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A B S T R A C T

Background. Higher ultrafiltration (UF) rates are associated
with numerous adverse cardiovascular outcomes among indi-
viduals receiving maintenance hemodialysis. We undertook this
study to investigate the association of UF rate and incident atrial
fibrillation in a large, nationally representative US cohort of in-
cident, older hemodialysis patients.
Methods. We used the US Renal Data System linked to the
records of a large dialysis provider to identify individuals
�67 years of age initiating hemodialysis between January 2006
and December 2011. We applied an extended Cox model as a
function of a time-varying exposure to compute adjusted haz-
ard ratios (HRs) and 95% confidence intervals (CIs) for the as-
sociation of delivered UF rate and incident atrial fibrillation.
Results. Among the 15 414 individuals included in the study,
3177 developed atrial fibrillation. In fully adjusted models, a UF
rate >13 mL/h/kg (versus �13 mL/h/kg) was associated with a
higher hazard of incident atrial fibrillation [adjusted HR 1.19
(95% CI 1.07–1.30)]. Analyses using lower UF rate thresholds
(�10 versus >10 mL/h/kg and �8 versus >8 mL/h/kg, sepa-
rately) yielded similar results. Analyses specifying the UF rate as
a cubic spline (per 1 mL/h/kg) confirmed an approximately lin-
ear dose–response relationship between the UF rate and the risk
of incident atrial fibrillation: risk began at UF rates of ~6 mL/h/
kg and the magnitude of this risk flattened, but remained ele-
vated, at rates�9 mL/h/kg.
Conclusion. In this observational study of older individuals ini-
tiating hemodialysis, higher UF rates were associated with
higher incidences of atrial fibrillation.

Keywords: atrial fibrillation, cardiovascular, hemodialysis, ul-
trafiltration rate

I N T R O D U C T I O N

Atrial fibrillation is one of the most common arrhythmias in di-
alysis patients, affecting up to 25% of the hemodialysis popula-
tion, with estimated incident rates ranging from 12.5 to 148 per
1000 patient-years [1–3]. The incidence of atrial fibrillation is
rising [1, 4], and recent data suggest that paroxysmal atrial fi-
brillation can be detected in as many as 40% of individuals re-
ceiving in-center maintenance hemodialysis when using loop
recorders [5]. Atrial fibrillation is associated with adverse out-
comes, including a higher risk of ischemic stroke, heart failure,
hospitalization and mortality [2, 3, 6–11]. Nonmodifiable risk
factors including advanced age, non-Hispanic white race and
underlying structural heart disease such as valvular abnormali-
ties and heart failure are associated with the development of
atrial fibrillation [12]. However, less is known about modifiable
risk factors for the condition.

Hemodialysis patients have a 2-fold higher risk of incident
atrial fibrillation compared with peritoneal dialysis patients in
the first 90 days of dialysis therapy [13], suggesting that the he-
modialysis procedure may play a role in provoking atrial fibril-
lation. Moreover, continuous electrocardiogram monitoring
studies reveal that arrhythmias, including atrial fibrillation,
peak in the peri- and intradialytic periods [5, 14, 15]. Lower di-
alysate potassium concentration, higher UF volume and lower
predialysis systolic and diastolic blood pressures (BPs) are asso-
ciated with incident atrial fibrillation in hemodialysis patients
[14, 16]. Observational data support an association between
more rapid fluid removal during hemodialysis (i.e. higher UF
rates) and higher risks of cardiovascular morbidity and mortal-
ity [17–22]. UF rates that exceed plasma refill rates can induce
hemodynamic instability, and repeat events may lead to
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end-organ ischemic damage such as cardiac remodeling and as-
sociated conduction system disruption, a precipitant for
arrhythmias [23–26]. As UF rates are a modifiable aspect of he-
modialysis treatment, it is essential to understand their associa-
tion with the development of atrial fibrillation.

We undertook this study to investigate the association of UF
rate with incident atrial fibrillation in a large, nationally repre-
sentative cohort of older patients initiating hemodialysis for
kidney failure. We selected an older-age cohort in order to
study individuals qualifying for Medicare prior to hemodialysis
initiation, facilitating exclusion of individuals with evidence of
prevalent atrial fibrillation. We hypothesized that higher UF
rates would be associated with a higher risk of incident atrial
fibrillation.

M A T E R I A L S A N D M E T H O D S

The study was approved by the institutional review boards at
Stanford University (protocol IRB-17904) and Baylor College
of Medicine (protocol H-36408) and was conducted under ac-
tive Data Use Agreements with the National Institute of
Diabetes and Digestive Diseases (NIDDK). A waiver of in-
formed consent was granted due to the study’s retrospective de-
sign, size and data anonymity.

Data source

We previously published a detailed description of our study
population [16]. In brief, we used data from the US Renal Data
System (USRDS), the national registry for patients with kidney
failure [27], linked with data from the electronic health records
of a large US dialysis provider (DaVita, Denver, CO) using a
crosswalk provided by the USRDS data coordinating center.

Study design and population

We conducted a retrospective cohort study using successive
30-day exposure intervals to investigate the association between

delivered UF rates and the development of incident atrial fibril-
lation among incident, older, in-center hemodialysis patients.
Figure 1 displays the study design. The index date was day 121
after hemodialysis initiation.

To construct the cohort, we first identified incident hemodi-
alysis patients who were >67 years of age between 1 January
2006 and 1 December 2011 in the USRDS database. We re-
quired that individuals have uninterrupted Medicare Parts A
and B coverage for at least 730 days prior to the date of their
first hemodialysis treatment for kidney failure with at least one
Medicare claim (Part A or B) in the 730–366 days and
365–0 days preceding incident dialysis-dependent kidney fail-
ure. This approach facilitated study of individuals with
Medicare claims data prior to kidney failure designation. For
non-US readers, Medicare is the public insurance system for
older individuals in the USA providing near-universal health-
care coverage to the majority of its residents >65 years of age.
We linked the national registry data to data from the electronic
health records of a large US dialysis provider (DaVita) and se-
lected patients who initiated dialysis with in-center hemodialy-
sis (i.e. not home hemodialysis or peritoneal dialysis). We
excluded patients who died, received a kidney transplant, recov-
ered kidney function, received any peritoneal dialysis treat-
ments or lost Medicare Part A or B coverage prior to the index
date. To isolate the cohort to relatively stable outpatient hemo-
dialysis patients, we further excluded those who had <10 or
>16 clinic-based hemodialysis treatments in the 30 days prior
to the index date (i.e. patients with numerous missed treatments
and patients requiring numerous ‘extra’ treatments) and those
with treatment times <2 h in>50% of their hemodialysis treat-
ments during the initial UF rate ascertainment period (i.e. non-
thrice-weekly treatment paradigms). Finally, to identify inci-
dent atrial fibrillation, we excluded patients with evidence of
historical (i.e. prevalent) atrial fibrillation [any billing claim
with an International Classification of Diseases, 9th Revision
(ICD-9) diagnosis code of 427.3] prior to the index date [1].

KEY LEARNING POINTS

What is already known about this subject?

• Higher ultrafiltration (UF) rates are associated with numerous adverse cardiovascular outcomes among individuals receiv-
ing maintenance hemodialysis. However, the association between higher UF rates and incident atrial fibrillation is
unknown.

What this study adds?

• We showed that higher UF rates, defined as >13 (versus �13) mL/h/kg, are associated with a higher hazard of incident
atrial fibrillation. Findings were similar when we considered the lower UF rate thresholds of �10 (versus >10) and �8
(versus >8) mL/h/kg, separately. Finally, we found that the elevated UF rate–related hazard for incident atrial fibrillation
began at UF rates as low as 6 mL/h/kg and then rose in a near-linear dose–response fashion before leveling off.

What impact this may have on practice or policy?

• Our results provide additional evidence regarding the harms of higher UF rates and underscore the need for trials investi-
gating the impact of UF rate–lowering strategies on clinical and patient-reported outcomes.
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Outcome: incident atrial fibrillation

The outcome was incident atrial fibrillation identified from
any inpatient claim with an ICD-9 diagnosis code of 427.3 or
an outpatient claim with an ICD-9 diagnosis code of 427.3 pro-
vided there was a second, subsequent inpatient or outpatient
code of 427.3, in any position, separated by at least 1 day from
the initial code appearance [1, 4, 16]. This definition has been
shown to have a sensitivity of 81% and specificity of 99% [28].

Exposure: delivered UF rate

The exposure, delivered UF rate (mL/h/kg), was calculated
as [(prehemodialysis weight – posthemodialysis weight, mL)/
delivered treatment time, h/posthemodialysis weight, kg].
Starting at day 91, we considered the mean UF rate, defined as
the average UF rate calculated across all available UF rate values
for a given interval, in time-updated 30-day increments. In pri-
mary analyses we dichotomized the mean delivered UF rate at
13 (<13 versus �13) mL/h/kg, which was motivated by prior
research and a US-based measure of dialysis care quality [18,
29]. In secondary analyses we dichotomized the mean delivered
UF rate at 10 and 8 mL/h/kg; we also considered the mean de-
livered UF rate as a continuous variable modeled using splines.

Covariates

We assessed baseline comorbid medical conditions from
730 days prior to HD initiation until the start of the UF rate as-
certainment window (day þ90), baseline laboratory values in
the 90 days prior to UF rate ascertainment and the baseline
number of hospital days and hemodialysis treatment parame-
ters in the 30 days prior to UF rate ascertainment. We used
Medicare Parts A and B claims to ascertain comorbid medical
conditions using ICD-9 diagnosis (requiring one inpatient or
two outpatient encounters separated by at least 1 day) and pro-
cedure codes [30]. Comorbid conditions were then time-
updated in 30-day intervals preceding each 30-day time-
updated exposure period. We used the Medicare Evidence
Form to obtain baseline age, sex, Medicaid dual eligibility status,

year of incident dialysis-dependent kidney failure, race, ethnic-
ity and estimated glomerular filtration rate (eGFR), as well as
neighborhood-level socioeconomic data at the time of incident
hemodialysis initiation. The number of recent hospital days was
ascertained from Medicare Part A claims.

We used the dialysis electronic health record to ascertain
laboratory (serum albumin, calcium and potassium) and
dialysis-related (predialysis systolic and diastolic BPs and vas-
cular access type) data. We used the most recent laboratory
value in the 90-day laboratory assessment period and then
time-updated these values in subsequent 30-day intervals pre-
ceding each 30-day time-updated exposure period. Vascular ac-
cess type was designated as a central venous catheter versus
never use of a central venous catheter during the 30 days prior
to the UF rate exposure period and then time-updated in subse-
quent 30-day intervals.

Statistical analysis

We related the development of incident atrial fibrillation
during period Pi with the UF rate ascertained during period
Pi�1 and other covariates ascertained during period Pi�2, where
i represents the period indicator. We censored follow-up time
at the earliest occurrence of modality change (n¼ 1528), loss of
Medicare Part A or B coverage (n¼ 349), discontinuation of di-
alysis care at the dialysis organization (n¼ 2302) or the end of
the study period (31 December 31 2011; n¼ 5322). We as-
sumed a cause-specific analysis of possible competing risks,
where follow-up time was also censored for death (n¼ 2730)
and kidney transplantation (n< 10) [31].

We present baseline characteristics by categories of mean de-
livered UF rate and summarized categorical variables as fre-
quencies (percentages) and continuous variables as means
[standard deviations (SDs)] or as medians [interquartile ranges
(IQRs)]. We computed unadjusted incidence rates of atrial fi-
brillation by categories of mean delivered UF rate based on the
number of events observed per person-year starting at day 121
after HD initiation. We applied an extended Cox model as a

Baseline period

Day 181

2nd interval

Day 121
Index date

Day 91 Day 151 Day 211

1st interval

3rd interval

Follow-up period

Initial covariate assessment*
(up to 730 days prior to index date)

Initial 30-day UF
rate assessment

Initial 30-day
Afib assessment 

Serial intervals continue
to roll forward every 30
days to end of study

Time-updated 30-day
covariate assessment

Time-updated 30-day
UF rate assessment

Time-updated 30-day
Afib assessment 

Time-updated 30-day
covariate assessment

Time-updated 30-day
UF rate assessment

Time-updated 30-day
Afib assessment 

Day 1
HD start

FIGURE 1: Study design. The baseline period extends up to 730 days prior to the index date, which is designed as Day 121 after initiation of
hemodialysis. Baseline covariates, UF rate and other dialysis parameters were assessed during the baseline period. The follow-up period
begins at the index date and is divided into successive 30-day covariate assessment intervals, 30-day UF rate (exposure) intervals and 30-day
atrial fibrillation (outcome) intervals. AFib, atrial fibrillation; UF rate, mean delivered UF rate (mL/h/kg).
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function of time-varying exposure to compute adjusted hazard
ratios (HRs) and 95% confidence intervals (CIs) for the associa-
tion of each delivered UF rate exposure and incident atrial fi-
brillation, separately. Estimates were adjusted in five nested
multivariable models: Model 0, adjusted for year of incident
dialysis-dependent kidney failure; Model 1 additionally ad-
justed for age, sex, race and Hispanic ethnicity; Model 2 addi-
tionally adjusted for census division, socioeconomic status
variables and Medicaid dual eligibility; Model 3 additionally ad-
justed for comorbid conditions (Table 1), number of recent hos-
pital days and vascular access type and Model 4 additionally
adjusted for predialysis systolic and diastolic BP, number of he-
modialysis treatments and serum laboratory values. We exam-
ined the correlation of the scaled Schoenfeld residuals with time
and found no evidence that the log-HR changed with follow-up
time for either the exposures or other Model 4 covariates
(Schoenfeld test global P-value >0.05). We stratified all models
by incidence year of dialysis-dependent kidney failure.

In secondary analyses we constructed restricted cubic
splines for delivered UF rate with knots at 6, 8, 10 and
12 mL/h/kg [17, 18]. We then plotted the HR of the delivered
UF rate in restricted spline terms to compare two delivered
UF rate values with 1 unit (1 mL/h/kg) apart where the com-
parator was lower. We additionally plotted the HR of the de-
livered UF rate in restricted spline terms with UF rate
thresholds of 13, 10 and 8 mL/h/kg (reference). Analogous to
primary analysis models, spline models were adjusted for the
year of incident dialysis-dependent kidney failure; age; sex;
race; Hispanic ethnicity; census division; socioeconomic status
variables; Medicaid dual eligibility; comorbid conditions
(Table 1); recent hospital days; vascular access type;
predialysis systolic and diastolic BP; number of hemodialysis
treatments and serum albumin, eGFR, potassium and cal-
cium. In spline analyses we excluded delivered UF rates that
were lower than the sample’s 5th percentile (2.5 mL/h/kg) or
higher than the 95th percentile (14.5 mL/h/kg). In addition,
we evaluated the association between UF rate (<13 versus
�13 mL/h/kg) and incident atrial fibrillation in clinically rele-
vant subgroups, including individuals with and without atrial
fibrillation risk factors (male sex, advanced age, Hispanic eth-
nicity, black race and baseline diabetes). To investigate
whether findings differed on the basis of delivered treatment
time, UF volume or body size (i.e. the individual components
of the UF rate calculation), we performed additional subgroup
analyses considering individuals with body mass index <25th
percentile (versus �25th percentile), UF volume >75th per-
centile (versus �75th percentile) and delivered treatment
time <4 h (versus �4 h). This analysis was restricted to the
14 695 patients without missing UF rate–related data in the
follow-up period.

Finally, to assess for influence from residual kidney func-
tion, we conducted two sensitivity analyses. In the first analysis
we restricted the cohort to individuals who survived the first
year of hemodialysis, ascertaining the initial UF rate exposure
in the 360–390 days after hemodialysis initiation, and then re-
peated the primary analysis. In the second analysis we re-
stricted the cohort to individuals with an eGFR �9.7 mL/min/
1.73 m2 at hemodialysis initiation (i.e. �25th eGFR percentile

based on the Medical Evidence Report Form) and then re-
peated the primary analysis.

Missing data. In the 15 414-patient cohort, 1515 patients
(9.8%) had at least one covariate missing and 27 374 (10.4%) of
269 032 period records had missing data. eGFR was the most
common missing baseline data (7.2%) and vascular access type
was the most common missing time-varying data (0.9%). We
handled missing data using multiple imputation by chained
equations (MICE) as implemented in R (R Foundation for
Statistical Computing, Vienna, Austria), with 11 imputed data-
sets obtained for each outcome [32, 33]. We assumed that the
data were missing at random, conditional on observed varia-
bles. In addition to the exposure and all covariates included in
the analysis model, the imputation model also included the
event indicator, the Nelson–Aalen estimator of the cumulative
marginal hazard [34] and auxiliary variables (patient’s weight at
the time of incident dialysis-dependent kidney failure,
predialysis nephrology care and a time-varying indicator for
kidney transplant listing prior to or during the associated period
Pi�1) [35]. We combined the estimates and standard errors
obtained from the model applied to each imputed dataset using
Rubin’s rules [36].

All statistical analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC, USA), Stata version 15.1 (StataCorp,
College Station, TX, USA) and R version 3.1.2.

R E S U L T S

Participant characteristics

Figure 2 displays a flow diagram of study cohort selection
and Table 1 displays the baseline study cohort characteristics. A
total of 15 414 incident hemodialysis patients were included in
the study: 14 065 (91.2%) with mean delivered UF rates
�13 mL/h/kg and 1312 (8.5%) with mean delivered UF rates
>13 mL/h/kg. Overall, study patients had an average age of
76.3 6 6.3 years, 50.8% were women, 26.4% were Black, 8.0%
were Hispanic and 26.9% were dually Medicare and Medicaid
eligible. On average, patients with UF rates >13 mL/h/kg were
more often women and had a higher prevalence of most comor-
bid conditions, particularly coronary artery disease, heart fail-
ure, valvular heart disease and chronic lung disease, than
patients with UF rates�13 mL/h/kg. Predialysis systolic BP and
laboratory values were similar across the UF rate groups.

Primary analysis: UF rate >13 mL/h/kg and incident
atrial fibrillation

The cohort was followed for 21 767 person-years and had an
average follow-up duration of 1.4 6 1.3 years. During the nearly
4.5-year follow-up period, 3177 individuals developed incident
atrial fibrillation (incidence rate of 15 cases of incident atrial fi-
brillation/100 person-years) with 296 outcomes among individ-
uals with UF rates >13 mL/h/kg (incidence rate of 17 cases of
incident atrial fibrillation/100 person-years) and 2881 outcomes
among individuals with UF rates �13 mL/h/kg (incidence rate
of 14 cases of incident atrial fibrillation/100 person-years).

UF rate and atrial fibrillation in hemodialysis 2087



Table 1. Characteristics of the study cohort overall and by UF rate at baseline

Patient characteristics Overall (N¼ 15 414) UF rate �13 mL/h/kga

(n¼ 14 065)
UF rate >13 mL/h/kga

(n¼ 1312)

Demographics
Age (years), mean 6 SD 76.3 6 6.3 76.3 6 6.3 76.4 6 6.3
Female, n (%) 7838 (50.8) 7054 (50.2) 763 (58.2)
Race, n (%)

White 10 626 (68.9) 9715 (69.1) 881 (67.1)
Black 4063 (26.4) 3745 (26.6) 312 (23.8)
Asian 477 (3.1) 382 (2.7) 94 (7.2)
Native American 91 (0.6) 80 (0.6) 11 (0.8)
Other/unknown 157 (1.0) 143 (1.0) 14 (1.1)

Hispanic ethnicity, n (%) 1237 (8.0) 1097 (7.8) 136 (10.4)
Missing 48 (0.3) 46 (0.3) 2 (0.2)

Dual Medicare/Medicaid eligible, n (%) 4151 (26.9) 3718 (26.4) 421 (32.1)
Catheter vascular access, n (%) 9732 (63.1) 8900 (63.3) 808 (61.6)

Missing 37 (0.2) 57 (0.4) 3 (0.3)
Census data
Unemployed, median (IQR) 9.3 (6.8–12.4) 9.3 (6.8–12.4) 9.5 (7.0–12.7)

Missing, n (%) 140 (0.9) 129 (0.9) 11 (0.8)
Below poverty line, median (IQR) 13.9 (8.3–20.9) 13.8 (8.2–20.8) 15.0 (8.7–22.0)

Missing, n (%) 141 (0.9) 130 (0.9) 11 (0.8)
Less than a high school education, median (IQR) 14.0 (8.8–21.1) 13.9 (8.8–21.0) 15.1 (9.2–22.4)

Missing, n (%) 140 (0.9) 129 (0.9) 11 (0.8)
Monthly rent (US$), median (IQR) 859 (686–1069) 857 (685–1065) 874 (692–1105)

Missing, n (%) 312 (2.0) 282 (2.0) 30 (2.3)
Annual household income (US$), median (IQR) 48 125 (38 245–63 555) 48 151 (38 397–63 653) 47 639 (37 132–63 010)

Missing, n (%) 144 (0.9) 132 (0.9) 12 (0.9)
Hospital days in the 30 days prior to UF rate ascertainment, mean 6 SD 0.9 6 3.0 0.9 6 2.9 1.2 6 3.5
Comorbid medical conditions, n (%)
Coronary artery disease 8547 (55.4) 7781 (55.3) 747 (56.9)
Myocardial infarction 2110 (13.7) 1886 (13.4) 216 (16.5)
Unstable angina 2598 (16.9) 2351 (16.7) 239 (18.2)
Heart failure 9540 (61.9) 8575 (61.0) 942 (71.8)
Coronary revascularization 3337 (21.6) 3058 (21.7) 271 (20.7)
ICD or pacemaker 950 (6.2) 869 (6.2) 80 (6.1)
Ventricular fibrillation or another arrhythmia 2405 (15.6) 2153 (15.3) 245 (18.7)
Valvular heart disease 4580 (29.7) 4067 (28.9) 498 (38.0)
Stroke or TIA 2873 (18.6) 2613 (18.6) 243 (18.5)
Hypertension 15276 (99.1) 13 938 (99.1) 1301 (99.2)
Peripheral artery disease 5685 (36.9) 5141 (36.6) 525 (40.0)
Diabetes mellitus 10 523 (68.3) 9613 (68.3) 884 (67.4)
Hyperlipidemia 11 468 (74.4) 10 512 (74.7) 930 (70.9)
Liver disease 1136 (7.4) 996 (7.1) 136 (10.4)
Chronic lung disease 5889 (38.2) 5317 (37.8) 554 (42.2)
Depression 2392 (15.5) 2148 (15.3) 234 (17.8)
Biometric measurements
eGFR at HD initiation (mL/min/1.73 m2), mean 6 SD 10.4 6 4.4 10.4 6 4.3 10.6 6 4.5

Missing, n (%) 162 (1.1%) 147 (1.0%) 14 (1.1%)
HD treatments in the 30-day UF rate ascertainment period, mean 6 SD 12.3 6 1.6 12.3 6 1.6 12.2 6 1.7
Delivered UF rate (mL/h/kg)a, mean 6 SD 7.7 6 4.0 7.0 6 3.2 15.6 6 2.8
Predialysis systolic BP (mmHg), mean 6 SD 147.3 6 19.7 147.1 6 19.6 148.7 6 20.0

Missing, n (%) 170 (1.1) 142 (1.0) 20 (1.5)
Delivered treatment time (min), mean 6 SD 208.7 6 24.5 209.8 6 24.3 196.5 6 23.4
UF volume (L), mean 6 SD 1.9 6 1.0 1.8 6 0.9 3.0 6 0.7
Postdialysis weight (kg), mean 6 SD 73.3 6 17.9 74.5 6 17.9 60.2 6 12.3
Interdialytic weight gain (kg), mean 6 SD 2.0 6 1.2 1.9 6 1.2 3.1 6 1.1
Prescribed ‘dry’ weight (kg), mean 6 SD 73.3 6 18.0 74.6 6 17.9 59.7 6 12.2
Body mass index (kg/m2), mean 6 SD 27.7 6 7.0 28.1 6 7.0 24.0 6 5.3
Predialysis diastolic BP (mmHg), mean 6 SD 72.3 6 10.1 72.3 6 10.0 72.5 6 10.6

Missing, n (%) 170 (1.1) 142 (1.0) 20 (1.5)
Serum albumin (g/L), mean 6 SD 3.6 6 0.5 3.6 6 0.4 3.6 6 0.5

Missing, n (%) 161 (1.0) 141 (1.0) 18 (1.4)
Serum potassium (mEq/L), mean 6 SD 4.5 6 0.6 4.4 6 0.6 4.6 6 0.7

Missing, n (%) 169 (1.1) 148 (1.1) 18 (1.4)
Calcium (mg/L), mean 6 SD 8.9 6 0.7 9.0 6 0.7 8.8 6 0.7

Missing, n (%) 149 (1.0%) 130 (0.9%) 17 (1.3%)

aThirty-seven patients who were missing delivered UF rate (due to missing treatment time, UF volume or postdialysis weight) at baseline were excluded.
TIA, transient ischemic attack.
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FIGURE 2: Flow chart depicting study cohort assembly. D, day.



The unadjusted hazard of atrial fibrillation was higher
among individuals with UF rates >13 mL/h/kg compared with
individuals with UF rates �13 mL/h/kg. In sequentially ad-
justed nested models (Table 2), a UF rate >13 mL/h/kg (versus
�13 mL/h/kg) was associated with a higher hazard of incident
atrial fibrillation [adjusted HR 1.15 (95% CI 1.04–1.25) in the
fully adjusted model (Model 4)].

Secondary analyses

Similarly, compared with a UF rate �8 mL/h/kg, a UF rate
>8 mL/h/kg was associated with a higher hazard of incident
atrial fibrillation [Model 4 adjusted HR 1.09 (95% CI 1.02–
1.16)]. When the UF rate was dichotomized at 10 mL/h/kg, the
UF rate–atrial fibrillation association was attenuated and no
longer reached statistical significance [Model 4 adjusted HR
1.06 (95% CI 0.99–1.14)] (Table 2).

In order to examine the association of UF rate and incident
atrial fibrillation in a more flexible manner, we conducted anal-
yses in which we examined the association of UF rate as a cubic
spline and incident atrial fibrillation. First, we specified the UF

rate as per 1 mL/h/kg, comparing each value to the next lower
value (Figure 3A). This analysis showed a linear increase in the
risk of incident atrial fibrillation beginning at UF rates of
~6 mL/h/kg, which flattened but remained elevated at rates
>9 mL/h/kg. Second, we specified the UF rate as per 1 mL/h/kg,
comparing each value to a fixed UF rate of 13 mL/h/kg
(Figure 3B). Once again, results showed a lower risk of incident
atrial fibrillation with lower UF rates and a higher risk of inci-
dent atrial fibrillation with UF rates>13 mL/h/kg.

Finally, subgroup analyses showed that the association be-
tween a UF rate �13 (versus <13) mL/h/kg and incident atrial
fibrillation was similar across patient subgroups (Figure 4).

Sensitivity analyses

Sensitivity analyses restricted to individuals who survived
the first year of hemodialysis yielded results analogous to the
primary findings: a UF rate >13 (versus �13) mL/h/kg was as-
sociated with a higher hazard of incident atrial fibrillation [ad-
justed HR 1.16 (95% CI 1.02–1.29) in the fully adjusted model
(Model 4)]. Sensitivity analyses restricted to individuals with

Table 2. Unadjusted and adjusted associations between mean delivered UF rate and incident atrial fibrillationa

HR (95% CI)

Modelb UF rate >13 (versus �13 mL/h/kg) UF rate >10 (versus �10 mL/h/kg) UF rate >8 (versus �8 mL/h/kg)

0 1.21 (1.10–1.31) 1.08 (1.00–1.15) 1.08 (1.01–1.15)
1 1.22 (1.12–1.33) 1.10 (1.02–1.17) 1.10 (1.03–1.17)
2 1.22 (1.11–1.32) 1.09 (1.02–1.17) 1.10 (1.03–1.17)
3 1.16 (1.06–1.27) 1.06 (0.99–1.14) 1.08 (1.01–1.15)
4 1.15 (1.04–1.25) 1.06 (0.99–1.14) 1.09 (1.02–1.16)

aExtended Cox models with multiple imputation for missing data were used to compute adjusted HRs and 95% CIs for the association of each delivered UF rate exposure and incident
atrial fibrillation. All models were stratified by year of incident end-stage kidney disease.
bModel 0, unadjusted; Model 1, additionally adjusted for age, sex, race and Hispanic ethnicity; Model 2, additionally adjusted for census division, socioeconomic status variables and
Medicare/Medicaid dual eligibility; Model 3, additionally adjusted for all comorbid conditions listed in Table 1, number of hospital days in 30 days prior to UF rate ascertainment pe-
riod and vascular access type; Model 4, additionally adjusted for predialysis systolic and diastolic BP, number of dialysis sessions during UF rate ascertainment period and serum albu-
min, eGFR, potassium and calcium.
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FIGURE 3: Adjusted associations between mean delivered UF rate and incident atrial fibrillation when UF rate is modeled as a cubic spline
(per 1 mL/h/kg). The solid black lines indicate multivariable-adjusted HRs for incident atrial fibrillation as a function of UF rate and the light
gray shading represents the associated 95% CIs. (A) Adjusted HRs and 95% CIs comparing UF rate values 1 mL/h/kg apart where the com-
parator is lower. (B) Adjusted HRs and 95% CIs comparing UF rate values to a reference of 13 mL/h/kg. All models are adjusted for year of
incident dialysis-dependent kidney failure, age, sex, race, Hispanic ethnicity, census division, socioeconomic status variables, Medicare/
Medicaid dual eligibility, comorbid conditions (Table 1), number of hospital days in 30 days prior to UF rate ascertainment period, vascular
access type, predialysis systolic and diastolic BP, number of hemodialysis treatments in the UF rate ascertainment period and serum albumin,
eGFR, potassium and calcium. Estimates are presented for UF rates between 2.5 and 14.5 mL/h/kg (the 5th and 95th percentiles of delivered
UF rate in the study sample, respectively). AFib, atrial fibrillation; UF rate, mean delivered UF rate (mL/h/kg).
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lower eGFRs at hemodialysis initiation (<9.7 mL/min/1.73 m2)
yielded similar but non–statistically significant findings [ad-
justed HR 1.10 (95% CI 0.97–1.22) in the fully adjusted model
(Model 4)].

D I S C U S S I O N

Using a large, nationally representative cohort of older incident
hemodialysis patients with linked data from administrative
claims and electronic health records databases, we show an as-
sociation between higher UF rates and the development of inci-
dent atrial fibrillation. Specifically, we found that UF rates >13
(versus �13), 10 (versus �10) and 8 (versus �8) mL/h/kg, sep-
arately, were all associated with higher hazards of incident atrial
fibrillation. In addition, we found that the elevated UF rate–
related hazard for incident atrial fibrillation began at UF rates
as low as 6 mL/h/kg and then rose in a near-linear dose–
response fashion before leveling off.

Our findings extend the existing evidence base supporting
associations between overly rapid fluid removal and such unto-
ward patient-reported and clinical outcomes as longer hemodi-
alysis recovery times [37], loss of residual kidney function [38],
higher hospitalization and mortality rates [17–21] and, now,
higher risk of incident atrial fibrillation. Our results should not
be surprising, as prior studies suggested that other volume-
related aspects of the hemodialysis procedure can contribute to
arrhythmias. In a 40-patient substudy of the ICD-2 Trial,
Buiten et al. [14] found that both UF volumes and left atriums

were larger among hemodialysis patients with atrial fibrillation
than those without. Others have found that lower postdialysis
diastolic BP is associated with atrial fibrillation [39]. Similarly,
our group recently showed that lower systolic and diastolic BP
and more intradialytic hypotensive episodes associated with in-
cident atrial fibrillation [16].

The pathophysiology of atrial fibrillation is complex and
involves a focal ectopic firing, most commonly triggered by
delayed afterdepolarizations, in the setting of a vulnerable sub-
strate that can maintain reentry [40]. Structural remodeling is a
key contributor to reentry abnormalities and includes changes in
atrial fibrosis, size and cellular ultrastructure [40]. Greater atrial
fibrosis and larger atrial size are both structural risk factors for
the development of atrial fibrillation [41]. Such structural heart
disease is common in dialysis patients, particularly those with
hypertension and heart failure, and the hemodialysis procedure
itself can induce both transient and long-standing cardiac struc-
tural changes [23, 26, 42]. While some structural changes are
volume overload dependent (e.g. dilation of right cardiac cham-
bers) [43], others are volume depletion dependent [24, 25]. For
example, intradialytic echocardiographs have revealed cardiac
‘stunning’ in the setting of higher UF rates that, over time, can
induce cardiac remodeling and create a cardiac milieu conducive
to arrhythmia development [23, 26, 42].

Importantly, the UF rate is a modifiable risk factor for atrial
fibrillation that may be driven by either higher UF volumes or
shorter treatment times. Our analyses are insufficient to deter-
mine if the observed association between higher UF rates and

0.5 0.75 1 1.25 1.5 1.75
Adjusted HR (95% CI) for UF rate > 13 vs. ≤ 13 (log-scale)

Overall 1.15 (1.04,1.25)
Sex

Male 1.12 (0.95,1.29)
Female 1.17 (1.02,1.32)

Age
> 75 years 1.10 (0.95,1.24)
≤ 75 years 1.21 (1.04,1.38)

Race–ethnicity
Hispanic white 0.88 (0.60,1.17)
Non-Hispanic white 1.16 (1.02,1.30)
Black 1.27 (1.01,1.52)

Baseline diabetes
Yes 1.01 (0.84,1.17)
No 1.25 (1.09,1.39)

BMI
< 25th percentile 1.15 (0.96,1.34)
≥ 25th percentile 1.18 (1.03,1.32)

UF volume
≤ 75th percentile 1.13 (0.99,1.27)
> 75th percentile 1.15 (0.97,1.34)

Delivered time
< 4 hours 1.16 (1.03,1.28)
≥ 4 hours 1.22 (0.85,1.59)

FIGURE 4: Association between UF rate >13 (versus �13) mL/h/kg and incident atrial fibrillation within clinically relevant subgroups.
Extended Cox models with multiple imputation for missing data were used to compute adjusted HRs and 95% CIs for the association of de-
livered UF rate exposure (<13 versus �13 mL/h/kg) and incident atrial fibrillation. All models were stratified by year of incident end-stage
kidney disease. Models were adjusted for age, sex, race, Hispanic ethnicity, census division, socioeconomic status variables, Medicare/
Medicaid dual eligibility, all comorbid conditions listed in Table 1, number of hospital days in the 30 days prior to the UF rate ascertainment
period, vascular access type, predialysis systolic and diastolic BP, number of dialysis treatments during the UF rate ascertainment period and
serum albumin, eGFR, potassium and calcium. The subgroups of body mass index, UF volume and delivered treatment time were restricted
to the 14 695 patients without missing UF rate–related data in the follow-up time period. UF rate, mean delivered UF rate (mL/h/kg).
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incident atrial fibrillation were driven by higher UF volumes or
shorter treatment times. However, our subgroup analyses sug-
gest that the observed association is similar among patients
with higher (versus lower) UF volumes, shorter (versus longer)
treatment times and lower (versus higher) body mass indices.
Further disentangling these associations across the components
of UF rate should be fodder for future analyses, as findings will
be central to guiding selection of a UF rate mitigation strategy.
Lowering UF rates can be accomplished by increasing hemodi-
alysis treatment time or reducing UF volume. The latter is typi-
cally accomplished by lowering interdialytic weight gains
through dietary restrictions or increasing treatment frequency.
However, in cases where UF volumes are reduced without a si-
multaneous reduction in fluid gain or extension of treatment
duration, patients may become volume expanded. Large obser-
vational studies using objective measures of volume status show
an association between extracellular volume overload and mor-
tality [44], providing caution that it may be imprudent to lower
UF rates at the expense of residual volume expansion. When
trying to prevent atrial fibrillation, this may be particularly true
as volume expansion–induced cardiac remodeling is also a risk
factor for the development of atrial fibrillation [40, 41].
Additional studies aimed at understanding the relative contri-
butions of rapid UF rates and extracellular volume overload to
clinical outcomes such as atrial fibrillation are needed.

Our analysis has several strengths, including the use of
linked administrative claims and electronic health record
databases, facilitating the study of hemodialysis treatment-
level risk factors for atrial fibrillation; study of a nationally
representative cohort of older incident hemodialysis patients
and utilization of analytic methods that support evaluation
of time-updated UF rates. However, our findings must be
considered in the context of study limitations. First, we iden-
tified incident atrial fibrillation using administrative claims.
While prior studies have demonstrated the validity of this
approach [1, 28], some outcome misclassification may exist.
However, such misclassification would likely be
noninformative, biasing results to the null. Second, we do
not have reliable data on residual kidney function and can-
not account for potential confounding from residual kidney
function or other unobserved differences between exposure
groups. Third, we cannot exclude the possibility that UF
rates are increased in response to the occurrence of atrial fi-
brillation. However, the use of a 30-day exposure assessment
window prior to the 30-day outcome assessment window
likely reduces this possibility. Fourth, models were not ad-
justed for dialysate composition, concomitant medications or
time-varying changes in the dialysis prescription (i.e. esti-
mated dry weight, dialysate composition), thus related con-
founding may remain. Fifth, we studied an older incident
hemodialysis population to ensure Medicare coverage in the
pre–kidney failure period. Our findings may not generalize
to patients who are younger, have been receiving hemodialy-
sis longer or who are receiving home hemodialysis or perito-
neal dialysis.

In conclusion, we demonstrated that a higher UF rate, de-
fined several ways, was associated with a higher hazard of inci-
dent atrial fibrillation. The UF rate–associated risk of atrial

fibrillation began at rates lower than the Centers for Medicare
and Medicaid Services quality reporting metric-specified UF
rate level (i.e. 13 mL/h/kg) [29] and followed a dose–response
pattern. Our results provide additional evidence regarding the
harms of higher UF rates and underscore the need for trials in-
vestigating the impact of UF rate–lowering strategies on clinical
and patient-reported outcomes.
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39. Franczyk B, Gluba-Brzózka A, Bartnicki P et al. The occurrence of atrial fi-
brillation in dialysis patients and its association with left atrium volume be-
fore and after dialysis. Int Urol Nephrol 2017; 49: 1071–1077

40. Andrade J, Khairy P, Dobrev D et al. The clinical profile and pathophysiol-
ogy of atrial fibrillation: relationships among clinical features, epidemiology,
and mechanisms. Circ Res 2014; 114: 1453–1468

41. Nattel S, Harada M. Atrial remodeling and atrial fibrillation: recent advan-
ces and translational perspectives. J Am Coll Cardiol 2014; 63: 2335–2345

42. McIntyre CW. Haemodialysis-induced myocardial stunning in chronic kid-
ney disease – a new aspect of cardiovascular disease. Blood Purif 2010; 29:
105–110

43. Loutradis C, Sarafidis PA, Papadopoulos CE et al. The ebb and flow of echo-
cardiographic cardiac function parameters in relationship to hemodialysis
treatment in patients with ESRD. J Am Soc Nephrol 2018; 29: 1372–1381

44. Zoccali C, Moissl U, Chazot C et al. Chronic fluid overload and mortality in
ESRD. J Am Soc Nephrol 2017; 28: 2491–2497

Received: 10.8.2020; Editorial decision: 6.11.2020

UF rate and atrial fibrillation in hemodialysis 2093

https://www.cms.gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/ESRDQIP/Downloads/ESRD-QIP-Summary-Payment-Years-2019-2024.pdf
https://www.cms.gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/ESRDQIP/Downloads/ESRD-QIP-Summary-Payment-Years-2019-2024.pdf
https://www.cms.gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/ESRDQIP/Downloads/ESRD-QIP-Summary-Payment-Years-2019-2024.pdf

	tblfn1
	tblfn3
	tblfn4
	tblfn5



