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c
c
c

Electrolyte fluxes after contemporary HD and the relationship between serum electrolytes and dialysate prescription remain understudied.
HCO3, Ca, and albumin increased, whereas K, Mg, and PO4 decreased immediately post-HD. Dynamic changes
followed at 15- and 30-minutes post-HD.
We provide predictive models to estimate the pre- to post-HD change in serum electrolytes. Validation of models
is warranted.

Abstract
Background There is a paucity of contemporary data examining electrolyte changes during and immediately after
hemodialysis (HD), and their relationship with dialysate prescriptions. This study examines these relationships.
Methods We analyzed patient (n566) and HD session-level pre and postdialysis laboratory data (n51713) over
a 6-month period from the Monitoring in Dialysis Study. We ﬁt mixed-effects regression models to analyze
electrolyte, BUN, creatinine, and albumin levels immediately post-HD, accounting for pre-HD and dialysate
prescriptions. In a subset of US patients (n540), 15-minute post-HD and 30-minute post-HD values were available
at one session. Predictive models were ﬁt to estimate electrolyte levels immediately post-HD, accounting for preHD concentrations and dialysate prescriptions.
Results Serum bicarbonate, calcium, and albumin increased (mean increase 4.960.3 mEq/L, 0.760.1 mEq/L, and
0.460.03 g/dl, respectively), whereas potassium, magnesium, and phosphate decreased immediately post-HD
(mean 21.260.1 mEq/L, 20.360.03 mEq/L, and 23.060.2 mg/dl, respectively). Hypokalemia and hypophosphatemia were present in 40% and 67% of immediate post-HD samples, respectively. Dynamic changes were
observed in electrolyte concentrations at 15- and 30-minutes post-HD, compared with immediately post-HD.
Conclusions We describe the magnitude of postdialytic changes in serum electrolytes with contemporary HD,
reporting a high incidence of electrolyte abnormalities post-HD, and present predictive nomograms relating
electrolyte changes immediately post-HD to dialysate prescriptions. Our results may be useful for clinical care
and provide insights for future research on dialysate prescriptions.
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Introduction
Over 450,000 patients in the United States are dependent on maintenance hemodialysis (HD) for the control
of serum electrolyte concentrations and acid-base
parameters (1). Traditionally offered as a thriceweekly therapy, HD utilizes the processes of diffusion

and convection to ensure adequate and safe removal of
some molecules, while maintaining or replenishing
others (2,3). The dialysate prescription is a critical component in this process and requires a detailed understanding of the dynamic changes and rebound in
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electrolyte concentrations that occur as a result of HD treatments. This is particularly important, because emerging
data implicate the dialysis electrolyte prescription, and both
lower and higher serum electrolyte concentrations, as important factors associated with the high incidence of sudden
death in patients on maintenance HD (4).
Over the last few decades, several technological advances
and changes in clinical practice have been implemented for
HD therapy, including the use of higher-efﬁciency and
higher-ﬂux membranes, avoidance of membrane reuse,
and shorter treatment times (2). These may have important
implications for the expected peridialytic changes in serum
electrolytes in modern HD practice. Despite this, a relative
paucity of data exists in contemporary practice related to
pre- and post-HD electrolyte changes, shifts in electrolytes
during the postdialysis period, and the inﬂuence of the
dialysis prescription on such changes.
The aim of this study was two-fold: (1) to describe the
postdialytic changes in standardly assessed serum electrolyte and biochemical parameters; and (2) to determine the
association of the dialysate prescription with electrolyte
changes. These analyses harness the wealth of pre- and
post-HD laboratory data from the Monitoring in Dialysis
Study (MiD) study, a prospective, multicenter cohort study
that used implantable loop recorders to determine the frequency of cardiac arrhythmias over a 6-month period.

Materials and Methods
Study Design and Population
This is a secondary analysis of the MiD study (5). MiD
was a prospective cohort study that enrolled 66 patients on
maintenance HD (n543 from the United States; n523 from
India) from ten centers, and used implantable loop recorders
to record continuous electrocardiographic readings over a 6month primary observation period. Subjects were enrolled
from January 2013 to January 2014 in the United States and
from March 2014 to December 2015 in India. The primary
eligibility criteria were age 21 or older, thrice-weekly incenter HD or eGFR ,15 ml/min per 1.73 m2, with expected
HD initiation within 2 months, although no patients were
enrolled before their HD initiation. Key exclusion criteria
were unsuitability for implantation, expected survival ,6
months, left-sided HD catheter interfering with implantation, thoracic surgery within 6 months, bacteremia within
60 days or nonbacteremic infection within 14 days, hemoglobin ,10 g/dl on consecutive measurements within prior
2 months, end-stage liver failure, transplantation or modality transfer expected within 6 months, existing pacemaker,
or implantable cardioverter deﬁbrillator. The design and
main results of MiD have been reported elsewhere (5,6).
Dialysate prescriptions were not dictated by protocol, but
rather as deemed clinically indicated by the patient’s
nephrologist.
Exposures and Outcomes
The primary outcomes of this study were the changes in
electrolyte and laboratory concentrations immediately postHD, compared with pre-HD. Additionally, we analyzed the
association of individual dialysate electrolyte concentrations with changes in serum electrolyte concentrations. As
there were differences in several baseline characteristics

according to country of origin, we also examined the
changes in electrolyte concentration in these subgroups.
In a subset of 40 participants (all from the United States),
we analyzed electrolyte changes at 15-minutes post-HD,
and 30-minutes post-HD, compared with the immediate
post-HD measurements.
Laboratory Analysis
In MiD, per the prespeciﬁed protocol (5), blood samples
were obtained before and after dialysis twice weekly for the
ﬁrst 4 weeks, and then once weekly through the remaining 5
months. Per protocol, additional samples were obtained at
15 and 30 minutes after dialysis on the ﬁrst session after
implantable loop recorder placement in a subgroup of the
US participants (n540). Blood samples were collected at
study sites by trained personnel, centrifuged, refrigerated,
and then shipped to a certiﬁed Central Laboratory (DaVita
Total Renal Laboratories Inc. in the United States and a central laboratory in India) for measurement, using standard
techniques.
Statistical Analyses
Continuous variables were examined graphically and
recorded as mean6SD for normally distributed data, or
medians (25th–75th percentile) for non-normally distributed
data. Categorical variables were examined by frequency
distribution and recorded as proportions. Pre-HD and
post-HD electrolyte and laboratory assessments were described as mean6SEM, accounting for repeated measures
across subjects via the use of mixed models with random
intercept. The mean differences between post-HD and: (1)
pre-HD measurements, (2) 15-minute post-HD, and (3) 30minute post-HD were estimated and compared using mixed
effects regression models. Additionally, as the differences
between the predialysis serum and dialysate concentration
may inﬂuence the postdialysis serum concentration of any
given electrolyte, unadjusted and adjusted models were ﬁt
to determine the association of corresponding dialysate
prescriptions with change (pre-HD to post-HD) in serum
electrolyte concentrations. Model 1 adjusted for the corresponding pre-HD serum electrolyte concentrations; Model 2
additionally adjusted for the dialysis session length. Further, using the linear mixed-effect regression models described previously, we predict (and plot) the change (preHD to post-HD) in serum electrolyte concentration, according to the pre-HD serum and dialysate concentrations of the
electrolyte of interest. These analyses were carried out for
serum sodium, potassium, bicarbonate, and calcium separately. Subgroup analyses were also performed according to
country of origin for these plots. Missing data were not
imputed. Overall, there was ,4% missing for any parameter. All analyses were carried out using the statistical
software package SAS version 9.4 (Cary, NC). Two-sided
P values of ,0.05 were considered statistically signiﬁcant.
Ethics
The MiD study was approved by the applicable institutional review boards or ethical review committees at each
participating center and participants provided written informed consent before the beginning of the study.
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Results
Baseline Characteristics
A total of 66 patients were included in this analysis,
contributing a total of 1713 HD sessions. The mean age at
baseline was 56612 years, 70% were male, 53% were Black,
and 35% were Asian. A total of 43% of participants had
a history of diabetes, 26% had heart failure, and 11% had
atrial ﬁbrillation at baseline (Table 1).
Baseline characteristics by country of origin are presented
in Supplemental Table 1.

Hemodialysis Treatment Characteristics
The median duration of HD was 4 hours, with a mean
single-pool Kt/V of 1.560.4 and ultraﬁltration rate of
1064 ml/kg per hour across all participants (Table 2). In
the subgroups according to country of origin, patients from
the United States were heavier, had higher blood and dialysate ﬂow rates, and tended to have a narrower range of

Table 1. Characteristics of the participants at baseline
Baseline Characteristics
Age, yr
Male, n (%)
Race, n (%)
Asian
Black
White
Other
ESKD vintage, yr
Vascular access, n (%)
AV ﬁstula
AV graft
Catheter
Comorbid conditions, n (%)
Diabetes mellitus
Hyperlipidemia
Hypertension
Ischemic heart disease
Congestive heart failure
Arrhythmia
Atrial ﬁbrillation
Systolic BP, mm Hg
Diastolic BP, mm Hg
Medication use, n (%)
Aspirin
Statin
ACEI or ARB
Beta blockers
Predialysis serum laboratory values
BUN, mg/dl
Creatinine, mg/dl
Sodium, mEq/L
Potassium, mEq/L
Calcium, mg/dl
Bicarbonate, mEq/L
Magnesium, mg/dl
Phosphate, mg/dl
Hemoglobin, g/dl
Serum albumin, g/dl

All Subjects (n566)
56612
46 (70)
23 (35)
35 (53)
7 (11)
1 (1)
2.4 (1.2, 5.3)
46 (71)
16 (25)
3 (5)
28 (43)
40 (61)
56 (85)
32 (48)
17 (26)
21 (32)
7 (11)
141623
77613
30
32
22
36

(45)
(48)
(33)
(55)

60618
10.063.4
13764
5.061.0
8.760.8
2264
2.460.5
5.562.0
1161
3.960.3

Continuous variables are presented as mean6SD or median
(25th, 75th percentiles). AV, arteriovenous; ACEI, angiotensin
converting enzyme inhibitor; ARB, angiotensin receptor
blocker.
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dialysate prescriptions than those from India (Supplemental
Table 2).
Changes in Electrolyte Concentrations and Other
Biochemical Parameters from Pre- to Post-HD: Descriptive
Outcomes
The median (25th–75th percentile) number of pre-HD and
post-HD sessions analyzed per patient was 28 (25–29) and
27 (24–29), respectively. Compared with predialysis concentrations, serum bicarbonate, calcium, and albumin increased immediately post-HD (mean increase 4.960.3 mEq/
L, 0.760.1 mg/dl, and 0.460.03 g/dl, respectively; Figure 1,
Table 3). Conversely, serum potassium, magnesium, and
phosphate decreased immediately after dialysis (mean decrease 21.260.1 mEq/L, 20.360.03 mg/dl, and
23.060.2 mg/dl respectively). As expected, BUN and creatinine also declined, with mean decline of 239.961.2 mg/
dl for BUN and 26.360.3 mg/dl for serum creatinine (Figure 1, Table 3). Post-HD values were frequently abnormal,
with 311 out of 1685 (19%) having a post-HD sodium ,135
mEq/L, 669 out of 1689 (40%) with post-HD potassium ,3.5
mEq/L, 569 out of 1690 (34%) with post-HD bicarbonate
.28 mEq/L, 190 out of 1685 (11%) with post-HD calcium
.10.4 mg/dl, 162 out of 1690 (10%) with post-HD magnesium ,1.7 mg/dl, and 1129 out of 1682 (67%) with post-HD
phosphate ,2.5 mg/dl (Figure 1, Table 3).
Post-dialytic Changes in Electrolyte Concentration and
Other Biochemical Parameters: Descriptive Outcomes
Serum laboratory measurements were available at 15 and
30 minutes in a subgroup of patients from the United States
(n540). Compared with the immediate post-HD concentration, a post-HD increase at 15 minutes was noted only for
serum phosphate (0.160.1 mg/dl), whereas declines were
observed for bicarbonate, calcium, and albumin. However,
compared with immediate post-HD concentrations, at 30minutes post-HD increases were noted for potassium,
(0.260.1 mEq/L), phosphate (0.460.1 mg/dl), BUN
(2.560.4 mg/dl), and creatinine (0.660.1 mg/dl). Conversely, declines at 30-minutes post-HD were noted for
bicarbonate (20.760.2 mEq/L), calcium (20.360.1 mg/
dl), and albumin (20.260.1 g/dl; Figure 1, Table 4). The
proportion of sessions with abnormal serum electrolyte
values at 30 minutes post-HD is presented in Table 5.
Association of Dialysate Prescriptions with Changes in Preto Post-HD Electrolyte Concentrations
The dialysate sodium prescription was signiﬁcantly associated with the change in serum sodium concentration
from pre-HD to immediately post-HD. For example, adjusting for the pre-HD serum sodium, a dialysate sodium prescription of 135 mEq/L was associated with a post-HD
decline of 1.4 mEq/L in serum sodium, whereas a dialysate
sodium concentration of 140 mEq/L was associated with
a post-HD increase of 0.6 mEq/L. As expected, lower dialysate potassium prescriptions were associated with
a greater decrease in post-HD serum potassium, whereas
higher dialysate bicarbonate and calcium prescriptions were
associated with higher post-HD serum bicarbonate and
calcium concentrations, respectively. Results were qualitatively unchanged when further adjusted for dialysis session
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Table 2. Characteristics of the dialysis prescription at baseline
Baseline Characteristics
Duration of hemodialysis, h
spKt/V
Predialysis weight, kg
Kg over dry weight target before
dialysis
UFR, ml/kg per h
Dialysate ﬂow, ml/min
Blood ﬂow, ml/min
High-ﬂux dialyzer, n (%)
Membrane reuse, n (%)
Cellulose membrane, n (%)
Dialysate temperature, n (%)
35.5° Celsius
36.0° Celsius
36.5° Celsius
37.0° Celsius
Dialysate potassium, n (%)
1.0 mEq/L
2.0 mEq/L
3.0 mEq/L
4.0 mEq/L
Dialysate calcium, n (%)
1.5 and 1.6 mEq/L
2.0 and 2.5 mEq/L
3.0 and 3.5 mEq/L
Dialysate sodium, n (%)
135 mEq/L
138 mEq/L
140 mEq/L
Dialysate bicarbonate, n (%)
24–32 mEq/L
33–36 mEq/L
37–40 mEq/L

All Subjects (n566)
4.0 (3.0, 6.0)
1.560.4
86.7628.8
4.2 (20.4, 12.0)
1064
600 (500, 800)
390 (324, 461)
42 (64)
18 (27)
5 (8)
1
3
5
57

(2)
(5)
(8)
(86)

1
53
11
1

(2)
(80)
(17)
(2)

13 (20)
39 (59)
14 (21)
6 (10)
6 (10)
49 (80)
16 (24)
34 (52)
16 (24)

Continuous variables are presented as mean6SD or median
(25th, 75th percentiles). spKt/V, single-pool Kt/V; UFR,
ultraﬁltration rate.

duration (Table 6). Analogous models are presented in subgroup analyses according to the country of origin (Supplemental Table 3). Although there are some qualitative and
quantitative differences, the precision and stability of these
estimates are limited by the small sample size and low
variability across dialysate prescriptions among the patients
from India.
We developed predictive models to estimate the immediate post-HD serum electrolyte concentration, according to
the pre-HD serum concentration and dialysate prescription.
In these models, dialysate sodium, potassium, bicarbonate,
and calcium were signiﬁcantly associated with pre- to postHD changes in the serum concentration of the corresponding electrolyte (Figure 2, Supplemental Tables 4–8). Subgroup analyses according to country of origin are presented
in Supplemental Figure 1.

Discussion
Our secondary analysis of the MiD study describes the
immediate and post-HD changes in standardly assessed
electrolytes, analyzes the association of dialysate prescription with such changes, and develops initial predictive
models to estimate the pre- to post-HD change in serum

electrolytes. We observed signiﬁcant increases in serum
bicarbonate, calcium, and albumin, and signiﬁcant decreases in serum potassium, magnesium, and phosphate immediately after contemporary HD sessions. As post-HD measurements are infrequently performed in clinical practice, our
results provide important information on temporal changes
and highlight that a signiﬁcant proportion of values fall
outside standard laboratory reference ranges.
Maintenance HD provides a lifesaving therapy that has
become increasingly available to patients with ESKD across
the world. Despite familiarity with this process from over
50 years of clinical use, descriptions of the magnitude of
change in serum electrolytes with contemporary practice
remain necessary to augment current clinical understanding
of the biochemical changes during HD on the one hand,
while providing important data for dialysate prescription
research on the other.
Dialysate potassium is typically prescribed with the goal
of lowering serum (and total body) potassium concentrations that have risen in the interdialytic period. Recent
research has called particular attention to the observation
that post-HD hypokalemia, especially in the setting of preHD hypokalemia, is associated with higher all-cause mortality (7). Although the use of dialysate potassium concentrations ,2 mEq/L were uncommon in our study, and have
become less common in clinical practice more generally, our
data clearly outline a greater magnitude of decline in serum
potassium with lower dialysate potassium concentrations,
with 40% of sessions having an immediate post-HD potassium below the lower reference limit and 29% with hypokalemia at 30 minutes post-HD. Although serum potassium
continues to “rebound” when measured 6 hours post-HD
(8), these data support the concept of a higher-risk period
peri- and immediately post-HD, which temporally aligns
with the periods of highest risk for clinically signiﬁcant
arrhythmia in the primary analyses of the MiD study
(6,9). Our ﬁndings demonstrate that post-HD hypokalemia
is common. Although prior research demonstrates that rebound in serum potassium continues beyond the post-HD
timepoints assessed in our study, more proximal post-HD
hypokalemia may partially explain the increased risk of
arrhythmia in the immediate post-HD period.
In patients on maintenance HD, the intradialytic delivery
of bicarbonate facilitates buffering of acidic byproducts of
metabolism, which occurs in the interdialytic period. However, this may come at the expense of rapid increases in
serum bicarbonate during HD. It has thus been proposed
that the optimal dialysate bicarbonate concentration is one
that prevents both acidosis between sessions and alkalosis
during an HD session (10). As expected, our results demonstrate a substantial increase in serum bicarbonate concentrations during HD sessions, and are consistent with
other reports that describe higher post-HD serum concentrations with the use of higher dialysate bicarbonate baths.
Interestingly, our data suggest a rebound decrease in serum
bicarbonate in the 30 minutes post-HD, which may reﬂect
some element of redistribution. As it is known that patients
on HD are 1.7-fold more likely to develop sudden death in
the 12 hours after HD (11), more data are required to fully
understand the changes in acid-base parameters and associated changes in electrolytes that occur during and between
HD sessions.
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Figure 1. | Serum electrolyte and laboratory parameter changes over time. HD, hemodialysis; min, minute.

In these analyses, on average, serum calcium appeared to
increase during HD sessions, with higher post-HD serum
concentrations noted with use of higher dialysate calcium
baths. In recent years, there has been a movement toward
the use of lower dialysate calcium concentrations, on the
basis of Kidney Disease Improving Global Outcomes guidelines, in an attempt to minimize vascular calciﬁcation (12).
As with serum bicarbonate, there seems to be a rebound
decrease in serum calcium concentrations in the 30 minutes
post-HD. Conversely, serum calcium and phosphate exist in
biochemical equilibrium. Phosphate levels tended to decrease dramatically during HD and, on the basis of our
data, we are unable to fully determine the extent to which
changes in serum calcium reﬂect the inﬂuence of dialysate
calcium concentration, compared with reduction in serum
phosphate. Additionally, we observed changes in serum
albumin, suggesting the corrected calcium may not change
signiﬁcantly. The sawtooth pattern of changes in serum
albumin and calcium in the postdialytic period is unusual;
whether this reﬂects true changes or artifact in these samples
is unclear and requires further investigation. Measurement
of ionized calcium concentrations would likely provide
a better physiologic measurement for future studies in this
regard.
The development of hyperphosphatemia is a common
manifestation of progressive CKD and is associated with
several adverse outcomes in patients with ESKD on HD
(13–15). However, it is less well appreciated that serum
phosphate is rather efﬁciently removed by HD, leading to
rapid decline in serum concentrations at the end of an HD

session. It is notable that the most rapid decline in serum
phosphate occurs early in an HD session (16), which corresponds to the timing of the largest decline in cardiac
output and BP (17). Additionally, hypophosphatemia is
associated with the development of ventricular arrhythmias
(18). Although phosphate-enriched dialysate baths have
been used in the setting of hypophosphatemia (19), to
our knowledge no research has assessed this association
of this practice with outcomes, such as arrhythmia and
mortality (20). Our data clearly show signiﬁcant decreases
in phosphate levels during HD, with an average decline in
serum phosphate of 3 mg/dl, whereas 67% of immediate
post-HD values were below the lower reference limit.
Whether this phenomenon predisposes to arrhythmia or
other adverse effects during HD, and further, whether the
addition of phosphate to the dialysate may mitigate this
rapid change, is uncertain, but clearly warrants further
study. Our data also conﬁrm the presence of a previously
reported rebound increase in phosphate concentrations in
the post-HD period (21,22). This rebound is of course expected, as phosphate is a largely intracellular cation (23), with
the rebound likely occurring as a result of redistribution
from the intracellular stores.
Lastly, our data highlight that serum magnesium is lowered during HD, but does not appear to have the same
degree of rebound toward pre-HD concentrations observed
for some other electrolytes. Although perhaps less appreciated in the HD population, it has been shown that both
extremes of higher (.2.1 mg/dl) and lower (,1.7 mg/dl)
serum magnesium concentrations are associated with worse
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Table 3. Electrolyte and laboratory values pre- and immediately posthemodialysis

Laboratory
Parameter

Sodium
(mEq/L)
Potassium
(mEq/L)
Bicarbonate
(mEq/L)
Calcium
(mg/dl)
Magnesium
(mg/dl)
Phosphate
(mg/dl)
BUN (mg/
dl)
Creatinine
(mg/dl)
Albumin
(g/dl)

Prehemodialysis
Value, Mean (SEM),
N Subjects, N
Hemodialysis
Sessions

Posthemodialysis
Value, Mean (SEM),
N Subjects, N
Hemodialysis
Sessions

Delta
(Posthemodialysis
Minus Pre
hemodialysis), Mean
(SEM), N Subjects, N
Hemodialysis
Sessions

136.9 (0.5)
66
1708
4.9 (0.1)
66
1699
22.3 (0.4)
66
1707
8.7 (0.1)
66
1708
2.4 (0.1)
66
1708
5.2 (0.2)
66
1706
56.2 (1.6)
66
1713
9.8 (0.4)
66
1713
3.9 (0.04)
66
1708

137.3 (0.3)
66
1685
3.6 (0.1)
66
1689
27.1 (0.4)
66
1690
9.4 (0.1)
66
1685
2.1 (0.1)
66
1690
2.2 (0.1)
66
1682
16.2 (0.6)
66
1695
3.5 (0.2)
66
1695
4.3 (0.1)
66
1691

0.5 (0.4)
66
1648
21.2 (0.1)
66
1645
4.9 (0.3)
66
1651
0.7 (0.1)
66
1648
20.3 (0.03)
66
1653
23.0 (0.2)
66
1645
239.9 (1.2)
66
1657
26.3 (0.3)
66
1657
0.4 (0.03)
66
1654

P value (Post vs
Prehemodialysis)

Lower
Limit
Normal

Frequency of
Posthemodialysis
Concentrations
Below the Lower
Limit Normal, N
Subjects, N
Hemodialysis
Sessions (%)

0.20

,135
mEq/L

38 (57.6)
311 (18.5)

.145
mEq/L

2 (3.0)
2 (0.1)

,0.001

,3.5 mEq/
L

59 (89.4)
669 (39.6)

.5.0 mEq/
L

21 (31.8)
48 (2.8)

,0.001

,22 mEq/
L

28 (42.4)
141 (8.3)

.28 mEq/
L

58 (87.9)
569 (33.7)

,0.001

,8.5 mg/
dL

28 (42.4)
192 (11.4)

.10.4 mg/
dl

29 (43.9)
190 (11.3)

,0.001

,1.7 mg/
dL

29 (43.9)
162 (9.6)

.2.4 mg/
dl

18 (27.3)
286 (16.9)

,0.001

,2.5 mg/
dL

65 (98.5)
1129 (67.1)

.4.5 mg/
dl

8 (12.1)
8 (0.5)

,0.001

—

—

—

—

,0.001

—

—

—

—

,0.001

—

—

—

—

Upper
Limit
Normal

Frequency of
Posthemodialysis
Concentrations
Above the Upper
Limit Normal, N
Subjects, N
Hemodialysis
Sessions (%)

Mean differences (delta) were calculated using data from subjects who had both pre- and postmeasurement for each given electrolyte. Percent of sessions with a value above or below the limits of
normal are calculated as nmeasurement outside of limits of normal/Ntotal measurements. HD, hemodialysis.

Mean (SEM), N Subjects, N Hemodialysis Sessions
Laboratory
Parameter

Sodium
(mEq/L)
Potassium
(mEq/L)
Bicarbonate
(mEq/L)
Calcium
(mg/dl)
Magnesium
(mg/dl)
Phosphate
(mg/dl)

Creatinine
(mg/dl)
Albumin (g/
dl)

Posthemodialysis

136.9 (0.5)
66
1708
4.9 (0.1)
66
1699
22.3 (0.4)
66
1707
8.7 (0.1)
66
1708
2.4 (0.1)
66
1708
5.2 (0.2)
66
1706
56.2 (1.6)
66
1713
9.8 (0.4)
66
1713
3.9 (0.04)
66
1708

137.3 (0.3)
66
1685
3.6 (0.1)
66
1689
27.1 (0.4)
66
1690
9.4 (0.1)
66
1685
2.1 (0.1)
66
1690
2.2 (0.1)
66
1682
16.2 (0.6)
66
1695
3.5 (0.2)
66
1695
4.3 (0.1)
66
1691

139.2 (0.4)
40
40
3.6 (0.1)
40
40
27.0 (0.7)
40
40
8.9 (0.2)
40
40
1.8 (0.1)
40
40
2.4 (0.1)
39
39
16.9 (1.2)
24
24
4.2 (0.3)
39
39
4.1 (0.1)
40
40

Delta (15 Minutes
Post Minus Post)
0.5 (0.3)
40
40
20.1 (0.1)
40
40
21.1 (0.5)
40
40
20.6 (0.2)
40
40
20.1 (0.04)
40
40
0.1 (0.1)
39
39
0.8 (0.6)
24
24
0.2 (0.1)
39
39
20.4 (0.1)
40
40

P Value (Post Versus
15 Minutes Post)

0.10
0.26
0.02
,0.01
0.08
0.03
0.19
0.20
0.001

30 Minutes
Posthemodialysis

Delta (30 Minutes
Post Minus Post)

138.7 (0.5)
38
38
3.8 (0.1)
38
38
27.5 (0.5)
38
38
9.2 (0.1)
38
38
1.9 (0.04)
38
38
2.6 (0.1)
38
38
18.9 (1.2)
38
24
4.7 (0.3)
38
38
4.3 (0.1)
38
38

20.1 (0.3)
38
38
0.2 (0.1)
38
38
20.7 (0.2)
38
38
20.3 (0.1)
38
38
0.01 (0.02)
38
38
0.4 (0.1)
38
38
2.5 (0.4)
24
24
0.6 (0.1)
38
38
20.2 (0.1)
38
38

P Value (Post Versus
30 Minutes Post)

0.80
0.03
,0.01
,0.01
0.59
,0.001
,0.001
,0.001
,0.001

Mean differences (delta) were calculated using data from subjects who had both pre- and postmeasurement for each given electrolyte. The total number of sessions with laboratory data may vary
due to missing collections or data recording. Percentages may not add to 100 due to rounding. HD, hemodialysis.
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BUN (mg/
dl)

Prehemodialysis

15 min
Posthemodialysis

Mean (SEM), N Subjects, N Hemodialysis
Sessions
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Table 4. Electrolyte and laboratory changes 15 and 30 minutes posthemodialysis
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Table 5. Proportion of patients with abnormal serum electrolyte values at 30 minutes posthemodialysis
Laboratory Parameter

Lower Limit Normal

Frequency of Posthemodialysis
Concentrations Below the Lower
Limit Normal (%)

Upper Limit Normal

Frequency of Posthemodialysis
Concentrations Above the Upper
Limit Normal (%)

Sodium (mEq/L)
Potassium (mEq/L)
Bicarbonate (mEq/L)
Calcium (mg/dl)
Magnesium (mg/dl)
Phosphate (mg/dl)

,135
,3.5
,22
,8.5
,1.7
,2.5

3/38 (7.9)
11/38 (29.0)
0 (0)
4/38 (10.5)
7/38 (18.4)
17/38 (44.7)

.145
.5.0
.28
.10.4
.2.4
.4.5

0 (0)
1 (2.6)
13 (34.2)
1 (2.6)
0 (0)
1 (2.6)

A total of 38 sessions from 38 patients had 30-min posthemodialysis measurements.

Change in Serum Electrolyte (Posthemodialysis Minus Prehemodialysis) in mEq/L or mg/dl,a Mean (SEM)
Dialysate Prescription
Dialysate sodium n/N (%)
135 (mEq/L)
191/1511 (13%)
138 (mEq/L)
146/1511 (10%)
140 (mEq/L)
1174/1511 (78%)

Unadjustedb

P Value

Model 1b

Dialysate bicarbonate
24–32 (mEq/L)
351/1610 (22%)
33–36 (mEq/L)
803/1610 (50%)
37–40 (mEq/L)
456/1610 (28%)

21.4 (0.5)

21.5 (0.5)

20.7 (1.2)

20.4 (0.9)

20.4 (0.9)

0.5 (0.4)

0.6 (0.3)

0.6 (0.3)
,0.001

21.3 (0.04)

21.3 (0.04)

20.9 (0.1)

20.9 (0.1)

20.9 (0.1)

,0.001

,0.001

,0.001

4.5 (0.5)

3.7 (0.4)

3.5 (0.5)

4.8 (0.3)

4.4 (0.3)

4.5 (0.3)

5.1 (0.4)

6.7 (0.4)

6.7 (0.4)
,0.001

,0.001

0.8 (0.2)

0.8 (0.2)

0.4 (0.1)

0.4 (0.1)

0.4 (0.1)

1.1 (0.1)

1.4 (0.1)

1.4 (0.1)
,0.001

,0.001

Model 1 adjusted for the pre-dialysis serum concentration; Model 2 adjusted for the predialysis serum concentration and dialysis session length.
Changes in serum sodium, potassium and bicarbonate are presented in mEq/L; changes in serum calcium are presented in mg/dl. P values for the association between categorical dialysate
prescription with electrolyte change.
a
Variability in number of sessions may be due to missing collections or data recording.
b
Negative sign (2) indicates a decrease.
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1.2 (0.2)

,0.001

P Value

,0.001

21.3 (0.1)

0.57
Dialysate calcium
1.5 and 1.6 (mEq/L)
359/1647 (22%)
2 and 2.5 (mEq/L)
926/1647 (22%)
3.0 and 3.5 (mEq/L)
362/1647 (22%)

Model 2b

20.6 (0.6)

0.10
Dialysate potassium
1 and 2 (mEq/L)
1336/1630 (82%)
3 and 4 (mEq/L)
294/1630 (18%)

P Value
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Table 6. Unadjusted and adjusted changes in prehemodialysis to posthemodialysis serum electrolytes according to different dialysate prescriptions
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Predicted Change in Serum Sodium by Pre-Dialysis Sodium
and Sodium Dialysate Prescription (Excluding Dialysate Na 150)

A

Dialysate Na 135

Expected Change Pre - Post (mEq/L)

Dialysate Na 138
Dialysate Na 140

2.5

0.0

-2.5

-5.0

Dialysate K1
Dialysate K2

0

Dialysate K3
Dialysate K4
-1

-2

-3

-7.5
130.0

132.5

135.0

137.5

140.0

142.5

145.0

3.0-3.5

3.6-4.0

4.1-4.5

4.6-5.0

Pre-dialysis Na (mEq/L)

Predicted Change in Serum Bicarbonate by Pre-Dialysis Bicarbonate
and Bicarrbonate Dialysisate Precription
Dialysate CO2 24 to 32
Dialysate CO2 33 to 36
Dialysate CO2 37 to 40
5

0

2

6.1-6.5

6.6-7.0

Dialysate Ca 1.5 and 1.6
Dialysate Ca 2 and 2.5
Dialysate Ca 3.0 and 3.5

1

0

-1

11.5-12.0

40

11.1-11.5

35

10.6-11.0

30

10.1-10.5

25

Pre-dialysis CO2 (mEq/L)

8.6-9.0

20

8.1-8.5

15

7.6-8.0

-2

-5

7.0-7.5

Expected Change Pre - Post (mEq/L)

10

5.6-6.0

Predicted Change in Serum Calcium by Pre-Dialysis Calcium
and Calcium Dialysate Prescription

D
Expected Change Pre - Post (mg/dL)

C

5.1-5.5

Pre-dialysis K (mEq/L)

9.6-10.0

Expected Change Pre - Post (mEq/L)

5.0

Predicted Change in Serum Potassium by Pre-Dialysis Potassium
and Potassium Dialysate Prescription

B

9.1-9.5

704

Pre-dialysis Ca (mg/dL)

Figure 2. | Predicted change in (A) serum sodium, (B) serum potassium, (C) serum bicarbonate, and (D) serum calcium according to baseline
serum electrolyte and dialysate prescription (mEq/L). Each graph is on the basis of a model that adjusted for the prehemodialysis (HD)
concentration of the electrolyte of interest. For instance, the predictive graph for serum sodium is adjusted for pre-HD serum sodium.

clinical outcomes, including in-hospital mortality (24),
whereas other studies have reported an association of hypomagnesemia with all-cause mortality (25). Further, it has
been demonstrated that patients on contemporary HD are
generally normo- or hypomagnesemic (26), whereas magnesium supplementation and higher magnesium concentrations are associated with less vascular calciﬁcation (27,28),
and, in MiD, higher serum magnesium was associated with
a lower incidence rate of arrhythmia (9). Our data conﬁrm
that, with current HD practices, a signiﬁcant proportion of
post-HD magnesium concentrations are abnormal (10%
below the lower reference limit and 17% above the upper
reference limit), and suggest that greater attention to the
choice of magnesium bath may be warranted, although,
again, future studies to assess the associations of changes of
dialysate bath with clinical outcomes are warranted. Unfortunately, data on the dialysate magnesium concentration
were not recorded in MiD.
Although prior studies have assessed intra- and post-HD
electrolyte changes (29,30), and some have even generated
predictive models for these changes, our analyses extend
earlier studies by generating predictive models of multiple
post-HD serum electrolytes on the basis of their respective

pre-HD serum and dialysate concentrations in the contemporary MiD cohort. We believe our models provide important data that might be used prospectively and tested in
clinical trials to assess whether post-HD electrolyte abnormalities can be prevented and whether arrhythmias can be
reduced on that basis. Although the subgroup analyses
according to country of origin should be interpreted with
caution due to their small size and a narrower range of
dialysate and serum chemistry values, they do highlight the
deﬁciencies of a “one-size-ﬁts-all” approach to dialysate
prescription. Future studies are warranted to conﬁrm and
reﬁne such predictive models with the goal of providing
personalized HD prescriptions that will minimize adverse
cardiovascular outcomes and mortality.
There are several strengths to our analyses. This study
uses data from the MiD study, a multicenter prospective
cohort with detailed session-level information on pre- and
post-HD serum chemistries that were measured at a central
laboratory and mandated by protocol. Although prior research has described changes in electrolyte concentrations
postdialysis, the relatively large number of samples in our
study allowed prediction models to be developed. Additionally, 15- and 30-minute post-HD measurements were
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available for a subset of patients, allowing analysis of
delayed changes. However, some limitations deserve consideration. The modest sample size and concerns of model
overﬁtting precluded extensive adjustment for other variables, such as body weight and ultraﬁltration volume. In this
respect, although our overall goal was to provide primarily
descriptive analyses, the possibility of residual confounding
remains, and our results may be underpowered and should
be considered with caution. Another limitation is the lack of
intradialytic measurements and short duration of post-HD
laboratory follow-up (laboratories only obtained the 15- and
30-minute post-HD time points, in comparison to other
studies, which drew levels up to the 6-hour post-HD time
point) (8). Future studies should assess electrolyte changes
during HD and for a longer duration after HD, and should
assess the associations of these electrolyte changes with
intra- and post-HD arrhythmia for a longer post-HD time
interval. Data regarding the association of intra- and postHD electrolytes with clinical outcomes will be necessary for
understanding the implications of abnormal electrolytes
speciﬁc to the population of patients on HD. Neither ionized
calcium nor dialysate magnesium were recorded or measured in MiD, precluding further analyses of these parameters. Further, dialysis baths reﬂected ordered, rather than
measured, concentrations of electrolytes. In a typical “threestream” dialysis system, manipulation of dialysate bicarbonate, for example, may affect dialysate sodium slightly.
However, this would not be expected to induce a clinically
relevant difference in the sodium concentration delivered.
Although it is unlikely the relationship between pre-Kt/Vs
and dialysate chemistry varies widely, our cohort included
a modest number of patients from a few centers in the
United States and India that may not fully represent the
broad range of predialysis concentrations or prescription
choices utilized throughout the world. Furthermore, the
inclusion and exclusion criteria in this study may have
selected potentially patients who are “healthier,” further
limiting the generalizability of our ﬁndings to those with
more extreme pre-HD electrolyte abnormalities.
In conclusion, this secondary analysis of the MiD study
provides a detailed assessment of the changes in electrolytes
from pre- to post-HD with contemporary HD treatments.
Although the sample size is modest, these data provide
information for practicing clinicians who wish to better
understand the implications of differing dialysate prescriptions on the changes in serum electrolytes from pre- to
immediately post-HD; however, prospective validation of
these ﬁndings is required. This study highlights several
areas of unmet need, which are ripe for development of
future interventional studies involving the dialysate
prescription.
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