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Abstract

Oligoanuric patients with end-stage kidney disease are dependent on hemodialysis to achieve and
maintain the desired goal of euvolemia. The dialysis prescription, in addition to sodium and fluid
restriction, is therefore a critically important factor in the care of hemodialysis patients. Various
dialysate sodium concentrations have been favored throughout the history of dialysis, but the
‘optimal’ concentration remains unclear. In this manuscript we examine the historical context of
changes to the dialysate sodium prescription, review the evidence of its associated effects, discuss
‘individualization’ of dialysate sodium and highlight the need for definitive trials that are powered
for important clinical outcomes.
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In 1854 the Scottish chemist Thomas Graham suspended a vessel of urine, bounded by a
membrane derived from ox bladder, within a container of distilled water. He observed that
the membrane permitted the movement of solute from urine to water, named this process
‘dialysis’, and even considered future therapeutic uses of this physiochemical observation
for the treatment of patients with kidney failure.> Over time, and with several advances in
medical practice and technology, the widespread use of hemodialysis to treat humans with
acute and end-stage kidney disease became possible. One of the major requirements for the
success and safety of hemodialysis was determination of the composition of dialysate - the
fluid on the opposite side of the semi-permeable membrane to the patient's blood.

Hemodialysis tries to accomplish in an intermittent fashion (traditionally thrice-weekly)
what the kidneys do continuously, including the removal of waste products and regulation of
salt and water homeostasis. Most hemodialysis patients are counseled to limit dietary
sodium intake. However, hemodialysis patients are estimated to consume between 1.7 and
5.5 grams of sodium per day,2® with higher sodium intake having been independently
associated with greater mortality.3 In the absence of kidney function, hemodialysis patients
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rely on the dialysis procedure for sodium balance, achieved through convective clearance
(i.e. ultrafiltration of excess plasma water and solutes accumulated since the prior treatment)
and diffusion, which is partly dependent on the dialysate to plasma sodium gradient and is
therefore modifiable. The achievement of optimal sodium balance is an important goal and
can only be achieved with careful consideration of each patient's dietary intake and
individual hemodialysis prescription.

This review aims to provide a historical context of how and why the dialysate sodium (DNa)
composition has changed over the six decades or so that hemodialysis has been available for
the treatment of acute and chronic kidney failure. We explore studies that examine both
beneficial and detrimental outcomes associated with various DNa concentrations, including
several recent observational reports that examine hospitalization and mortality, which have
re-opened the discussion on the ‘optimal” DNa composition.

Hemodialysis associated temporary osmotic gradients

Early studies of hemodialysis in dogs tested the hypothesis that some adverse symptoms
associated with hemodialysis in humans, such as headache, cramping, abdominal pain and
nausea (collectively described as dialysis disequilibrium), were caused by more rapid
decline in extracellular versus intracellular urea concentrations, leading to temporary
osmotic gradients that could cause fluid shifts into cells and the development of cerebral
edema. Dossetor et al. recorded a transient gradient between the blood and cerebral
parenchymal urea concentration during hemodialysis. This gradient positively correlated
with the degree of cerebral tissue swelling (determined from intra-dialytic brain biopsies)
suggesting intracellular movement of water down an osmatic gradient. The urea gradient
rapidly dissipated after dialysis cessation.® Pappius et al. demonstrated that cerebrospinal
fluid pressure increased during the hemodialysis of uremic dogs, suggesting that urea can
temporarily act as an effective osmole. Moreover, they reported similar findings upon
dialysis of non-uremic dogs who were dialyzed against a hyponatric dialysate, suggesting
that changes in osmolality were more important than changes in urea concentration.” In
three human subjects, Kennedy et al. reported significantly higher urea levels in the CSF
compared with plasma immediately after hemodialysis, consistent with previous animal
findings.8

Hemodialysis thus appears to be capable of inducing temporary osmotic gradients through
rapid reductions in urea and/or sodium and other ions, which in turn may lead to trans-
cellular fluid shifts and symptoms of disequilibrium during the actual dialysis session.% 10

Historical context of dialysate sodium concentrations

Sodium is the major cation of plasma in humans and therefore the major cationic constituent
of dialysate. Before volumetric control was available, ultrafiltration was primarily achieved
by using high dialysate glucose concentrations to promote plasma water removal by the
process of osmosis. Sodium removal was achieved by utilizing hypotonic dialysate with
DNa concentrations in the 125-130 mmol/L range, facilitating sodium removal by
diffusion.11: 12 As dialysis technologies advanced dialysate glucose concentrations and
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treatment times were reduced. However, with shorter sessions and acetate-based dialysate,
clinicians noted a greater occurrence of symptoms consistent with disequilibrium syndrome.
Based on prior observations from animal and human studies these findings were attributed to
more rapid changes in intra-dialytic plasma osmolality induced by the shorter dialysis
sessions.12

Higher DNa concentrations (~140 mmol/L) became more common during the transition
from acetate-based to bicarbonate-based dialysate. These changes appeared to lead to
improved tolerance of the dialysis procedure. In fact patients could not distinguish between
acetate (itself associated with hypotension and adverse symptoms3) and bicarbonate
dialysate treatments when both had a DNa of 140mmol/L.1* With increasing preference for
bicarbonate based dialysate from the 1980’s onwards, the new ‘standard’ DNa of
140mmol/L was incorporated into the vast majority of chronic prescriptions,12 and resulted
in convection becoming the predominant route of sodium removal with thrice-weekly
prescriptions.1®

Dialysate sodium - association with patient symptoms

Many early studies assessed the efficacy of the new ‘standard” DNa in terms of patient
symptoms, making comparisons with the historical lower DNa (~130 mmol/L). One of the
earliest reports from Stewart et al. in 1972 outlined their experience with higher (145
mmol/L) versus lower (132 mmol/L) DNa on the frequency of muscle cramps in nine
patients on a low sodium diet (20-50 mmol/day). These patients dialyzed twice weekly for a
total of 16-22 hours per week. In alternating treatment assignments (A->B->A->B) over a 15
month period they noted a significant decrease in the frequency of cramps for higher versus
lower DNa (47.5 vs. 22.5%, p<0.001).16 Changes in IDWG were not reported and adherence
to dietary restrictions was not assessed.

Soon after, Port et al. examined 17 maintenance dialysis patients. Eight (five of whom were
incident) received a fixed lower DNa of 133 mmol/L, while the remaining nine patients (four
of whom were incident) were infused with hypertonic saline to minimize reductions in
plasma osmolality. They underwent four-hour sessions with acetate based dialysate, blood
flow of 250 mL/min and dialysate flow of 1000 mL/min. Disequilibrium-type symptoms did
not occur in any individuals from the hypertonic saline group, compared with 69% in the
standard group. These results correlated with blinded interpretation of intra-dialytic
electroencephalographic recordings (22% having greater abnormalities in the hypertonic
saline group vs. 77% in the fixed lower DNa group). Of note, greater IDWG (0.5 kg per day
vs. 0.05 kg per day) was reported in the hypertonic saline group, although formal statistical
comparisons were not provided.” Other concerns with this study included the inclusion of
incident patients, different numbers of treatments in each arm and lack of measurement of
dietary sodium intake.

In another study Wilkinson et al. reported that higher DNa of 136 mmol/L (compared with
130 mmol/L) was associated with a markedly reduced incidence of cramps. In this report,
the authors noted the improvement in symptoms came at the expense of increased thirst,
weight gain and slight increase in blood pressure.18 Thus, even at this early stage, the
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potential adverse effects of higher DNa --thirst, inter-dialytic weight gain and higher blood
pressure-- did not go un-noticed by patients or their physicians.

Dialysate sodium - intra-dialytic blood pressure stability versus thirst,
IDWG and pre-dialysis hypertension

While aiming to strike an appropriate balance between improved patient symptoms and
tolerability on one hand, and higher IDWG and blood pressure on the other, some clinicians
wished to examine the potential of higher DNa to improve cardiovascular stability in certain
patient subgroups.1® Thus, as hemodialysis became increasingly available for older, sicker
and diabetic patients, many investigators began to experiment with even higher ‘supra-
physiological’ DNa concentrations, with the aim of maximizing hemodynamic stability and
further improving treatment tolerance.

Fixed higher DNa

Cybulsky et al. studied fixed lower (133 mmol/L) versus higher (144 mmol/L) DNa in a
mixture of normotensive, hypertensive and anephric patients in a 12-month cross-over trial.
They reported a reduction in IDH in the normotensive and anephric patients, without an
increase in overall blood pressure. However, they proposed that blood pressure may further
increase in patients who were already hypertensive.20

Barre et al. also noted no major change in pre-dialysis SBP in five male anephric patients,
who were not on any blood pressure medications at baseline. They randomized these
patients to acetate-based dialysate with relatively high fixed DNa concentrations of 145, 150
or 155 mmol/L in random sequence, one month at a time over a 6-month study period. No
significant changes were found in pre-dialysis blood pressure or intra-dialytic symptoms.
However, progressively greater IDWG was recorded with higher DNa prescriptions (2.2 kg,
2.6 kg and 2.9 kg respectively).2!

Thein et al. analyzed 52 patients over a four month period before and after a facility-wide
lowering of DNa from 141 to 138 mmol/L. The mean baseline SBP was 151.8 mmHg, with
an average use of 0.8 anti-hypertensive medications per patient. They reported that lower
DNa was associated with modest reductions in pre-dialysis SBP, but not with changes in
IDWG, which the authors ascribed to lack of dietary sodium restriction enforcement.22

Variable DNa/Sodium modeling

Sodium modeling algorithms were developed due to increasing concerns about potential
‘sodium loading’ and the associated increases in thirst, IDWG and pre-dialysis blood
pressure. These strategies involve tapering the DNa concentration (starting high with
progressive lowering via linear, stepped or exponential decline) during the dialysis
procedure so that the terminal dialysate sodium concentration is similar to or lower than that
of the patient's serum sodium.

Some reports were favorable and found beneficial effects in terms of blood pressure stability,
without increases in IDWG or thirst. For example, Dumler et al. enrolled 10 stable patients
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on acetate-based dialysis in a 4-week cross-over trial of sequential high/low (150/130
mmol/L) versus fixed (140 mmol/L) DNa. They reported a 50% reduction in the incidence
of cramps and 11 mmHg lesser decline in SBP with the sequential high/low DNa regimen.
They did not observe any change in IDWG.23 The degree of co-morbidity and dietary
patterns were not reported in this study, making it difficult to assess its generalizability. Raja
et al. examined 10 stable chronic hemodialysis patients, using acetate based dialysate, for 2-
weeks on each of the following protocols: A) fixed DNa=135; B) fixed DNa=140; C) high-
>low stepwise DNa 145->135; and D) low->high stepwise DNa 135->145mmol/L. The
frequency of hypotensive episodes (SBP <90 mmHg) was significantly reduced from B and
C vs. A and D (21% vs. 39%), but no significant change was found in IDWG.24

Of note, the prior two studies were of small sample size, relatively short duration and used
acetate-based dialysis, thereby limiting their generalizability to modern treatments. In a
larger and longer study using bicarbonate based dialysate, Achiardo et al. randomly assigned
39 stable patients over a 9-week period to week-long therapy with either fixed standard
(140mmol/L), stepped (149 mmol/L for the majority of the treatment, then 140 mmol/L),
modeled linear decline or modeled exponential decline modeling (149->140mmol/L). They
recorded a 50% reduction in the frequency of hypotensive events (SBP <90 mmHg) in the
sodium modeling vs. non-modeling groups, again without significant changes in pre-dialysis
SBP or IDWG.2 Of note the session length was relatively short (mean 126 mins) in this
study.

On the other hand, despite the hypothesis that lowering of the DNa concentrations with
sodium modeling algorithms might tip the risk/benefit ratio in a more favorable way, several
studies have reported associations with greater IDWG and pre-dialysis SBP. Sadowski et al.
randomly assigned 16 stable non-diabetic individuals (aged 16-32 years) to four two-week
blocks consisting of random assignment to either: exponential modeling (DNa=148-
>138mmol/L); linear modeling (DNa=148->138mmol/L); stepped (DNa=148 mmol/L for
majority of treatment and 138 mmol/L for last 30 min); or fixed DNa (138mmol/L). As a
combined group, all modeling strategies were associated with a significant reduction in post-
dialysis hypotension compared with fixed DNa (13% vs. 20%; p<0.05), though there
appeared to be trend towards greater thirst and IDWG.26

Oliver et al. enrolled 10 stable patients to a randomized cross-over study of standard
(DNa=142 mmol/L) vs. profiled (DNa 152->142 mmol/L and profiled UF) dialysis for two
weeks per arm. Hypotensive events or symptoms were less frequent in the profiled
treatments (30.6 vs. 20.4%), but pre-dialysis weight was greater by an average of 0.3 kg. Ina
longer duration cross-over study by Flanigan et al. (3.5 months per arm), 40 patients were
assigned to either fixed DNa of 140mmol/L or sodium modeling (exponential decline from
155->135 mmol/L), with higher UF rates permitted in the modeled group (1.6 vs 1.2 L/
hour). The modeled group experienced a significant reduction in anti-hypertensive drug use,
despite absence of significant changes in 24-hour BP parameters or ultrafiltration volume.2’

An important point to note with sodium modeling algorithms is that the time-averaged
concentration of DNa is much higher than that reflected by the terminal DNa
concentration.10 Based on the heterogeneity of the patient samples and mixed results of the
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presented studies and others, it appears that higher DNa (fixed or modeling) may be of
benefit in selected patients, but comes with the potential downside of greater IDWG, thirst
and potentially greater pre-dialysis SBP.

Sodium modeling in patients prone to intra-dialytic hypotension

It is possible, and indeed likely, that hypotensive prone patients may have a different
response to DNa prescriptions than non-hypotensive prone patients. Therefore, Sang et al.
analyzed 414 sessions from 23 patients (five diabetic) with varying degrees of intradialytic
hypotension The protocol involved randomization to 2-week blocks of fixed standard DNa
(140 mmol/L), linear modeling (155->140mmol/L) or stepwise modeling (155mmol/L x 3
hrs; 140mmol/L for one hour). All sessions lasted four hours and used constant UF. The
mean number of hypotensive episodes per 2-week period (defined as SBP decline of 50
mmHg, any BP drop with symptoms requiring an intervention; any SBP <90 mmHg) was
significantly less in the linear (1.3 £1.9) and stepped protocols (0.8 £1.3) compared with the
standard fixed DNa (0.7 £1.4). However, compared with the standard fixed regimen, the
linear and stepped modeling protocols were associated with significantly greater thirst,
IDWG (3.7 and 3.9 vs 3.2 kg) and pre-dialysis SBP (145 and 152 vs 143 mmHg). Six
patients who were not analyzed left the study due to excessive thirst. The authors postulated
that ramping may only be beneficial in those with baseline symptoms or predisposition to
hypotension.

Song et al. performed a complex two-stage protocol of several DNa and UF profiling
algorithms in 11 IDH-prone patients (>30% of sessions in the prior six months complicated
by either SBP<90 mmHg, drop in SBP >30 mmHg or hypotension requiring a clinical
intervention). Sodium-balance positive algorithms were associated with fewer intra-dialytic
symptoms (including IDH) and less UF failure, but at the expense of greater IDWG
compared with controls (DNa=138mmol/L and constant UF rate).28

Levin et al. randomized 16 symptomatic and non-symptomatic patients into a double-blind
cross-over trial involving DNa of 140 mmol/L with constant UF versus stepwise sodium
modeling (155-160 tapering to 140 mmol/L), each over a three-week period. This short
study found no differences in IDWG or pre-dialysis SBP, but greater thirst with sodium
modeling. Patient preference was markedly greater for the modeled arm compared with the
standard arm (94% vs. 25%).29

Dialysate sodium - hospitalization and mortality

Despite decades of research examining intermediate outcomes such as symptoms, IDWG
and pre-dialysis blood pressure, it is only recently that associations with hospitalization and
morality have been examined. The first report from Mc Causland et al. examined 2272
chronic hemodialysis patients from a medium-sized dialysis provider in the United States. In
addition to reporting a wide variety in the prescribing patterns of DNa between and within
centers, they found that higher DNa (>140 mmol/L or modeling, compared with
<140mmol/L), was associated with 0.16 kg greater IDWG, but not with higher pre-dialysis
SBP. The association of DNa with mortality appeared to differ according to the pre-dialysis
serum sodium concentration (SNa), such that higher DNa was significantly associated with
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greater mortality only in those with higher SNa. Conversely, there was a trend toward lower
mortality for those with lower pre-dialysis SNa when dialyzed against higher DNa.30

Hecking et al. published similar findings from the larger DOPPS dataset. When stratified by
tertile of pre-dialysis SNa, they found that those in the lowest tertile (<137 mmol/L) had
lower mortality (HR 0.77; 95%CI 0.60-0.98) when dialyzed with higher DNa (>140
mmol/L), compared with DNa=140 mmol/L.3! In a subsequent analysis, they found no
evidence for greater mortality associated with higher DNa (HR 0.98; 95%CI 0.95-1.02 per 2
mmol/L higher DNa), but actually a /ower associated hospitalization rate (HR 0.97; 95%ClI
0.95-1.00 per 2 mmol/L higher DNa), despite 0.17% greater associated IDWG. When
analyses were restricted to centers in which >90% of individuals were prescribed the same
DNa (to minimize confounding by indication) they found a reduced mortality risk with
higher DNa (HR 0.88; 95%CI 0.83-0.94).32 The authors speculated that the beneficial effect
may be secondary to greater cardiovascular stability associated with the use of higher DNa,
again raising the possibility that in select individuals, the potential benefits of hemodynamic
stability may offset the potential downsides of greater thirst, IDWG and pre-dialysis SBP.

Individualization of the dialysate sodium prescription

Individualization of the DNa according to the pre-dialysis SNa may be an effective approach
to limit diffusive transfer of sodium during hemodialysis. De Paula et al. randomized 27
non-diabetic and non-hypotensive prone patients to a single-blinded crossover study of fixed
DNa (138 mmol/L) versus individualized DNa (set to the same value as the pre-dialysis
serum sodium), for nine sessions on each assignment. They reported significantly lower
IDWG (2.9 vs. 2.3 kg) and IDH (9 vs. 2%) for those in the individualized arm compared
with the standard treatment, but lower pre-dialysis SBP only in those with uncontrolled SBP
at baseline.33

Sayarlioglu et al. assigned 18 patients to DNa of 135 or 137 mmol/L depending on the
baseline SNa. Those with baseline SNa<137mmol/L were assigned to DNa=135 mmol/L,
while those with SNa>=137 mmol/L received DNa of 137 mmol/L. Lowering of the DNa
resulted in a significant decline in pre-dialysis SBP (179.7 to 151.7 mmHg), IDWG (2.5 to
1.8 kg) and both left ventricular systolic diameter and inferior vena cava diameter as
measured by echocardiography. It must be noted that the baseline BP's were relatively high
in this cohort of patients.34 While these studies are encouraging to some degree, they do not
address the safety of individualization of the DNa in those with much lower pre-dialysis SNa
(<135 mmol/L), who appear to be a high-risk sub-group that may actually benefit from
higher DNa, based on observational reports.30-32

Practical issues with individualization - measurement of serum and dialysate sodium

Studies of hemodialysis patients have reported the median pre-dialysis SNa to be
approximately 136-138 mmol/L (IQR 134-141 mmol/L).3% 35 Obviously, a single facility
wide choice for DNa will result in some individuals dialyzing against a DNa that is higher
than their SNa and vice-versa. Therefore, a reasonable question is whether SNa should be
measured prior to each session to allow a more tailored DNa prescription. Despite some
evidence to suggest that SNa is relatively stable in individual patients over time, isolated
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deviations in SNa can lead to a mean intra-individual range as high as 7.1 mmol/L.36: 37 We
also reported a relatively low serum sodium intra-class correlation coefficient of 0.56,30
raising further questions about the acceptability of using averaged values to accurately
individualize DNa.

Historically serum sodium was measured by flame photometry and reported as a substance
concentration, i.e. the mass of sodium per unit volume of whole serum. However, sodium
ions are restricted to serum water rather than whole serum, and so the traditional laboratory
report of sodium concentration underestimates the true sodium concentration per unit of
serum water. A further complicating factor is that not all sodium ions are capable of free
movement. Thus, serum water sodium “activity’ is a more ideal physiochemical metric than
concentration, and can be measured by ion sensitive electrodes (ISE). Indirect ISE requires a
dilution step based on an assumption of the proportion of serum that is aqueous, similar to
that required by flame photometry, and therefore is subject to the same predisposition with
pseudohyponatremia. Direct ISE measurement of sodium activity is not limited by this
assumption, but by convention is ‘referenced’ to historical flame photometric standards for
ease of interpretation.38-40 A further consideration is the Gibbs-Donnan phenomenon -
negatively charged proteins accumulate at the surface of the dialysis membrane repel
positively charged molecules, effectively reducing the available pool of free sodium ions for
diffusive transfer.41 Therefore, while serum water sodium activity may actually be higher
than that inferred from standard laboratory measurements, this is counteracted by the
Donnan effect at the dialysis membrane surface, which repels sodium and reduces diffusive
transfer.2

Due to the above complexities, and the fact that many of these parameters are constantly
changing during the course of the dialysis session, development of software programs to
achieve a fixed sodium balance over the course of a hemodialysis session would require
multiple measurements of ionized sodium in real-time.*3 This strategy is limited by practical
and cost related limitations, necessitating the search for more acceptable alternatives
including the investigation of plasma and dialysate conductivity as a surrogate for sodium
flux.

An alternative to dialysate and serum sodium measurement - conductivity

Based on the linear correlation between sodium content and conductivity of fluids (including
plasma and dialysate), it is possible to determine the DNa required to achieve any desired
plasma water sodium concentration, without the need for repeated dialysate and plasma
measurements.#4 lonic mass balance studies have shown reduced net sodium removal with
the use of higher DNa (144mmol/L) versus standard (140mmol/L) or individualized
(adjusted to pre-dialysis plasma conductivity) prescriptions in both hemodialysis alone and
hemodialysis with UF. Net patient gain of sodium was only observed when the DNa was 5
mmol/L greater than the pre-dialysis serum sodium.*®

In a single-blind cross-over study of ten non-hypotensive prone patients, participants were
randomized to either progressively lower targets of dialysate conductivity or plasma
conductivity. There were no significant differences in terms of hemodynamic stability
between the two treatments. However, the patient population was relatively stable at baseline
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and the lowest target plasma conductivity allowed by the computer program was limited to
13.5 mS/cm (equivalent to sodium concentration of approximately 135 mmol/L).46

Studies have also been performed in less stable patients. For example, Coli et al. recruited 55
hypotensive or symptom-prone patients to a single arm study investigating the utility of the
‘automatic adaptive system dialysis’, which is based on a mathematical model of sodium
and ultrafiltration profiling, over a six-month intervention period. They reported that the
percentage of sessions complicated by IDH fell from 58.7% in the first month to 0.9% in the
sixth month.47

Locatelli et al. randomized 50 hypotensive-prone patients to a cross-over trial of
hemofiltration with endogenous reinfusion (HFR) vs. HFR + Aequilibrium. Aequilibrium is
an automated program of sodium and ultrafiltration profiling that uses an online conductivity
monitor to estimate plasma sodium during each treatment, thereby allowing achievement of
a prescribed sodium balance for individual sessions. The frequency of the primary outcome
of IDH (defined as SBP decline >25 mmHg with symptoms; any SBP <90 mmHg in those
with pre-SBP>100 mmHg; 10% decline in SBP with symptoms in those with pre-SBP <90
mmHg), was significantly lower in the Aequilibrium group (17 vs. 22%, p<0.01), without
significant difference in ultrafiltration volumes.*8

Together these novel methods and interesting findings are setting the stage for future larger
prospective studies of online conductivity monitoring. Given the opposing signals from
observational studies to date (IDWG, thirst and hypertension one hand and decreased
mortality and hospitalization on the other), it is imperative that future studies of DNa are
designed and powered to investigate hard clinical outcomes.

Conclusion

There are several factors clinicians must take into account when prescribing the dialysate
sodium concentration. The potential benefits of higher DNa—greater hemodynamic stability
and reports from observational data of lower hospitalization rates and mortality—need to be
considered against the potential benefits of lower DNa—Ilower pre-dialysis BP, less thirst,
and reductions in IDWG. These conflicting issues are reflected by the wide variation of
dialysate sodium use reported within the US and other countries.3%: 49 Attention should be
paid to patient symptoms, nutritional status, and intra-dialytic hemodynamic stability with
the overriding aim of striking balance between risk and benefit. The optimal DNa
concentration remains unclear. Indeed, it is quite likely that a fixed, unit wide value is not
optimal. As several large dialysis organizations consider lowering of the DNa, based largely
on observational data of associations with less IDWG, pre-dialysis BP and ‘sodium loading’,
it is our opinion that randomized controlled trials are needed to definitively assess DNa and
whether and how DNa should be tailored to individual patients, e.g. based on pre-dialysis
SNa or online conductivity monitoring. Dialysate composition should be treated like other
interventional drugs or devices, and therefore studied in well conducted trials to determine
its efficacy and safety.
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There are a number of potential trial designs other than parallel-group randomized studies
that could be considered. These include factorial design studies, (where two interventions
can be evaluated at the one time, but the possibility of interaction must be accounted for);
cluster randomization, (in which groups of patients are randomized rather than at an
individual patient-level); cross-over trials, (in which patients serve as their own controls
allowing reduction of between-patient variability in estimation of the effect estimates);
pragmatic trials, (where easily implementable interventions can be tested on a large scale
which assumes that the intervention is likely to have similar effects in all participants and
does not require detailed characterization of individual participants thereby reducing costs).
Irrespective of the design, trials should be adequately powered to assess effects on IDWG,
thirst, patient symptoms, and more importantly, other hard clinical endpoints such as
hospitalization and mortality.

References

1. Graham T. The Bakerian lecture: Osmotic force. Philos Trans R Soc Lond. 1854; 144:117-128.

2. Kimura G, Kojima S, Saito F, Kawano Y, Imanishi M, Kuramochi M, Omae T. Quantitative
estimation of dietary intake in patients on hemodialysis. Int J Artif Organs. 1988; 11:161-168.
[PubMed: 3403053]

3. Mc Causland FR, Waikar SS, Brunelli SM. Increased dietary sodium is independently associated
with greater mortality among prevalent hemodialysis patients. Kidney Int. 2012; 82:204-211.
[PubMed: 22418981]

4. Maduell F, Navarro V. [Assessment of salt intake in hemodialysis]. Nefrologia. 2001; 21:71-77.
[PubMed: 11344965]

5. Chazot C. Can chronic volume overload be recognized and prevented in hemodialysis patients? Use
of a restricted-salt diet Semin Dial. 2009; 22:482-486. [PubMed: 19744154]

6. Dossetor JB, Oh JH, Dayes L, Pappius HM. Brain urea and water changes with rapid hemodialysis
of uremic dogs. Trans Am Soc Artif Intern Organs. 1964; 10:323-327. [PubMed: 5878435]

7. Pappius HM, Oh JH, Dossetor JB. The effects of rapid hemodialysis on brain tissues and
cerebrospinal fluid of dogs. Can J Physiol Pharmacol. 1967; 45:129-147. [PubMed: 6030390]

8. Kennedy AC, Linton AL, Eaton JC. Urea levels in cerebrospinal fluid after haemodialysis. Lancet.
1962; 1:410-411. [PubMed: 14455152]

9. Rodrigo F, Shideman J, McHugh R, Buselmeier T, Kjellstrand C. Osmolality changes during
hemodialysis. Natural history, clinical correlations, and influence of dialysate glucose and
intravenous mannitol. Ann Intern Med. 1977; 86:554-561. [PubMed: 851303]

10. Mann H, Stiller S. Urea, sodium, and water changes in profiling dialysis. Nephrol Dial Transplant.

1996; 11(Suppl 8):10-15.

11. Flanigan MJ. How should dialysis fluid be individualized for the chronic hemodialysis patient?
Sodium Semin Dial. 2008; 21:226-229. [PubMed: 18363598]

12. Flanigan M. Dialysate composition and hemodialysis hypertension. Semin Dial. 2004; 17:279-283.
[PubMed: 15250918]

13. Hakim RM, Pontzer MA, Tilton D, Lazarus JM, Gottlieb MN. Effects of acetate and bicarbonate
dialysate in stable chronic dialysis patients. Kidney Int. 1985; 28:535-540. [PubMed: 3906227]

14. Henrich WL, Woodard TD, Meyer BD, Chappell TR, Rubin LJ. High sodium bicarbonate and
acetate hemodialysis: double-blind crossover comparison of hemodynamic and ventilatory effects.
Kidney Int. 1983; 24:240-245. [PubMed: 6314029]

15. Lambie SH, Taal MW, Fluck RJ, MclIntyre CW. Online conductivity monitoring: validation and
usefulness in a clinical trial of reduced dialysate conductivity. Asaio J. 2005; 51:70-76. [PubMed:
15745138]

16. Stewart WK, Fleming LW, Manuel MA. Muscle cramps during maintenance haemodialysis.
Lancet. 1972; 1:1049-1051. [PubMed: 4112187]

Semin Dial. Author manuscript; available in PMC 2017 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mc Causland and Waikar

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 11

. Port FK, Johnson WJ, Klass DW. Prevention of dialysis disequilibrium syndrome by use of high
sodium concentration in the dialysate. Kidney Int. 1973; 3:327-333. [PubMed: 4792047]

Wilkinson R, Barber SG, Robson V. Cramps, thirst and hypertension in hemodialysis patients -- the
influence of dialyzate sodium concentration. Clin Nephrol. 1977; 7:101-105. [PubMed: 870266]

Locatelli F, Pedrini L, Ponti R, Costanzo R, Di Filippo S, Marai P, Pozzi C, Bonacina GP.
“Physiological” and “pharmacological” dialysate sodium concentrations. Int J Artif Organs. 1982;
5:17-24. [PubMed: 7068261]

Cybulsky AV, Matni A, Hollomby DJ. Effects of high sodium dialysate during maintenance
hemodialysis. Nephron. 1985; 41:57-61. [PubMed: 4033843]

Barre PE, Brunelle G, Gascon-Barre M. A randomized double blind trial of dialysate sodiums of
145 mEq/L, 150 mEqg/L, and 155 mEqg/L. ASAIO Trans. 1988; 34:338-341. [PubMed: 3196530]

Thein H, Haloob I, Marshall MR. Associations of a facility level decrease in dialysate sodium
concentration with blood pressure and interdialytic weight gain. Nephrol Dial Transplant. 2007;
22:2630-2639. [PubMed: 17510098]

Dumler F, Grondin G, Levin NW. Sequential high/low sodium hemodialysis: an alternative to
ultrafiltration. Trans Am Soc Artif Intern Organs. 1979; 25:351-353. [PubMed: 524606]

Raja R, Kramer M, Barber K, Chen S. Sequential changes in dialysate sodium (DNa) during
hemodialysis. Trans Am Soc Artif Intern Organs. 1983; 29:649-651. [PubMed: 6673305]

Acchiardo SR, Hayden AJ. Is Na+ modeling necessary in high flux dialysis? ASAIO Trans. 1991,
37:M135-137. [PubMed: 1751081]

Sadowski RH, Allred EN, Jabs K. Sodium modeling ameliorates intradialytic and interdialytic
symptoms in young hemodialysis patients. J Am Soc Nephrol. 1993; 4:1192-1198. [PubMed:
8305646]

Flanigan MJ, Khairullah QT, Lim VS. Dialysate sodium delivery can alter chronic blood pressure
management. Am J Kidney Dis. 1997; 29:383-391. [PubMed: 9041214]

Song JH, Lee SW, Suh CK, Kim MJ. Time-averaged concentration of dialysate sodium relates with
sodium load and interdialytic weight gain during sodium-profiling hemodialysis. Am J Kidney
Dis. 2002; 40:291-301. [PubMed: 12148101]

Levin A, Goldstein MB. The benefits and side effects of ramped hypertonic sodium dialysis. J Am
Soc Nephrol. 1996; 7:242-246. [PubMed: 8785393]

Mc Causland FR, Brunelli SM, Waikar SS. Dialysate sodium, serum sodium and mortality in
maintenance hemodialysis. Nephrol Dial Transplant. 2011; 27:1613-1618. [PubMed: 21891777]
Hecking M, Karaboyas A, Saran R, Sen A, Horl WH, Pisoni RL, Robinson BM, Sunder-Plassmann
G, Port FK. Predialysis serum sodium level, dialysate sodium, and mortality in maintenance
hemodialysis patients: the Dialysis Outcomes and Practice Patterns Study (DOPPS). Am J Kidney
Dis. 2012; 59:238-248. [PubMed: 21944663]

Hecking M, Karaboyas A, Saran R, Sen A, Inaba M, Rayner H, Horl WH, Pisoni RL, Robinson
BM, Sunder-Plassmann G, Port FK. Dialysate sodium concentration and the association with
interdialytic weight gain, hospitalization, and mortality. Clin J Am Soc Nephrol. 2012; 7:92-100.
[PubMed: 22052942]

de Paula FM, Peixoto AJ, Pinto LV, Dorigo D, Patricio PJ, Santos SF. Clinical consequences of an
individualized dialysate sodium prescription in hemodialysis patients. Kidney Int. 2004; 66:1232—
1238. [PubMed: 15327422]

Sayarlioglu H, Erkoc R, Tuncer M, Soyoral Y, Esen R, Gumrukcuoglu HA, Dogan E, Sayarlioglu
M. Effects of low sodium dialysate in chronic hemodialysis patients: an echocardiographic study.
Ren Fail. 2007; 29:143-146. [PubMed: 17365927]

Waikar SS, Curhan GC, Brunelli SM. Mortality associated with low serum sodium concentration in
maintenance hemodialysis. Am J Med. 2011; 124:77-84. [PubMed: 21187188]

Peixoto AJ, Gowda N, Parikh CR, Santos SF. Long-term stability of serum sodium in hemodialysis
patients. Blood Purif. 2010; 29:264-267. [PubMed: 20068291]

Santos SF, Peixoto AJ. Sodium balance in maintenance hemodialysis. Semin Dial. 2011; 23:549-
555.

Levy GB. Determination of sodium with ion-selective electrodes. Clin Chem. 1981; 27:1435-1438.
[PubMed: 7273405]

Semin Dial. Author manuscript; available in PMC 2017 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mc Causland and Waikar

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12

Weisberg LS. Pseudohyponatremia: a reappraisal. Am J Med. 1989; 86:315-318. [PubMed:
2645773]

Burnett RW, Covington AK, Fogh-Andersen N, Kulpmann WR, Lewenstam A, Maas AH, Muller-
Plathe O, Sachs C, Siggaard-Andersen O, VanKessel AL, Zijlstra WG. Recommendations for
measurement of and conventions for reporting sodium and potassium by ion-selective electrodes in
undiluted serum, plasma or whole blood. International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) IFCC Scientific Division Working Group on Selective Electrodes.
Clin Chem Lab Med. 2000; 38:1065-1071. [PubMed: 11140625]

Gotch FA, Lam MA, Prowitt M, Keen M. Preliminary clinical results with sodium-volume
modeling of hemodialysis therapy. Proc Clin Dial Transplant Forum. 1980; 10:12-17. [PubMed:
7346841]

Kimura G, Van Stone JC, Bauer JH, Keshaviah PR. A simulation study on transcellular fluid shifts
induced by hemodialysis. Kidney Int. 1983; 24:542-548. [PubMed: 6645218]

Di Filippo S, Corti M, Andrulli S, Manzoni C, Locatelli F. Determining the adequacy of sodium
balance in hemodialysis using a kinetic model. Blood Purif. 1996; 14:431-436. [PubMed:
8915572]

Locatelli F, Di Filippo S, Manzoni C. Relevance of the conductivity kinetic model in the control of
sodium pool. Kidney Int Suppl. 2000; 76:589-95. [PubMed: 10936804]

Moret K, Hassell D, Kooman JP, van der Sande F, Gerlag PG, van den Wall Bake AW, van de
Bogaart J, Leunissen KM. lonic mass balance and blood volume preservation during a high,

standard, and individualized dialysate sodium concentration. Nephrol Dial Transplant. 2002;
17:1463-1469. [PubMed: 12147795]

Selby NM, Taal MW, Mcintyre CW. Comparison of progressive conductivity reduction with
diacontrol and standard dialysis. Asaio J. 2007; 53:194-200. [PubMed: 17413560]

Coli L, La Manna G, Comai G, Ursino M, Ricci D, Piccari M, Locatelli F, Di Filippo S, Cristinelli
L, Bacchi M, Balducci A, Aucella F, Panichi V, Ferrandello FP, Tarchini R, Lambertini D, Mura C,
Marinangeli G, Di Loreto E, Quarello F, Forneris G, Tancredi M, Morosetti M, Palombo G, Di
Luca M, Martello M, Emiliani G, Bellazzi R, Stefoni S. Automatic adaptive system dialysis for
hemodialysis-associated hypotension and intolerance: a noncontrolled multicenter trial. Am J
Kidney Dis. 2011; 58:93-100. [PubMed: 21601329]

Locatelli F, Stefoni S, Petitclerc T, Coli L, Di Filippo S, Andrulli S, Fumeron C, Frasca GM,
Sagripanti S, Savoldi S, Serra A, Stallone C, Aucella F, Gesuete A, Scarlatella A, Quarello F,
Mesiano P, Ahrenholz P, Winkler R, Mandart L, Fort J, Tielemans C, Navino C. Effect of a plasma
sodium biofeedback system applied to HFR on the intradialytic cardiovascular stability. Results
from a randomized controlled study. Nephrol Dial Transplant. 2012; 2012:4.

Hecking M, Karaboyas A, Saran R, Sen A, Horl WH, Pisoni RL, Robinson BM, Sunder-Plassmann
G, Port FK. Predialysis Serum Sodium Level, Dialysate Sodium, and Mortality in Maintenance
Hemodialysis Patients: The Dialysis Outcomes and Practice Patterns Study (DOPPS). Am J
Kidney Dis. Sep 22nd.2011 2011 [Epub ahead of print].

Semin Dial. Author manuscript; available in PMC 2017 July 07.



	Abstract
	Hemodialysis associated temporary osmotic gradients
	Historical context of dialysate sodium concentrations
	Dialysate sodium - association with patient symptoms
	Dialysate sodium - intra-dialytic blood pressure stability versus thirst, IDWG and pre-dialysis hypertension
	Fixed higher DNa
	Variable DNa/Sodium modeling
	Sodium modeling in patients prone to intra-dialytic hypotension

	Dialysate sodium - hospitalization and mortality
	Individualization of the dialysate sodium prescription
	Practical issues with individualization - measurement of serum and dialysate sodium
	An alternative to dialysate and serum sodium measurement - conductivity

	Conclusion
	References

