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IMPORTANCE For patients with end-stage kidney disease treated with hemodialysis,
the optimal timing of hemodialysis prior to elective surgical procedures is unknown.

OBJECTIVE To assess whether a longer interval between hemodialysis and subsequent
surgery is associated with higher postoperative mortality in patients with end-stage kidney
disease treated with hemodialysis.

DESIGN, SETTING, AND PARTICIPANTS Retrospective cohort study of 1 147 846 procedures
among 346 828 Medicare beneficiaries with end-stage kidney disease treated with
hemodialysis who underwent surgical procedures between January 1, 2011, and September
30, 2018. Follow-up ended on December 31, 2018.

EXPOSURES One-, two-, or three-day intervals between the most recent hemodialysis
treatment and the surgical procedure. Hemodialysis on the day of the surgical procedure vs
no hemodialysis on the day of the surgical procedure.

MAIN OUTCOMES AND MEASURES The primary outcome was 90-day postoperative mortality.
The relationship between the dialysis-to-procedure interval and the primary outcome was
modeled using a Cox proportional hazards model.

RESULTS Of the 1 147 846 surgical procedures among 346 828 patients (median age, 65 years
[IQR, 56-73 years]; 495 126 procedures [43.1%] in female patients), 750 163 (65.4%) were
performed when the last hemodialysis session occurred 1 day prior to surgery, 285 939
(24.9%) when the last hemodialysis session occurred 2 days prior to surgery, and 111 744
(9.7%) when the last hemodialysis session occurred 3 days prior to surgery. Hemodialysis was
also performed on the day of surgery for 193 277 procedures (16.8%). Ninety-day
postoperative mortality occurred after 34 944 procedures (3.0%). Longer intervals between
the last hemodialysis session and surgery were significantly associated with higher risk of
90-day mortality in a dose-dependent manner (2 days vs 1 day: absolute risk, 4.7% vs 4.2%,
absolute risk difference, 0.6% [95% CI, 0.4% to 0.8%], adjusted hazard ratio [HR], 1.14
[95% CI, 1.10 to 1.18]; 3 days vs 1 day: absolute risk, 5.2% vs 4.2%, absolute risk difference,
1.0% [95% CI, 0.8% to 1.2%], adjusted HR, 1.25 [95% CI, 1.19 to 1.31]; and 3 days
vs 2 days: absolute risk, 5.2% vs 4.7%, absolute risk difference, 0.4% [95% CI, 0.2% to
0.6%], adjusted HR, 1.09 [95% CI, 1.04 to 1.13]). Undergoing hemodialysis on the same day as
surgery was associated with a significantly lower hazard of mortality vs no same-day
hemodialysis (absolute risk, 4.0% for same-day hemodialysis vs 4.5% for no same-day
hemodialysis; absolute risk difference, −0.5% [95% CI, −0.7% to −0.3%]; adjusted HR, 0.88
[95% CI, 0.84-0.91]). In the analyses that evaluated the interaction between the
hemodialysis-to-procedure interval and same-day hemodialysis, undergoing hemodialysis
on the day of the procedure significantly attenuated the risk associated with a longer
hemodialysis-to-procedure interval (P<.001 for interaction).

CONCLUSIONS AND RELEVANCE Among Medicare beneficiaries with end-stage kidney disease,
longer intervals between hemodialysis and surgery were significantly associated with higher
risk of postoperative mortality, mainly among those who did not receive hemodialysis
on the day of surgery. However, the magnitude of the absolute risk differences was small,
and the findings are susceptible to residual confounding.
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F or patients with end-stage kidney disease (ESKD) treated
with hemodialysis, the optimal timing of hemodialysis
treatment prior to elective surgical procedures is un-

known. Compared with individuals without ESKD, patients
with ESKD have increased risk of mortality and postoperative
myocardial infarction, stroke, sepsis, and surgical site infec-
tions after elective surgical procedures,1-3 and the timing of
hemodialysis prior to these procedures may be an important
determinant of perioperative risk.

Although experts recommend performing hemodialysis
either on the day prior to surgery or on the day of surgery,4-9

there are no consensus statements or guidelines to address the
timing of preoperative hemodialysis. Factors that may influ-
ence the timing of preoperative hemodialysis include a pa-
tient’s extracellular volume status, electrolyte disturbances,
and heparin use during hemodialysis. One retrospective study
of 190 patients reported that preoperative potassium levels
were lower when hemodialysis was performed within 24 hours
before surgery.10 Another study of 238 patients reported that
the incidence of postoperative hypotension was increased
when patients underwent hemodialysis within 7 hours prior
to general anesthesia.11 No studies have evaluated the asso-
ciation of preoperative hemodialysis timing with longer-
term postoperative outcomes.

The timing of hemodialysis before surgery is a poten-
tially modifiable target for improving perioperative care. This
study investigated the association between preoperative he-
modialysis timing and postoperative outcomes.

Methods
The institutional review boards at the University of California,
Los Angeles, and Stanford University approved the study and
waived participant consent.

Data Source
The United States Renal Data System is a national registry of
all patients treated with hemodialysis for ESKD in the US
irrespective of insurance.12 The United States Renal Data Sys-
tem is linked to claims for patients insured through Medicare
parts A and B fee-for-service plans.

Study Population
We identified patients aged 18 years or older treated with
hemodialysis for ESKD and undergoing surgical procedures
between January 1, 2011, and September 30, 2018. Follow-up
ended on December 31, 2018. To minimize missing data, we
only included patients with Medicare fee-for-service as the
primary payer for 180 days prior to and 90 days after the sur-
gical procedure. To ensure a stable hemodialysis schedule,
we excluded surgical procedures occurring within 180 days
of the first ever hemodialysis session. Surgical procedures
performed after a kidney transplant were excluded. Patients
could contribute multiple surgical procedures to the analysis
(Figure 1).

Based on guidance from the US Centers for Medicare & Med-
icaid Services, we identified outpatient hemodialysis claims and

extracted treatment dates, vascular access modality, and he-
modialysis facility zip codes.13 We only included patients with
a stable Monday, Wednesday, and Friday hemodialysis sched-
ule or a stable Tuesday, Thursday, and Saturday hemodialysis
schedule, which we defined as a consistent schedule for at least
3 of the 5 calendar weeks preceding but not including the week
of surgery. To identify patients treated with hemodialysis 3 times
weekly, we only included patients with a mean of 2.5 to 3.5 he-
modialysis sessions per week and 2 to 4 hemodialysis sessions
in each of the 4 calendar weeks prior to the procedure. We ex-
cluded surgical procedures that occurred more than 3 days af-
ter the last hemodialysis session.

We identified all surgical procedures and the dates of ser-
vice from the Physician/Supplier Procedure Summary, and
then restricted the analyses to procedures that met the nar-
row definition of a surgical procedure using the Healthcare
Cost and Utilization Project (HCUP) Surgery Flags Software
for Services and Procedures,14 which was defined as an inci-
sion, excision, manipulation, or suturing of tissue that requires
the use of an operating room, penetrates or breaks the skin, and
involves regional anesthesia, general anesthesia, or sedation to
control pain. To adjust for procedure complexity, we assigned
relative value units for each procedure using the Centers for
Medicare & Medicaid Services 2015 National Physician Fee
Schedule Relative Value File.15,16 We classified procedures
into organ system groups using the HCUP Clinical Classifica-
tions Software for Services and Procedures (eTable 1 in the
Supplement).17 For patients with multiple procedures on a
day, those that were coded as secondary procedures were
excluded and the procedure with the highest relative value
unit was selected.

We aimed to exclude patients who had emergent or un-
planned surgical procedures. Because the Physician/Supplier
Procedure Summary does not identify emergent procedures,
we excluded procedures with an emergency department visit

Key Points
Question Is there an association between the timing of
preoperative hemodialysis relative to surgery and postoperative
mortality in patients with end-stage kidney disease who are
treated with hemodialysis?

Findings In this retrospective cohort study of 1 147 846 surgical
procedures among 346 828 Medicare beneficiaries with end-stage
kidney disease treated with hemodialysis, longer intervals
between hemodialysis and subsequent surgical procedure were
significantly associated with increased risk of postoperative
90-day mortality in a dose-dependent manner (2 days vs 1 day:
adjusted hazard ratio [HR], 1.14; 3 days vs 1 day: adjusted HR, 1.25;
and 3 days vs 2 days: adjusted HR, 1.09), although the findings
were attenuated after accounting for receipt of hemodialysis on
the same day as surgery.

Meaning Among Medicare beneficiaries with end-stage kidney
disease, longer intervals between hemodialysis and surgery were
associated with higher risk of postoperative mortality, mainly
among those who did not receive hemodialysis on the day of
surgery, although the magnitude of the absolute risk differences
was small and the findings are susceptible to residual confounding.
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or a hospital admission within 1 week of the procedure. We
also excluded procedures that occurred during the weekend.
Because inpatient hemodialysis claims do not reliably specify
the dates of hemodialysis and because we could not reliably
determine preoperative hemodialysis timing unless the pro-
cedure occurred on the first day of a hospitalization, we
excluded procedures occurring after the first day of a hospi-
talization. We identified inpatient hospitalizations using a
previously described algorithm,18 and emergency depart-
ment visits were identified using outpatient revenue center
codes (0450-0459 or 0981).

Exposure
The primary exposure was the number of days between the
last outpatient hemodialysis session and the surgical proce-
dure. We defined 2 exposure variables: (1) the interval be-
tween the most recent hemodialysis session that occurred on
a day prior to surgery and (2) a binary same-day hemodialysis

variable for those who underwent hemodialysis treatment on
the same day as the surgical procedure. This method differ-
entiated patients who received same-day hemodialysis from
those who did not and allowed us to examine whether same-
day hemodialysis could modify an association between a lon-
ger interval from hemodialysis to the surgical procedure and
postoperative mortality. This method is consistent with prior
work suggesting that a long interval without hemodialysis was
associated with increased mortality risk irrespective of whether
a hemodialysis session occurred on the day when risk was being
assessed.19 Because we could not identify the time of day for
hemodialysis treatment or the surgical procedure, we could
not definitively determine whether a same-day hemodialysis
treatment occurred before or after a surgical procedure.

Outcomes
The primary outcome was 90-day postoperative mortality.
We chose 90 days for the following reasons. First, in the

Figure 1. Surgical Procedures Reported by the United States Renal Data System by Exclusion or Inclusion in the Analyses

442 467 Procedures excluded because of hemodialysis schedule–related exclusionsa

357 980 Had an alternative hemodialysis schedule
(not Mon, Wed, and Fri or Tue, Thu, and Sat)

305 433 Prior to the surgical procedure, the average number
of weekly hemodialysis treatments was <2.5 or >3.5

296 912 Prior to the surgical procedure, the number of weekly
hemodialysis treatments was <2 or >4

22 760 Prior to the surgical procedure, it had been >3 d since last
hemodialysis treatment

750 163 Procedures with a 1-d interval
from hemodialysis treatment
to surgical procedure

285 939 Procedures with a 2-d interval
from hemodialysis treatment
to surgical procedure

1 147 846 Surgical procedures among 346 828 patients with
end-stage kidney disease and a stable preoperative
hemodialysis schedule included in the primary analysis

1 590 313 Surgical procedures after procedure-related exclusions

1 114 809 Procedures excluded because of procedure-related exclusionsa

699 737 Hospital visit within 1 wk prior to procedure
673 261 Secondary procedures
657 194 Underwent procedure after the first day of hospitalization
470 368 Emergency department visit within 1 wk prior to procedure
126 021 Weekend procedures

83 215 Emergency department visit same day as procedure

2 705 122 Surgical procedures after patient-related exclusions

1 123 268 Procedures excluded because of patient-related exclusions
at the time of the procedurea

559 042 Patient was undergoing hemodialysis for <180 d
417 327 Patient received a prior kidney transplant
214 156 Did not have Medicare parts A and B coverage
195 348 Had Medicare parts A and B coverage for <180 d

7058 Aged <18 y

3 828 390 Surgical procedures in the US Renal Data System for
2011-2018 among 676 061 patients with end-stage
kidney disease and a record of a surgical procedure

111 744 Procedures with a 3-d interval
from hemodialysis treatment
to surgical procedure

a May have met more than 1 exclusion criterion. The individual exclusions under this category do not sum.
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general perioperative care literature, experts have not agreed
on the optimal follow-up interval for mortality, so we made a
conservative choice to study the longest suggested interval of
90 days.20 Second, shorter follow-up periods can underesti-
mate mortality risk after major procedures.21-23 Third, prior
literature has used 90-day mortality as an outcome after
minor procedures, including in a Medicare population with
fewer comorbidities than individuals with ESKD.24 Fourth,
complications (especially cardiovascular events) at 90 days
are common after minor vascular procedures in the ESKD
population,25 and these complications could affect longer-
term differences in mortality.

To elucidate potential factors that may contribute to
90-day mortality, we included 90-day cardiovascular mortal-
ity, 90-day all-cause readmission, and 90-day readmission for
cardiovascular events as prespecified secondary outcomes.
Post hoc secondary outcomes included 90-day mortality due
to stroke, sepsis, other infectious causes, or withdrawal of care
and 90-day readmissions due to infectious causes. We used
cause of death and readmission definitions as described by the
United States Renal Data System.12 For inpatient procedures,
time to readmission was measured starting from the index dis-
charge date. We censored patients at the occurrence of a sub-
sequent procedure and after the 90-day study window.

Covariates
We adjusted for age, sex, race, Hispanic ethnicity, day of the
week of the procedure, hemodialysis schedule, cause of
ESKD, vascular access, relative value unit of the procedure,
procedure facility type, median household income for
patient zip code (linked to the US Census Bureau’s 2018
American Community Survey),26 active listing for kidney
transplant at the time of the procedure, prior surgical proce-
dure within 30 days, dual eligibility for Medicare and Medic-
aid, facility profit status, Charlson comorbidities,27 and pro-
cedure organ system.

Race and ethnicity were self-reported using fixed catego-
ries according to the Centers for Medicare & Medicaid Ser-
vices Medical Evidence Report Form. We included race and eth-
nicity to adjust for known health disparities by race and
ethnicity.28 A directed acyclic graph of hypothesized model ele-
ment relationships appears in eFigure 1 in the Supplement.

Statistical Analysis
We plotted unadjusted cumulative incidence curves, strati-
fied by hemodialysis-to-procedure interval, and compared in-
tervals using the log-rank test. To adjust for confounders, we
fit a multivariable Cox proportional hazards model for the pri-
mary outcome. We verified the proportional hazards assump-
tion by visually inspecting survival and log minus log sur-
vival plots and by evaluating the correlation between the
Schoenfeld residuals and time. We fit cause-specific hazard
models for the secondary outcomes.29,30 We treated events
such as death from a noncardiovascular cause or death pre-
venting readmission as competing events. All multivariable
analyses used robust variance estimation to account for patient-
level clustering. Model specifications appear in the eMethods
in the Supplement.

To examine whether a same-day hemodialysis session
was associated with lower postoperative mortality after
a 2- or 3-day interval between hemodialysis and the proce-
dure, we separated patients into 5 categories: (1) a 1-day inter-
val (the reference category); (2) a 2-day interval without
same-day hemodialysis; (3) a 2-day interval with same-day he-
modialysis; (4) a 3-day interval without same-day hemodialy-
sis; and (5) a 3-day interval with same-day hemodialysis. To
assess for heterogeneity, we compared a 2-day interval with-
out same-day hemodialysis vs a 2-day interval with same-day
hemodialysis and a 3-day interval without same-day hemodi-
alysis vs a 3-day interval with same-day hemodialysis. We kept
a 1-day interval (with and without same-day hemodialysis) as
a single reference category because fewer than 0.5% of pa-
tients with a 1-day interval received same-day hemodialysis.
In the sensitivity analyses, we also used a 1-day interval with
and without same-day hemodialysis as the reference category.

We conducted subgroup analyses of the primary out-
come by incorporating an indicator variable for the subgroup
of interest and testing for an interaction with the exposure. Pre-
defined subgroups included common surgical procedures
(eTable 2 in the Supplement) and minor eye, skin, and vascu-
lar access procedure subgroups defined by common HCUP
Clinical Classifications Software categories (eTable 3 in the
Supplement).

The individuals with race missing were included in the
Other or Multiracial category. For all remaining missing
data, we imputed 5 data sets via chained equations using all
covariates and the primary outcome.31 The results were
combined using the standard rules of Rubin.32 We calcu-
lated absolute risk and absolute risk differences33,34 and
obtained 95% CIs using 50 bootstrap iterations per imputed
data set (250 total).

We conducted 11 sensitivity analyses. The first included
weekend procedures and procedures with emergency depart-
ment visits or hospitalizations within the week prior to sur-
gery. The second separately analyzed procedures with and
without preoperative hemodialysis schedule changes during
the 7 days preceding surgery. The third tested for bias related
to censoring by restricting to each patient’s first observed
procedure and by not censoring for subsequent procedures.
The fourth assessed uncertainty in same-day hemodialysis by
(1) restricting the analysis to outpatient procedures without
same-day hemodialysis, (2) stratifying patients with a 1-day
interval between hemodialysis and the procedure by same-
day hemodialysis, and (3) restricting the analysis to the inpa-
tient subgroup because any outpatient same-day hemodialy-
sis must have occurred before the hospital admission.
The fifth controlled for unobserved proceduralist differences
by restricting the analyses to proceduralists who performed
at least 150 procedures and including a proceduralist-level
random effect. The sixth used individual HCUP Clinical
Classifications Software procedure categories instead of
broader categories for procedural risk adjustment. The sev-
enth evaluated different follow-up periods for mortality.
The eighth tested different specifications for procedure day
of the week and hemodialysis schedule. The ninth fit an
overlap-weighted35 Cox proportional hazards model for the
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primary outcome and tested multiple models for estimating
propensity scores (eMethods in the Supplement). The tenth
fit Fine-Gray subdistribution hazard models for the second-
ary outcomes.29 The eleventh evaluated whether the associa-
tion between the hemodialysis-to-procedure interval and the
secondary outcomes varied by occurrence of same-day
hemodialysis.

The analyses were performed using Stata version 16.1
(StataCorp), R version 4.1.1 (R Foundation for Statistical Com-
puting), R Studio version 1.4.1717 (RStudio), and SAS version 9.4
(SAS Institute Inc). A 2-sided P < .05 was considered statisti-
cally significant. Because of the potential for type I error due
to multiple comparisons, the findings from the analyses of the
secondary outcomes should be interpreted as exploratory.

Results
We included 1 147 846 surgical procedures among 346 828 pa-
tients (Figure 1 and the Table). Of these, 65.4% of procedures
had a 1-day interval between hemodialysis and surgery, 24.9%
had a 2-day interval, and 9.7% had a 3-day interval (Table and
eTable 4 in the Supplement). The median age at the time of
the procedure was 65 years (IQR, 56-73 years) and 495 126 pro-
cedures (43.1%) involved female patients.

The most common procedure categories were intraocular
drug injections and fluid removal (19.6%), hemodialysis
access procedures (19.0%), vascular procedures that did not
include the head or neck (12.7%), lens and cataract proce-
dures (10.7%), and debridement of wound, infection, or burn
(8.6%) (eTable 5 in the Supplement). An additional same-day
hemodialysis session occurred in 193 277 of 1 147 846 proce-
dures (16.8%). Of the 193 277 same-day hemodialysis ses-
sions, 3323 (1.7%) had a 1-day interval between hemodialysis
and the surgery, 115 589 (59.8%) had a 2-day interval, and
74 365 (38.5%) had a 3-day interval (Table and eTable 6 in the
Supplement). Of the 1 147 846 surgical procedures, less than
2% had missing data; 10 600 (0.9%) for facility profit status,
13 953 (1.2%) for median income for patient zip code, less
than 10 observations for race, and less than 0.2% for the
remainder of the variables.

All-Cause 90-Day Postoperative Mortality
Postoperative mortality within 90 days of the procedure oc-
curred in 34 944 patients (3.0%) and was significantly higher
with longer hemodialysis-to-procedure intervals (Figure 2A).
The results were consistent for perioperative mortality occur-
ring within 14 days (Figure 2B) and within 30 days (eFigure 2
in the Supplement) after the procedure.

In the adjusted analysis of the full sample of surgical pro-
cedures, longer hemodialysis-to-procedure intervals were
significantly associated with higher risk of 90-day mortality
in a dose-dependent manner (2 days vs 1 day: absolute risk,
4.7% vs 4.2%, absolute risk difference, 0.6% [95% CI, 0.4% to
0.8%], adjusted hazard ratio [HR], 1.14 [95% CI, 1.10 to 1.18]; 3
days vs 1 day: absolute risk, 5.2% vs 4.2%, absolute risk dif-
ference, 1.0% [95% CI, 0.8% to 1.2%], adjusted HR, 1.25 [95%
CI, 1.19 to 1.31]; and 3 days vs 2 days: absolute risk, 5.2% vs

4.7%, absolute risk difference, 0.4% [95% CI, 0.2% to 0.6%],
adjusted HR, 1.09 [95% CI, 1.04 to 1.13]) (Figure 3). Undergo-
ing hemodialysis on the day of the procedure was signifi-
cantly associated with lower 90-day postoperative mortality
(absolute risk, 4.0% vs 4.5% without hemodialysis on the day
of the procedure; absolute risk difference, −0.5% [95% CI,
−0.7% to −0.3%]; adjusted HR, 0.88 [95% CI, 0.84-0.91]).

Patients with a 2- or 3-day interval between hemodialysis
and the procedure who also underwent same-day hemodialy-
sis had unadjusted 90-day postoperative mortality rates that
were not significantly different from patients with a 1-day in-
terval (Figure 2C and 2D). After adjusting for confounders,
a 2-day interval between hemodialysis and the procedure in
patients without same-day hemodialysis (absolute risk,
5.0% vs 4.4% for a 1-day interval; absolute risk difference, 0.6%
[95% CI, 0.4% to 0.8%]; adjusted HR, 1.14 [95% CI, 1.09 to 1.18])
and a 3-day interval (absolute risk, 5.6% vs 4.4% for a 1-day
interval; absolute risk difference, 1.2% [95% CI, 0.9% to
1.5%]; adjusted HR, 1.28 [95% CI, 1.21 to 1.35]) were associ-
ated with significantly increased 90-day postoperative mor-
tality (Figure 4A).

In contrast, a 2-day interval between hemodialysis and
the procedure in patients with same-day hemodialysis was
not significantly associated with increased 90-day postop-
erative mortality (absolute risk, 3.8% vs 4.4% for a 1-day
interval; absolute risk difference, −0.6% [95% CI, −1.3% to
0.1%]; adjusted HR, 1.01 [95% CI, 0.97 to 1.05], P = .66). The
3-day interval between hemodialysis and the procedure in
patients with same-day hemodialysis was significantly asso-
ciated with increased 90-day postoperative mortality by HR
but not by absolute risk (absolute risk, 4.0% vs 4.4% for a
1-day interval; absolute risk difference, −0.4% [95% CI, −1.2%
to 0.4%]; adjusted HR, 1.07 [95% CI, 1.01 to 1.12], P = .02).
Tests for interaction demonstrated significant heterogeneity
by the presence of same-day hemodialysis (P < .001 for both
a 2-day and a 3-day interval from hemodialysis to the proce-
dure). Alternative formulations of this model are described in
the eMethods and appear in eTable 7 in the Supplement.

Secondary Outcomes
The 2-day interval between hemodialysis and the procedure
(absolute risk, 31.4% vs 29.6% for a 1-day interval; absolute risk
difference, 1.8% [95% CI, 1.5% to 2.1%]; adjusted HR, 1.08 [95%
CI, 1.06 to 1.09]) and a 3-day interval (absolute risk, 32.8% vs
29.6% for a 1-day interval; absolute risk difference, 3.2% [95%
CI, 2.8% to 3.6%]; adjusted HR, 1.14 [95% CI, 1.11 to 1.16]) were
significantly associated with higher risk of 90-day hospital re-
admissions (Figure 3). The 2-day interval between hemodi-
alysis and the procedure (absolute risk, 1.9% vs 1.8% for a 1-day
interval; absolute risk difference, 0.1% [95% CI, 0% to 0.2%];
adjusted HR, 1.07 [95% CI, 1.01 to 1.13]) and a 3-day interval
(absolute risk, 2.0% vs 1.8% for a 1-day interval; absolute risk
difference, 0.3% [95% CI, 0.1% to 0.5%]; adjusted HR, 1.14 [95%
CI, 1.06 to 1.23]) were significantly associated with increased
90-day postoperative cardiovascular mortality (Figure 3). How-
ever, 2- and 3-day intervals between hemodialysis and the pro-
cedure compared with a 1-day interval were not associated with
90-day postoperative cardiovascular readmissions (Figure 3).
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Table. Selected Patient, Procedure, and Facility Characteristics by Interval Between Last Hemodialysis Treatment and Surgical Procedure

Interval between last hemodialysis treatment and surgical procedurea

1 d (n = 750 163) 2 d (n = 285 939) 3 d (n = 111 744)

Patient characteristics

Age, median (IQR), y 65.0 (56.0-73.0) 64.0 (55.0-73.0) 64.0 (55.0-72.0)

Age group, y

18-39 29 447 (3.9) 11 569 (4.0) 4612 (4.1)

40-59 231 519 (30.9) 91 338 (31.9) 36 509 (32.7)

60-79 397 161 (52.9) 150 207 (52.5) 58 392 (52.3)

≥80 92 036 (12.3) 32 825 (11.5) 12 231 (10.9)

Sex

Male 425 148 (56.7) 164 214 (57.4) 63 358 (56.7)

Female 325 015 (43.3) 121 725 (42.6) 48 386 (43.3)

Raceb

American Indian or Alaska Native 9755 (1.3) 3638 (1.3) 1449 (1.3)

Asian 24 645 (3.3) 9552 (3.3) 3624 (3.2)

Black or African American 249 055 (33.2) 93 800 (32.8) 38 910 (34.8)

Native Hawaiian or Pacific Islander 8582 (1.1) 3005 (1.1) 1131 (1.0)

Other or Multiracial 1188 (0.2) 377 (0.1) 201 (0.2)

White 456 938 (60.9) 175 567 (61.4) 66 429 (59.4)

Hispanic ethnicity, No./total (%)b 137 772/750 107 (18.4) 55 534/285 917 (19.4) 20 939/111 725 (18.7)

Cause of end-stage kidney diseasec (n = 749 145) (n = 285 519) (n = 111 592)

Diabetes 442 893 (59.1) 172 688 (60.5) 67 684 (60.7)

Hypertension 184 682 (24.7) 68 155 (23.9) 26 558 (23.8)

Glomerulonephritis 46 950 (6.3) 17 069 (6.0) 6510 (5.8)

Cystic kidney 11 999 (1.6) 4283 (1.5) 1709 (1.5)

Other urological 8381 (1.1) 3344 (1.2) 1323 (1.2)

Other or unknownd 54 240 (7.2) 19 980 (7.0) 7808 (7.0)

Vascular access type (n = 750 162) (n = 284 727) (n = 110 159)

Catheter 234 870 (31.3) 81 847 (28.7) 28 865 (26.2)

Graft >117 000 (>15.6)e 49 031 (17.2) 22 985 (20.9)

Fistula 397 674 (53.0) 153 849 (54.0) 58 309 (52.9)

Median household income for patient
zip code, $f

(n =741 214) (n = 282 307) (n = 110 372)

0-45 999 229 309 (30.9) 86 012 (30.5) 33 853 (30.7)

46 000-58 999 210 928 (28.5) 80 076 (28.4) 31 467 (28.5)

59 000-78 999 169 252 (22.8) 64 721 (22.9) 25 153 (22.8)

≥79 000 131 725 (17.8) 51 498 (18.2) 19 899 (18.0)

Hemodialysis schedule

Mon, Wed, and Fri 502 220 (66.9) 142 539 (49.8) 73 199 (65.5)

Tue, Thu, and Sat 247 943 (33.1) 143 400 (50.2) 38 545 (34.5)

Underwent hemodialysis on day of surgical
procedureg

3323 (0.4) 115 589 (40.4) 74 365 (66.5)

Charlson Comorbidity Index, median (IQR)h 8.0 (2.0-10.0) 8.0 (2.0-10.0) 8.0 (2.0-10.0)

Procedure characteristics

Relative value units of the surgical procedure,
median (IQR)

6.6 (2.7-12.0) 6.3 (1.8-12.0) 6.3 (2.7-11.1)

Procedure day

Monday 2616 (0.3) 109 839 (38.4) 65 352 (58.5)

Tuesday 261 280 (34.8) 2700 (0.9) 33 764 (30.2)

Wednesday 138 703 (18.5) 78 594 (27.5) 595 (0.5)

Thursday 242 556 (32.3) 36 941 (12.9) 7602 (6.8)

Friday 105 008 (14.0) 57 865 (20.2) 4431 (4.0)

(continued)
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Subdistribution hazard models were consistent with these re-
sults (eTable 8 in the Supplement).

In a post hoc analysis of the secondary outcomes, there
were statistically significant associations with 90-day post-
operative mortality due to withdrawal of care for a 2-day in-
terval between hemodialysis and the procedure vs a 1-day
interval (HR, 1.26 [95% CI, 1.14 to 1.39], P < .001) and for a 3-day
vs 1-day interval (HR, 1.42 [95% CI, 1.23 to 1.64], P < .001), but
not with 90-day mortality due to stroke, sepsis, or infectious
causes or 90-day hospital readmissions due to infectious causes
(eTable 8 in the Supplement).

Procedure and Other Subgroup Analyses
For all subgroups of interest, a 2-day interval and a 3-day
interval between hemodialysis and the procedure compared

with a 1-day interval were associated with higher 90-day
postoperative mortality (Figure 4B). We observed some
heterogeneity in the estimates. For instance, a 3-day interval
between hemodialysis and the procedure was associated
with significantly higher postoperative mortality for patients
who underwent hemodialysis on a Monday, Wednesday, and
Friday schedule (absolute risk, 5.5% vs 4.1% for a 1-day inter-
val; absolute risk difference, 1.4% [95% CI, 1.1% to 1.7%];
adjusted HR, 1.35 [95% CI, 1.26 to 1.45]) than for patients with
a Tuesday, Thursday, and Saturday schedule (absolute risk,
4.9% vs 4.2% for a 1-day interval; absolute risk difference,
0.7% [95% CI, 0.4% to 1.0%]; adjusted HR, 1.17 [95% CI, 1.09
to 1.27]; P = .004 for interaction). The significantly increased
postoperative mortality associated with a 2-day interval
between hemodialysis and the procedure was attenuated for

Table. Selected Patient, Procedure, and Facility Characteristics by Interval Between Last Hemodialysis Treatment and Surgical Procedure (continued)

Interval between last hemodialysis treatment and surgical procedurea

1 d (n = 750 163) 2 d (n = 285 939) 3 d (n = 111 744)

Procedure organ system

Cardiovascular 269 106 (35.9) 90 557 (31.7) 35 706 (32.0)

Eye 273 496 (36.5) 109 865 (38.4) 42 106 (37.7)

Skin or breast 113 734 (15.2) 49 324 (17.2) 21 417 (19.2)

Orthopedic 31 795 (4.2) 13 193 (4.6) 4692 (4.2)

Gastrointestinal or abdominal 31 293 (4.2) 9278 (3.2) 2656 (2.4)

Urological 13 836 (1.8) 8174 (2.9) 3390 (3.0)

Nervous system 5985 (0.8) 2305 (0.8) 745 (0.7)

Endocrine 5948 (0.8) 1547 (0.5) 460 (0.4)

Ear, nose, and throat or dental 1900 (0.3) 628 (0.2) 205 (0.2)

Obstetric or gynecologic 1331 (0.2) 449 (0.2) 180 (0.2)

Thoracic 1130 (0.2) 383 (0.1) 115 (0.1)

Hematologic 609 (0.1) 236 (0.1) 72 (0.1)

Procedure facility characteristics

Procedure location

Outpatient hospital 334 693 (44.6) 116 004 (40.6) 43 316 (38.8)

Physician’s office 262 194 (35.0) 102 341 (35.8) 38 896 (34.8)

Ambulatory surgery center 70 436 (9.4) 29 015 (10.1) 11 946 (10.7)

Inpatient hospital 62 936 (8.4) 27 487 (9.6) 11 745 (10.5)

Skilled nursing facility 4553 (0.6) 3043 (1.1) 1886 (1.7)

Home 1930 (0.3) 1031 (0.4) 451 (0.4)

Other 5528 (0.7) 2109 (0.7) 741 (0.7)

For-profit status, No./total (%) 88 803/743 589 (11.9) 34 737/283 147 (12.3) 13 581/110 510 (12.3)
a Data are expressed as No. (%) unless otherwise indicated. The Charlson

Comorbidity Index was not included in the multivariable models because
individual comorbidities were used. All of the other listed characteristics were
used for risk adjustment in the multivariable models. Additional characteristics
appear in eTable 4 in the Supplement.

b Derived from US Centers for Medicare & Medicaid Services (CMS) Medical
Evidence Report Form 2728, including the category of Other or Multiracial.
Although the form allows for self-identification of multiple races, the United
States Renal Data System data distribution center does not distinguish
between Other and Multiracial. Race was missing for less than 10 observations
and these were imputed to the category of Other or Multiracial.

c The categories are listed as they appear on CMS Medical Evidence Form 2728
and are subsequently reported by the United States Renal Data System.
Further details, including the diagnosis codes used for categorization, are
available from the United States Renal Data System.12

d Unknown represents a state of uncertainty for the clinician filling out the form
and differs from missing data, which were imputed as described in the
Methods section.

e Modified or omitted to preserve patient privacy.
f Linked to the US Census Bureau’s 2018 American Community Survey.26

g There were 193 277 procedures with same-day hemodialysis sessions. The
sessions may have occurred either before or after the surgical procedure.

h Determined using published coding algorithms.27 Kidney disease was not
included because the study cohort only consisted of patients with end-stage
kidney disease. For calculation of the index, all patients were considered to
have kidney disease. Possible values range from 0 to 37; higher values indicate
higher 1-year mortality risk. An index value of 6 or greater has been associated
with 1-year mortality of 30% to 35% in patients with end-stage kidney
disease.36
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minor eye procedures (absolute risk, 4.0% vs 3.8% for a 1-day
interval; absolute risk difference, 0.3% [95% CI, 0% to 0.6%];
adjusted HR, 1.07 [95% CI, 1.00 to 1.14]; P = .01 for interac-
tion) and vascular access procedures (absolute risk, 2.9% vs
2.6% for a 1-day interval; absolute risk difference, 0.2% [95%
CI, 0% to 0.4%]; adjusted HR, 1.08 [95% CI, 1.02 to 1.15];
P = .02 for interaction) compared with procedures not in a
prespecified subgroup (absolute risk, 4.3% vs 3.7% for a 1-day
interval; absolute risk difference, 0.6% [95% CI, 0.4% to
0.8%]; adjusted HR, 1.18 [95% CI, 1.12 to 1.24]).

Sensitivity Analyses
The results were consistent in all the sensitivity analyses, in-
cluding the additional subgroup analyses, multiple ap-
proaches to procedural risk adjustment, 14- and 30-day
follow-up periods, alternative model specifications, and over-
lap-weighted models (Figure 2B and eTable 9, eFigures 2-4, and
the eMethods in the Supplement). For 90-day cardiovascular
mortality and readmissions, significant heterogeneity was ob-
served for the presence of same-day hemodialysis (eTable 10
in the Supplement).

Figure 2. Unadjusted 90-Day and 14-Day Postoperative Mortality
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For panel B, the x-axis and y-axis scales differ from the other panels in this
Figure. For panels C and D, the unadjusted cumulative incidence of mortality for
patients with 1 day between last hemodialysis treatment and surgical procedure
is used as the reference category. A sensitivity analysis examining 30-day
mortality follow-up appears in eFigure 2 in the Supplement. The unadjusted

cumulative incidence of 90-day mortality for patients with 1 day between
hemodialysis treatment and surgical procedure was stratified by whether the
patient received an additional hemodialysis session on the day of the surgical
procedure and this analysis appears in eFigure 3 in the Supplement.
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Discussion

This retrospective cohort study of patients treated with he-
modialysis for ESKD who underwent surgical procedures dem-
onstrated a statistically significant and dose-dependent asso-
ciation between a longer interval from hemodialysis to surgical
procedure and increased 90-day postoperative mortality.
When hemodialysis was performed on the day of the surgical
procedure, this association was no longer observed for a 2-day
interval between hemodialysis and the procedure, and it was
attenuated for a 3-day interval. Longer hemodialysis-to-
procedure intervals were also significantly associated with a
higher hazard of 90-day all-cause hospital readmissions and
cardiovascular mortality.

These findings suggest that hemodialysis timing may be
a modifiable risk factor for patients with ESKD undergoing sur-
gery. Thirty-six percent of procedures in the study had either
a 2- or 3-day hemodialysis-to-procedure interval, and 52% of
the patients who underwent these procedures did not have he-
modialysis on the day of the procedure. Same-day hemodi-
alysis was associated with lower mortality, which is also con-
sistent with the hypothesis that hemodialysis timing may
influence postoperative outcomes for patients with ESKD. Be-
cause same-day hemodialysis is a modifiable clinical deci-
sion during the preoperative period, a prospective clinical trial
could test the benefits of same-day hemodialysis. Implement-
ing same-day hemodialysis might be more feasible than rear-
ranging busy hemodialysis and surgery schedules, particu-
larly because 2-day hemodialysis-to-procedure intervals were

more common for patients with the Tuesday, Thursday, and
Saturday hemodialysis schedule.

Absolute risk differences were small, but were compa-
rable with the magnitude of risk for mortality after surgery in
the general population.37 Many procedures within the cohort
were minor, and formal tests for interaction showed an at-
tenuated association between a 2-day interval and postopera-
tive mortality for minor eye and vascular access procedures.
However, because minor procedures are common for pa-
tients with ESKD, even small changes in absolute risk could be
meaningful, especially in a population that has disproportion-
ately high morbidity and mortality compared with individu-
als without ESKD.1-3

This study adds to previous work suggesting that longer
intervals between hemodialysis are associated with adverse
outcomes, particularly cardiovascular events.19,38,39 The re-
sults presented in this article suggested that higher 90-day
cardiovascular events and mortality were due to withdrawal
of care but not due to stroke, sepsis, or infectious causes. Sur-
gical procedures likely exacerbate a delicate equilibrium for
patients with ESKD, making the hemodialysis-to-procedure in-
terval an important consideration in perioperative manage-
ment. This might be true even for minor procedures, given that
published mortality rates in the general Medicare population
are 0.5% compared with 3.0% reported for this ESKD
population.24 This study showed an attenuated association be-
tween a longer hemodialysis-to-procedure interval and mor-
tality for minor eye and vascular access procedures.

Potential etiologies of adverse outcomes associated with
longer intervals between hemodialysis and surgical procedures

Figure 3. Association Between Interval From Hemodialysis Treatment to Surgical Procedure and Perioperative Outcomes

Lower
mortality

risk

Higher
mortality
risk

10.9
Adjusted hazard ratio (95% CI)

No./total (%)
Primary outcome

90-d mortality by interval from hemodialysis to surgical procedure

Adjusted hazard
ratio (95% CI)

Absolute risk difference
(95% CI), %

22 555/750 163 (3.0) 0 [Reference]1 d 1 [Reference]
8797/285 939 (3.1) 0.6 (0.4 to 0.8)2 d 1.14 (1.10 to 1.18)
3592/111 744 (3.2) 1.0 (0.8 to 1.2)3 d 1.25 (1.19 to 1.31)

Secondary outcomesa

90-d cardiovascular mortality by interval from hemodialysis to surgical procedure
9902/750 163 (1.3) 0 [Reference]1 d 1 [Reference]
3699/285 939 (1.3) 0.1 (0 to 0.2)2 d 1.07 (1.01 to 1.13)
1517/111 744 (1.4) 0.3 (0.1 to 0.5)3 d 1.14 (1.06 to 1.23)

90-d hospital readmissions by interval from hemodialysis to surgical procedure
221 403/750 163 (29.5) 0 [Reference]1 d 1 [Reference]
87 799/285 939 (30.7) 1.8 (1.5 to 2.1)2 d 1.08 (1.06 to 1.09)
35 445/111 744 (31.7) 3.2 (2.8 to 3.6)3 d 1.14 (1.11 to 1.16)

90‐d cardiovascular readmissions by interval from hemodialysis to surgical procedure
58 011/750 163 (7.7) 0 [Reference]1 d 1 [Reference]
22 151/285 939 (7.7) 0.1 (–0.1 to 0.3)2 d 1.01 (0.98 to 1.04)
8542/111 744 (7.6) –0.1 (–0.4 to 0.2)3 d 0.99 (0.95 to 1.03)

1.4

All models were adjusted for the covariates in the Table and in eTable 4 in the
Supplement and are described in the Methods section.
a Represent all predetermined secondary outcomes. Additional secondary

outcomes and sensitivity and subgroup analyses appear in Figure 4 and in
eTables 8-9 in the Supplement.
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Figure 4. Subgroup Analyses
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Subgroup analysis exploring whether the association between 2-d and 3-d intervals from hemodialysis to surgical
procedure and postoperative mortality varied by presence or absence of a dialysis session on the day of the procedure

A

22 555/750 163 (3.0%) 0 [Reference]1-d interval from hemodialysis to surgical procedure 1 [Reference]
2-d interval from hemodialysis to surgical procedure 

5832/170 350 (3.4) 0.6 (0.4 to 0.8)Without same-day hemodialysis 1.14 (1.09‐1.18)
2965/115 589 (2.6) –0.6 (–1.3 to 0.1)With same-day hemodialysis 1.01 (0.97‐1.05)

3-d interval from hemodialysis to surgical procedure
1643/37 379 (4.4) 1.2 (0.9 to 1.5)Without same-day hemodialysis 1.28 (1.21‐1.35)
1949/74 365 (2.6) –0.4 (–1.2 to 0.4)With same-day hemodialysis 1.07 (1.01‐1.12)

<.001

<.001

P value for
interactionb

210.8
Adjusted hazard ratio (95% CI)

No./total (%)Subgroup
Hemodialysis schedule by day interval from hemodialysis to surgical procedure

Adjusted hazard
ratio (95% CI)a

Absolute risk
difference
(95% CI), %a

Additional subgroup analysesB

Mon, Wed, and Fric

15 080/502 220 (3.0) 0 [Reference]1 d 1 [Reference]
4403/142 539 (3.1) 0.6 (0.4‐0.8)2 d 1.14 (1.08‐1.21)
2343/73 199 (3.2) 1.4 (1.1‐1.7)3 d 1.35 (1.26‐1.45)

Tue, Thu, and Sat
7475/247 943 (3.0) 0 [Reference]1 d 1 [Reference]
4394/143 400 (3.1) 0.8 (0.5‐1.1)2 d 1.20 (1.12‐1.28)
1249/38 545 (3.2) 0.7 (0.4‐1.0)3 d 1.17 (1.09‐1.26)

Procedure location by day interval from hemodialysis to surgical procedure
Inpatient and skilled nursing facilitiesc

4868/82 840 (5.9) 0 [Reference]1 d 1 [Reference]
2362/38 579 (6.1) 1.3 (0.9‐1.7)2 d 1.18 (1.12‐1.24)
1095/17 586 (6.2) 1.9 (1.4‐2.4)3 d 1.27 (1.18‐1.36)

Outpatient facilities
17687/667 323 (2.7) 0 [Reference]1 d 1 [Reference]
6435/247 360 (2.6) 0.4 (0.3‐0.5)2 d 1.12 (1.08‐1.17)
2497/94 158 (2.7) 0.8 (0.6‐1.0)3 d 1.23 (1.16‐1.30)

Procedure subgroups by day interval from hemodialysis to surgical procedure
Minor eye

3940/252 905 (1.6) 0 [Reference]1 d 1 [Reference]
1501/101 256 (1.5) 0.3 (0‐0.6)2 d 1.07 (1.00‐1.14)
644/38 946 (1.7) 1.0 (0.6‐1.4)3 d 1.28 (1.16‐1.40)

Minor skin
3634/98 495 (3.7) 0 [Reference]1 d 1 [Reference]
1696/44 965 (3.8) 0.9 (0.3‐1.5)2 d 1.11 (1.04‐1.19)
811/20 106 (4.0) 2.0 (1.1‐2.9)3 d 1.25 (1.14‐1.37)

Vascular access
5537/159 380 (3.5) 0 [Reference]1 d 1 [Reference]
1594/45 057 (3.5) 0.2 (0‐0.4)2 d 1.08 (1.02‐1.15)
535/13 746 (3.9) 0.6 (0.3‐0.9)3 d 1.24 (1.13‐1.36)

Common surgicald

2929/53 301 (5.5) 0 [Reference]1 d 1 [Reference]
1112/17 491 (6.4) 0.8 (0.4‐1.2)2 d 1.17 (1.09‐1.26)
404/6200 (6.5) 0.8 (0.2‐1.4)3 d 1.18 (1.06‐1.32)

Procedures without prespecified subgroupc

6515/186 082 (3.5) 0 [Reference]1 d 1 [Reference]
2894/77 170 (3.8) 0.6 (0.4‐0.8)2 d 1.18 (1.12‐1.24)
1198/32 746 (3.7) 0.6 (0.3‐0.9)3 d 1.16 (1.08‐1.24)

.31

.004

.15

.16

.02

.23

.91

.77

.10

.45

.01

.08

1.4

1.4

a The estimates use a 1-day interval from hemodialysis treatment to the surgical
procedure as a reference category because same-day hemodialysis treatment
was received by fewer than 0.5% of the patients. The sensitivity analyses
using alternative reference categories appear in eTable 6 in the Supplement.

b Presented for each subgroup vs the reference group.

c Comparison group for the interaction tests, thus no P values for interaction are
displayed for this group.

d Includes common bariatric, cardiac, otolaryngological, general, gynecologic,
orthopedic, spine, thoracic, urological, and vascular procedures. The full list of
procedures appears in eTable 2 in the Supplement and an additional analysis
appears in eTable 9 in the Supplement.
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include weight gain and extracellular volume overload, elec-
trolyte disequilibrium and accumulation of uremic toxins, and
reduced access to medical care over the weekend.40 The as-
sociation of longer intervals between hemodialysis and sur-
gery with mortality was more pronounced at shorter follow-up
periods (eg, 1 day, 7 days, and 14 days), a finding consistent with
the hypothesis that short-term cardiac complications may ex-
plain the findings reported in this article.

Limitations
This study has several limitations. First, the findings may not
be generalizable to patients with ESKD without Medicare fee-
for-service as their primary payer or those undergoing emer-
gency surgery.

Second, residual unmeasured confounding may persist due
to the observational design. Patients with varying hemodialysis-
to-procedure intervals may systematically differ from each other
inunobservedways,suchasacuityof illnessorcarecoordination.

Third, the importance of factors not available in Medi-
care claims, such as hemodialysis dosing or procedural ur-
gency, could not be investigated. Fourth, these findings could
not completely account for the potential effect of an unob-
served inpatient hemodialysis treatment.

Fifth, a 90-day postoperative follow-up period may be less
likely to reflect any adverse effects from a longer interval be-
tween hemodialysis and a surgical procedure. However, the
results were consistent in the sensitivity analyses that used
shorter follow-up periods.

Sixth, the secondary outcomes and subgroup analyses
should be considered exploratory. Seventh, for same-day he-
modialysis, available data did not include information about
whether hemodialysis occurred before or after the surgical pro-
cedure. Eighth, this study could not identify characteristics of
hemodialysis after surgery that may also be associated with
mortality rates.

Conclusions
Among Medicare beneficiaries with end-stage kidney dis-
ease, longer intervals between hemodialysis and surgery were
significantly associated with higher risk of postoperative mor-
tality, mainly among those who did not receive hemodialysis
on the day of surgery. However, the magnitude of the abso-
lute risk differences was small, and the findings are suscep-
tible to residual confounding.
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