the arrhythmia composite. Only serum potassium
concentrations .6 mEq/L were associated with the
arrhythmia composite, whereas a U-shaped association
was found with serum potassium and all-cause mortality
in adjusted analyses (14). In contrast, in another study
including 830,471 paired dialysate and serum potassium
values, a higher serum dialysate potassium gradient at the
start of dialysis was associated with greater risk of all-
cause hospitalizations and emergency department visits;
however, no association was found with mortality (15).
Similarly, in an analysis of 43,200 individuals dialyzed as
outpatients within a single large dialysis organization, dial-
ysate potassium concentrations ,2 mEq/L were associated
with an increased risk of sudden death. Most patients in
our analysis were dialyzed against a dialysate potassium
concentration $2 mEq/L (98% versus dialysate of 1
K52%) and only a small minority of serum potassium val-
ues were .6 mEq/L (8%). Thus, one possible explanation
of these discrepant findings is that neither serum nor dialy-
sate potassium concentration is a trigger of CSBA within
the generally nonextreme values seen in the MiD.
We did not find a consistent association of other electro-

lytes with CSBA. Although there was some evidence of an
association between dialysate or serum calcium concentra-
tion and arrhythmia risk in unadjusted analyses, none of
these were confirmed after adjustment for relevant con-
founders. For example, predialysis serum calcium, magne-
sium levels, and dialysate calcium were not independently
associated with CSBA during the last 12 hours of the inter-
dialytic interval, neither were time-averaged analyses look-
ing at CSBA occurring at any time during follow-up, nor
models looking at CSBA occurring from the start of one

dialysis session to the beginning of the next. In aggregate,
these analyses do not suggest that the risk of SCD is likely
to be prevented entirely by interventions designed to mod-
ify excursions in serum calcium or magnesium or the
choice of the dialysate calcium and magnesium baths.

Association of low calcium concentrations with the risk
of QT prolongation, myocardial stunning, and risk of SCD
have been previously reported in observational studies
(16–18). For example, in a matched case-control study
designed to identify modifiable risk factors for SCD, a
dialysate calcium concentration of ,2.5 mEq/L was sig-
nificantly associated with risk of sudden cardiac arrest,
despite similar serum calcium levels between cases and
controls (19). Similarly, low magnesium levels have been
associated with risk of ventricular arrhythmia and pro-
longed QT (20). As with the analysis of potassium, the
absence of an association in our study and variation from
prior findings could reflect the more specific end point
examined: actual confirmed serious arrhythmia versus
sudden death or hospitalization, which may not always
reflect a primary arrhythmia. Sample size and limited var-
iation in dialytic/electrolyte parameters may also have
limited ability to detect biologically important associa-
tions, particularly as recent literature has raised concerns
over use of low dialysate potassium or calcium baths and
may have changed practice patterns, with avoidance of
more extreme values. Another possibility is that other
causes of arrhythmia and bradycardia such as cardiovas-
cular autonomic dysfunction and myocardial stunning in
this population might be contributing to the arrhythmia
burden (21,22).

Interestingly, we found that a higher time-averaged UFR
and, in other analyses, higher interdialytic or intradialytic
weight change was associated with a lower risk of CSBA.
The nature of this association is unclear and may be spuri-
ous, given multiple comparisons in our analysis. In particu-
lar, it is counterintuitive, given prior literature associating
higher UFRs with increased risk of death and suggesting a
need for extended and frequent dialysis when intradialytic
gains are excessive (23). The association in our analysis

Table 4. Unadjusted and adjusted associations with the rate of clinically significant bradycardia/asystole in the 12 hours before
dialysis

Characteristic
Unadjusted Incidence Rate

Ratios (95% Confidence Interval) P Value
Adjusted Incidence Rate Ratios

(95% Confidence Interval) P Value

Interdialytic weight change (kg) 0.66 (0.4 to 1.09) 0.1 0.71 (0.46 to 1.07) 0.1
Predialysis BUN (mg/dl) 0.96 (0.94 to 0.99) 0.01 0.95 (0.93 to 0.98) ,0.001
Predialysis calcium (per mg/dl) 1.38 (1 to 1.91) 0.05 0.62 (0.36 to 1.08) 0.09
Corrected calcium 1.12 (0.79 to 1.59) 0.54 0.47 (0.24 to 0.9) 0.02
Predialysis bicarbonate (per mg/dl) 0.99 (0.81 to 1.2) 0.89 0.85 (0.32 to 2.27) 0.74
Predialysis phosphorus (mg/dl) 0.76 (0.38 to 1.5) 0.42 0.57 (0.24 to 1.33) 0.19
Predialysis potassium (per mEq/L) 1.59 (0.76 to 3.31) 0.22 1.07 (0.49 to 2.35) 0.86
Predialysis sodium (per mEq/L) 0.99 (0.85 to 1.16) 0.89 0.92 (0.8 to 1.04) 0.19

Each row represents a separate model with multivariate models adjusted for age, race, sex, current vascular access, and years
on dialysis. The univariate model for predialysis magnesium concentration would not converge. Corrected calcium
(mg/dl)=[0.83(normal albumin–Pt’s albumin)1serum Ca]; normal albumin54 g/dl. The univariate model for predialysis
magnesium would not converge. In the adjusted model predialysis magnesium was not associated with CSBA rate (IRR50.22, 95%
CI, 0.01 to 7.98, P50.41). Interdialytic weight change is the weight gain or loss from the end of one dialysis session to the
beginning next consecutive one in kg.
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may reflect the severity of the underlying cardiovascular
comorbidities in the group with CSBA. Similarly, the asso-
ciation of lower dialysate sodium concentrations with
CSBA risk of from the start of one HD session to the begin-
ning of next might reflect patients at higher risk of CSBA
requiring higher dialysate sodium concentration to tolerate
ultrafiltration. These latter findings were not consistent
among the various analyses. In aggregate, our observations
raise the possibility of manipulating UFR and dialysate
sodium in patients to prevent triggering arrhythmia while
highlighting that the recommendations regarding avoid-
ance of higher UFR or use of high sodium dialysate on the
basis of observational studies need to be further evaluated
in randomized controlled trials (23,24).
The high incidence of SCD in the hemodialysis popula-

tion has led to an interest in better understanding the
sequence of events and ambient physiologic parameters in
individuals before an arrhythmic event, with a goal of

moving toward individualizing the dialysis prescription to
reduce the incidence of procedure-related or triggered
adverse events. Our findings reinforce the idea that
arrhythmia in individuals requiring maintenance dialysis is
a multifactorial process. Several triggers may transpire in a
sequential or concurrent manner in the existing environ-
ment of cardiac and neural remodeling for arrhythmia to
ensue. Furthermore, the level of tolerance to electrolyte val-
ues outside the normal range or a shift in the concentration
during dialysis likely differs in individual patients and
depends on physiologic adaptation at a higher steady state
and underlying comorbidities. There is a potential role for
identifying and doing point-of-care testing in high-risk
patients before each dialysis and adjusting the prescription
accordingly—although this is not possible in the United
States at this time because laboratory parameters are only
checked in most outpatient centers once a month. How-
ever, the lack of an association of common serum and

Table 5. Clinically significant bradycardia or asystole in 6 months: multiple regression models (clinically significant arrhythmia
brady/asystole from one session to the next)

Characteristic
Unadjusted Incidence Rate

Ratios (95% Confidence Interval) P Value
Adjusted Incidence Rate Ratios

(95% Confidence Interval) P Value

Dialysate potassium, mEq/L 0.88 0.73
1 NE NE 0.53 (0 to 80.94) 0.8
2 1 (referent) 1 (referent)
3 0.81 (0.05 to 12.1) 0.88 2.24 (0.09 to 53.54) 0.62
4 NE NE 0.13 (0 to 7.58) 0.32

Dialysate calcium, mEq/L 0.001 0.13
,2 8.91 (0.17 to 469.34) 0.28 NE NE
2–,2.5 NE NE 0.09 (0.01 to 1.52) 0.09
2.5 1 (referent) 1 (referent)
.2.5 2.39 (1.4 to 4.08) 0.001 NE NE

Dialysate sodium, mEq/L ,0.001 ,0.001
#135 0.27 (0.1 to 0.73) 0.01 0.22 (0.11 to 0.44) ,0.001
.135–,140 0.09 (0 to 3.1) 0.18 0.86 (0.04 to 19.74) 0.92
140 1 (referent) 1 (referent)
.140 NE NE 0.18 (0.01 to 4.26) 0.29

Dialysate bicarbonate, mEq/L 0.86 0.47
#28 0.68 (0.07 to 6.97) 0.74 NE NE
.28–,35 2.05 (0.22 to 18.74) 0.53 2.68 (0.15 to 49.24) 0.51
35 1 (referent) 1 (referent)
.35 1.32 (0.21 to 8.42) 0.77 2.71 (0.25 to 29.73) 0.42

Interdialytic weight change ($median
[$2.5 kg])

0.48 (0.26 to 0.87) 0.02 0.49 (0.29 to 0.83) 0.01

Intradialytic weight change ($median
[$2.6 kg])

0.43 (0.21 to 0.9) 0.03 0.55 (0.32 to 0.95) 0.03

Predialysis sitting systolic BP 1.01 (1 to 1.03) 0.15 1.02 (0.96 to 1.07) 0.6
Postdialysis sitting systolic BP 1 (0.97 to 1.04) 0.94 1 (0.98 to 1.01) 0.76
Nadir systolic BP 1 (0.98 to 1.01) 0.7 1 (0.97 to 1.04) 0.83
Laboratory results, serum
Predialysis BUN (per mg/dl) 0.99 (0.97 to 1.01) 0.25 1 (0.98 to 1.03) 0.73
Predialysis calcium (per mg/dl) 1.5 (0.79 to 2.87) 0.21 0.96 (0.49 to 1.9) 0.91
Predialysis bicarbonate (per mEq/L) 1.01 (0.9 to 1.12) 0.88 1.02 (0.87 to 1.19) 0.82
Predialysis magnesium (per mg/dl) 1.56 (0.48 to 5.07) 0.46 0.07 (0 to 1.1) 0.06
Predialysis phosphorus (per mg/dl) 1.04 (0.71 to 1.54) 0.83 1.2 (0.66 to 2.19) 0.54
Predialysis potassium (per mEq/L) 0.7 (0.4 to 1.23) 0.21 0.97 (0.58 to 1.62) 0.91
Predialysis sodium (per mEq/L) 1.04 (0.94 to 1.14) 0.46 1.06 (0.91 to 1.21) 0.44

Models include ge, race, sex, current vascular access, and years on dialysis. For dialysate potassium, there were 0 events in the 1 or
4 mEq/L groups. For DialysateCaCat1, there were 0 events in the 2–2.5 group. For dialysate calcium, there were no events in the
2–2.5 mEq/L group. There were no events in the dialysate sodium .140 group. The model for interdialytic weight change would
not converge. NE, not estimable.
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dialysate electrolyte concentrations with CSBA in our anal-
ysis raises concerns that this approach may not reduce sud-
den death risk, despite the intuitive appeal of this approach
and support the need for larger, better-powered monitor-
ing studies or randomized clinical trials before advocating
for changing the current standard of care.
There are several limitations to consider. First, the sample

size was modest, and our power to detect small effects of dia-
lytic parameters and electrolyte concentrations on the occur-
rence of arrhythmia was limited. Second, the majority of
patients in the study were on b blockers, which have strong
nodal and conduction effects and might have attenuated
associations of other factors with the occurrence of CSBA.
There is a possibility of residual confounding accounting for
the observed findings. Furthermore, although the various
electrolytes and dialytic parameters are likely to influence
each other rather than operating in isolation, we were unable
to analyze their joint effects. Additionally, our data should be
generalized cautiously and reflect risk in a cohort of patients
willing to undergo research implantation of a loop recorder
and with a high median dialysis vintage. Data on dialysate
magnesium were not routinely collected, limiting the ability
to analyze this critical parameter. The overall incidence of
bradyarrhythmia and asystole was slightly higher in our
study than in several other studies using ILRs in patients on
dialysis (8). The higher incidence rate may have increased
our power to detect associations but suggests that our results
should be generalized cautiously, although the sample size of
all studies was small, with a wide confidence interval around
the estimates. Our analysis of associations of CSBA with vol-
ume status and electrolytes purposely focused on the final 12
hours before each dialysis treatment because we were able to
impute the likely value of those parameters during this inter-
val, during which the rate of CSBA peaked. However, CSBA
during this period was frequently preceded by CSBA earlier
in the interdialytic interval (data not shown). Additional
analyses and protocols measuring interdialytic laboratory
parameters could be informative. Lastly, we did not correct
for multiple comparisons, given the post hoc/exploratory
nature of this analysis. The possibility of type 2 error should
be considered, and our few positive associations should be
interpreted with appropriate caution in this context.
In summary, our study differs from prior studies that

have focused primarily on sudden death, all-cause mortal-
ity, or hospitalization as outcomes instead of specific
arrhythmic events. We did not confirm associations with
the dialytic factors and electrolyte shifts previously sug-
gested as the potential perpetrators of significant asystole
or bradycardia. Our analysis highlights the need for
research to understand these and other overlooked factors
and suggests that in addition to the electrolyte and weight
changes that occur in patients on maintenance dialysis,
other modifiable factors are likely to be at play and require
study in larger prospective studies to gain a more compre-
hensive view of the triggers for arrhythmia and SCD.
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