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Hypertension and chronic volume overload are complications often seen in hemodialysis patients. Current hemodialysis
practices adopt a standard dialysate sodium prescription that is typically higher than the plasma sodium concentration of most
patients. As a general rule, hemodialysis patients have stable predialysis plasma sodium concentrations, and each patient has
a fixed “osmolar set point.” Hypertonic dialysate sodium prescriptions, including sodium modeling, predispose to positive
sodium balance and lead to higher blood pressure and increased interdialytic weight gain. Conversely, lowering or individ-
ualizing dialysate sodium reduces thirst, interdialytic weight gain, and blood pressure in non-hypotension prone dialysis
patients. Optimization of the dialysate sodium prescription is an important step in achieving sodium balance and improving
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blood pressure control in hypertensive hemodialysis patients.
ypertension (HTN) is common in patients on chronic
maintenance hemodialysis (HD) and is a key medi-

H ator of cardiovascular morbidity and mortality in
this population (1,2). Current HD prescribing standards use
dialysate sodium concentrations that are high relative to the
patient’s plasma sodium concentration, leading to less sodium
loss and modest degrees of post-HD hypernatremia (3,4). The
former predisposes to volume overload and HTN, whereas the
latter results in increased fluid intake in response to thirst, also
predisposing to chronic volume overload. We have recently
demonstrated that an individualized approach to prescribing
HD wherein the sodium concentration in the dialysate is ad-
justed to match the patient’s own plasma sodium (“dialysate
sodium individualization”) results in less thirst and interdia-
lytic weight gain IDWG), and better blood pressure (BP) con-
trol in hypertensive patients (5). In this article, we further
explore this topic, discussing the theoretical basis for this pro-

cedure and the potential benefits of an individualized dialysate
sodium prescription in HD patients.

Hypertension in Hemodialysis

Cardiovascular disease is the most common cause of death in
patients on chronic maintenance HD, in whom HTN is an
important complicating factor (6). Hypertension is present in
50% to 90% of patients on dialysis (2). A detailed report of a
contemporary cohort of 2535 HD patients in the United States
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revealed that, of the 2173 (86%) who had a diagnosis of HTN,
BP control was inadequate in 70% despite use of antihyperten-
sive agents by 76% of patients (7). The Dialysis Outcome and
Practice Pattern Study also found a high prevalence of HTN in
Europe (72.7%) and Japan (55.9%), although lower than in the
United States (83.2%) (8).

The relationship between HTN and cardiovascular morbidity
and mortality in dialysis patients is complex. Prospective ran-
domized trials are conspicuously absent, and data from obser-
vational studies diverge on the impact of BP on cardiovascular
endpoints. Indeed, several studies revealed an inverse relation-
ship (i.e., the lower the BP the higher the mortality) (9-12). This
controversy has led to a lack of initiative toward more aggres-
sive management of HTN, although the recent Kidney Disease
Outcomes Quality Initiative guidelines have provided opinion-
based directives with relatively low targets (13) (predialysis BP
goal <140/90 mmHg, postdialysis BP goal <130/80 mmHg).
We and others have argued that a nihilistic approach to treat-
ment is inappropriate (1,14-18). HTN is an important factor in
the development of cardiovascular disease before the develop-
ment of end-stage kidney disease. Shortly after a patient is
started on dialysis (first year to several years), it continues to
predict the development of left ventricular hypertrophy, de
novo coronary disease, and de novo heart failure, but no longer
predicts mortality (19). Current evidence suggests that this is
likely a result of coexisting cardiac disease (1). It is only after
several years that HTN reacquires its prognostic relevance
(16,20-22); therefore, we think it is not acceptable to leave HTN
uncontrolled in dialysis patients if we are to improve their
long-term outcomes. Because available data indicate that most
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patients are already on multiple antihypertensive drugs (15),
new strategies are needed to achieve better BP control.

Sodium Balance and BP in Hemodialysis
Sodium balance and extracellular volume control are at the
center of BP control in HD (1,23), and it is generally agreed that
establishment of an appropriate dry weight is the first and most
important step in achieving normotension in dialysis patients
(13,24). Sodium balance in HD is a function of intake and
removal. There is good documentation that HD patients who
restrict sodium intake have lower BP (16,24-27) and less left
ventricular hypertrophy (16,27). In addition, dialysis modalities
providing more intensive volume removal independent of total
delivered dialysis dose, such as short daily HD, result in drastic
improvements in measured extracellular volume expansion, BP
control, and left ventricular hypertrophy (28,29). Unfortu-
nately, achieving sodium restriction is often problematic in
Western societies in which salt consumption is such an impor-
tant part of daily life, and third party payers in many countries
still do not cover use of daily dialysis. Therefore, alternative
approaches to improved sodium balance are necessary.

The dialysate sodium prescription is an important compo-
nent of sodium balance in HD patients but is underused in the
management of HTN. In the anephric state, the “sodium re-
moval arm” of sodium balance consists of removal during
dialysis, which is the sum of diffusive and convective losses.
The latter depends on the prescribed ultrafiltration as it repre-
sents sodium removed with ultrafiltered plasma. The former
occurs across the dialyzer membrane according to the diffusion
gradient between plasma and dialysate. Under current HD
practices, more than 80% of sodium removal is convective and
only 15% to 20% is diffusive (30).

Diffusive sodium losses were the primary modality of vol-
ume control in the early days of dialysis, when patients were
dialyzed against a bath with sodium concentration of approx-
imately 126 mEq/L (4). With the development of automated
control of ultrafiltration volume, fluid management could be
achieved through ultrafiltration regardless of sodium gradient,
thus leading to a major advance in the way fluid control was
reached in HD. In addition, the development of larger dialyzer
membranes led to faster solute clearance, thus allowing tar-
geted urea removal during a shorter dialysis session. However,
shorter dialysis resulted in large osmolar shifts over short pe-
riods of time precipitating a cluster of symptoms known as the
“dialysis disequilibrium syndrome” (headache, lethargy, nau-
sea, vomiting, muscle cramps, or seizures and coma in the most
severe cases), and the dialysis community shifted to the use of
higher dialysate sodium concentrations in an attempt to mini-
mize dialysis disequilibrium (4). This was done through either
a constantly hypertonic dialysate (typically 143 to 145 mEq/L)
or through the use of the technique of “sodium modeling,”
which consists of the use of high sodium dialysate early during
HD followed by lower concentrations at the end of HD allow-
ing for some degree of equilibration between plasma and dia-
lysate late in HD. The net result, however, regardless of ap-
proach used, is a high “time averaged” dialysate sodium
concentration in the 140 to 145 mEq/L range (4,30,31). Indeed,
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high dialysate sodium prescriptions result in less disequilib-
rium symptoms; however, many patients leave the dialysis unit
with relative hypernatremia, resulting in increased thirst,
IDWG, and ultimately BP, as reviewed elsewhere (4,30,31). This
occurs because rapid ultrafiltration with higher dialysate so-
dium leads to removal of fluid ingested in the interdialytic
period but is not adequate to restore sodium balance, thus
leading to positive sodium balance that may drive chronic HTN
(Figure 1). To bring this concept to “real-life” conditions, Dav-
enport (32) performed an audit of 7 dialysis centers (469 pa-
tients) that used different standard dialysate sodium concen-
trations (range, 136.8-140 mEq/L). Patients dialyzed in the
centers using standard dialysate sodium concentrations of 140
mEq/L had larger IDWG, higher pre- and postdialysis systolic
BP, and needed more intensive antihypertensive drug therapy.
There was no difference in the frequency of episodes of intra-
dialytic hypotension among centers.

In a detailed analysis of the effect of sodium modeling on BP,
Song et al. (33) studied 11 HD patients in a crossover study with
3 phases (phase 1, no modeling, time-averaged dialysate so-
dium concentration, TAC sodium, 138 mEq/L; phase 2, sodium
modeling from 150 mEq/L to 138 mEq/L, dialysate TAC so-
dium 140 mEq/L; and phase 3, sodium modeling from 155
mEq/L to 133 mEq/L, dialysate TAC sodium 147 mEq/L).
Higher dialysate TAC sodium resulted in significant, stepwise
increases in thirst scores, IDWG (r = 0.823, P < 0.001) and
ambulatory BP during the interdialytic period (136/82 mmHg
TAC sodium 138 mEq/L, 139/81 mmHg TAC sodium 140
mEq/L, 147/84 mmHg TAC sodium 147 mEq/L, P < 0.01) (33).
In addition, BP effects were amplified according to the gradient
between dialysate and plasma sodium. The authors showed
that the difference between dialysate TAC sodium and pre-HD
plasma sodium had a modest but significant correlation with
interdialytic ambulatory diastolic BP (r = 0.36, P < 0.05) (33).
These findings were consistent with those of other investigators
who evaluated the effect of this dialysate-to-plasma sodium
gradient on dialysis sodium losses (34) and IDWG (5,31,35,36).

Implications of current trends toward
prescribing high dialysate sodium in HD
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Figure 1. Implications of current trends toward prescribing
high dialysate sodium in hemodialysis.
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Not only is high dialysate sodium hypertensogenic, but also
the converse is true: low dialysate sodium leads to better so-
dium balance and BP control. Historical data indicate much
better BP control when dialysate sodium concentration was
much lower than presently (4). However, several other differ-
ences were operative, most importantly duration of dialysis,
which is an independent determinant of BP control regardless
of degree of volume control (29,37,38). Recent data from several
groups have revisited the use of lower dialysate sodium in the
control of HTN under modern HD techniques (Table 1).
Krautzig et al. lowered dialysate sodium from 140 to 135
mEq/L (over the course of 15-20 wk) and enforced a low salt
diet in 8 HD patients, an intervention that resulted in a decrease
in mean arterial pressure from 108 mmHg to 98 mmHg (P =
0.02) (39). Farmer et al. decreased dialysate sodium by 5 mEq/L
for 2 weeks in 10 HD patients and noted a fall in 24-h ambu-
latory BP from 141/83 mmHg to 133/78 mmHg (P = 0.01 for
both systolic and diastolic BP) associated with a 33% decline in
systemic vascular resistance (40). Similarly, Ferraboli et al.
noted a fall in pre-HD BP from 150/88 to 143/82 mmHg in 14
patients whose dialysate was lowered acutely from 140 to 135
mEq/L and maintained over 2 wk (41). This maneuver was
well tolerated and accompanied by a fall in thirst scores, but the
BP trend was not statistically significant. Lambie et al. modified
dialysate conductivity (of which sodium concentration is the
principal determinant) in 16 patients, progressively trying to
lower dialysate conductivity from 13.6 to 13.0 mS/cm. Using
this strategy, pre-HD BP fell by 7/5 mmHg (P < 0.05 for both
systolic and diastolic BP), an effect that was accompanied by
more effective diffusive sodium removal (30). On the other
hand, Kooman et al. were unable to replicate these BP lowering
effects in 6 patients whose dialysate sodium was rapidly re-
duced from 140 to 136 mEq/L but no dietary control was
enforced (42). Overall, these data indicate that modest reduc-
tions in dialysate sodium are well tolerated in non-hypotension
prone patients and result in lower BP.

Osmolar Set Point in Dialysis: Implications
to Sodium and Volume Control

Although questioned by some (43), most of the previously
published data demonstrate that HD patients have a fixed
“osmolar set point” (4,31,44). A classic modeling study per-
formed more than 25 yr ago revealed the importance of dialy-
sate sodium concentration in relationship to the patient’s own
plasma sodium in determining the amount of sodium (and
volume) loading or depletion (45). Thus, if a patient is dialyzed
against a high sodium dialysate concentration and develops
relative hypernatremia following HD, he/she will have his/her
thirst stimulated to drink enough free water to drive his/her
osmolality back to the set point with little variability (coeffi-
cients of variation, 0.5%-1.9%) (5,44). We estimate that with
current dialysate sodium prescriptions more than three fourths
of conventional HD patients undergo dialysis with dialysate
sodium concentrations that are above their “set point.” In an
analysis of 100 chronic stable HD patients dialyzed against a
base dialysate sodium concentration of 140 mEq/L, the average
pre-HD serum sodium over the course of 12 months was
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136.4 = 0.8 mEq/L (coefficient of variation, 1.6%); only 8 pa-
tients had an average sodium =139 mEq/L, and 16 averaged
<135 mEq/L (Gowda N, Peixoto AJ: unpublished observa-
tions). We also performed a survey of practicing nephrologists
at Veterans Administration dialysis centers nationwide inquir-
ing about dialysate sodium prescribing patterns in 2005
(Peixoto AJ: unpublished observations). We received replies
from 21 of the 68 centers (31% response rate) and confirmed
that the most common standard dialysate sodium concentra-
tion is 140 mEq/L. In 4 centers, the concentration was lower
(135 mEq/L in one, 138 mEq/L in three), and in three it was
higher than 140 mEq/L (142 mEq/L in one, 145 mEq/L in two).
Therefore, standard dialysate sodium concentrations may often
be hypertonic in relation to the patient’s own plasma sodium
concentration and thereby may result in a net diffusion of
sodium from dialysate to plasma and hamper the effectiveness
of HD as a procedure to reestablish sodium balance.

Dialysate sodium individualization
decreases thirst, IDWG, and BP in HD
patients

The possible beneficial effect of an individualized approach to
dialysate sodium prescription on thirst, IDWG, and BP was the
focus of a study involving 37 non-hypotension prone HD pa-
tients in a single-blind protocol (5). Subjects underwent 9 con-
secutive HD sessions (3 weeks) with the dialysate sodium
concentration set at 138 mEq/L (“standard sodium HD”) fol-
lowed by 9 sessions wherein the dialysate sodium was set to
match the patient’s average pre-HD plasma sodium measured
3 times (mid-week) during the standard sodium phase (“indi-
vidualized dialysate sodium HD”). Ten of the 37 subjects had
average pre-HD sodium equal to or higher than the standard
dialysate. Thus, they were removed from the intervention
phase, leaving 27 patients to undergo the intervention. Dry
weight, dialysis prescription, and medications were not modi-
fied during the 6 weeks of the study.

As shown in Table 2, we confirmed the reproducibility of
pre-HD plasma sodium regardless of period of intervention,
corroborating the concept of an “osmolar set point” in this
population. As expected, the post-HD plasma sodium de-
creased during the individualized sodium phase, which led to
a significant decrease in IDWG, thirst scores, and episodes of
intradialytic hypotension.

Sodium individualization resulted in lower systolic BP in
patients with uncontrolled HTN (pre-HD BP >150/85
mmHg), but not in those with controlled BP (<150/85
mmHg) (Figure 2). The ABP was —15.7/—6.5 mmHg in un-
controlled compared with 6.4/4.5 mmHg in controlled HTN
(P = <0.001 for systolic BP and P = <0.001 for diastolic BP).
The lowering effect on BP did not seem to be related only to
the improvement in extracellular volume control since both
controlled and uncontrolled BP patients had similar signifi-
cant decreases in IDWG, and there was no difference in the
achieved weight with individualized sodium prescription.
We concluded that an individualized sodium dialysate based
on predialysis plasma sodium levels decreases thirst, IDWG,
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Table 1. Clinical consequences of dialysate sodium reduction in chronic hemodialysis patients
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Reference
for
sodium

Standard Dialysate
dialysate ~ sodium

N Intervention
sodium  reduction

time (wk) BP IDWG

Reference

HD-associated
symptoms
or nursing

(mEq/L) (mEq/L) reduction interventions

Comments

Krautzig (39) 8 NR 140 5 Random | NR NR

Farmer (40) 10 2 138-140 5 Random | NS NS

Kooman (42) 6 6 140 4 Random NS NS NR

Ferraboli (41) 14 2 140 5 Random | NR NR

De Paula (5) 27 3 138 Pre-HD | A
plasma
sodium

Random | !

3 (mean) Improvement

Lambie (30) 16 NR 136"  Up to 6" Limit for

dialysate
conductivity
reduction

Sayarlioglu (46) 18 4 NR  Varied Pre-HD | ! NR

according plasma
to Pre-  sodium
HD Na

Thein (43) 52 16 141 3 Random | | NS

Selby (55) 10 6 136" 247 None NS NS NS

Dietary sodium
restriction
enforced; fixed
decrease in
dialysate Na

24 h ABPM
study; fixed
decrease in
dialysate Na

Fixed decrease in
dialysate Na

Fixed decrease in
dialysate Na

Individualized
adjustment in
dialysate Na

Progressive
titration on
dialysate
conductivity
based on
tolerability

Decreased
inferior vena
cava diameter

Database
analysis, not a
clinical trial;
hypotension-
prone patients
included

Only 3 patients
taking
antihypertensive
medications;
Pre-HD
extracellular
water
decreased,;
progressive
titration on
dialysate
conductivity
based on
tolerability

BP, blood pressure; IDWG, interdialytic weight gain; HD, hemodialysis; NR, not reported; | , significant decrease; ABPM,

ambulatory blood pressure monitoring; NS, not significant; Pre-HD, pre-hemodialysis.
"Measurement based on conductivity (dialysate conductivity X 10).
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Table 2. Plasma sodium concentration, interdialytic weight gain, thirst scores, and hypotensive episodes in the
standard sodium HD and in the individualized sodium HD

Standard sodium Individualized sodium P

Pre-HD plasma sodium 134.0 =14 1340 =15 0.725
Post-HD plasma sodium 135.9 = 2.0 133.1 =26 <0.001
IDWG (kg) 291 +0.87 2.29 = 0.87 <0.001
Interdialytic thirst, n (%)

Nil 0 (0) 4 (15) 0.043

Mild 1(4) 17 (63) <0.001

Moderate 11 (41) 5(18) 0.07

Severe 15 (55) 1(4) <0.001
Hypotensive episodes, n (%) of sessions 23 (9) 6(2) <0.001

HD, hemodialysis; IDWG, interdialytic weight gain.

Sodium values measured by direct potentiometry (AVL 9180, AVL Medical Instruments, Schaffhausen, Switzerland). Values

are in mEq/L. Adapted from reference 5.

Controlled BP Group (N=12)
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100

200

S

180 -

Systolic BP (mmHg)

160 - 16515

149118
140

120 -
P=0.019

100

Phase 1 Phase 2

Figure 2. Blood pressure responses to dialysate sodium indi-
vidualization according to baseline blood pressure. Phase 1,
standard Na (140 mEq/L); phase 2, individualized Na. From
reference 5, with permission.

HD-related symptoms, and pre-HD BP (in patients with
uncontrolled BP at baseline).

In a recent study, Sayarlioglu et al. (46) used the predialy-
sis sodium of 18 patients as a reference to set the dialysate
sodium concentration. For those patients who had pre-HD
sodium less than 137 mEq/L, the dialysate sodium was
modified to 135 mEq/L, and for those with pre-HD sodium
over 137 mEq/L, the dialysate sodium was modified to 137
mEq/L. After 8 weeks, reducing dialysate sodium resulted in
a significant decrease in pre-HD SBP (151.7 = 17.7 mmHg
versus 179.7 + 24.8 mmHg), pre-HD DBP (93.1 = 10.5 mmHg
versus 100.6 * 12.8 mmHg), post-HD SBP (132.3 * 16.4

mmHg versus 141.4 = 28.8 mmHg) and IDWG (1.8 + 0.6 kg
versus 2.5 £ 1 kg). Left ventricular systolic diameter, tricus-
pid regurgitation, pulmonary arterial pressure, and inferior
vena cava diameter also decreased with lowering dialysate
sodium concentration (46). Along the same lines, Thein et al.
(43) decreased the dialysate sodium prescription from 141
mEq/L to 138 mEq/L in all patients (n = 52) in their dialysis
facility without changes in instructions to patients about
dietary sodium. After 4 months, there was a significant
decrease in predialysis SBP [161 (146-174) versus 169 (159-
177) mmHg; P = 0.038] and postdialysis SBP [143 (133-158)
versus 152 (146-160) mmHg; P = 0.014] in patients in the
upper tertile of these dialysis parameters; and in IDWG in
patients in the middle [2.3 (2.1-2.5) versus 2.5 (2.3-2.7) kg;
P = 0.005] and upper tertiles [2.9 (2.6-3.4) versus 3.2 (2.9-3.6)
kg; P = 0.031].

Determining the Dialysate-to-Plasma
Sodium Gradient

Ionic activity, rather than total sodium concentration, deter-
mines sodium movement between plasma and dialysate (4).
Direct potentiometry is currently the best method to determine
the plasma and dialysate sodium concentration as it permits the
determination of sodium concentration in undiluted samples
and is not influenced by abnormal levels of plasma proteins
and lipids (47). Furthermore, the method measures noncom-
plexed, free sodium concentration, which represents those so-
dium particles available for diffusion (47). For this reason, it is
proposed that sodium levels determined by direct potentiom-
etry be referred to as the concentration of ionized sodium rather
than total sodium concentration (47). To avoid confusion in
clinical interpretation, the results are usually related to flame
photometry results by a conversion factor (48).

There is a difference in sodium concentration between
plasma and dialysate because plasma water constitutes only
93% of total plasma, whereas it is 100% of total dialysate
volume. Therefore, in isonatric dialysis, actual plasma sodium
concentration is approximately 6 to 7 mEq/L higher than the
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dialysate. In vivo, this concentration difference is compensated
by the Gibbs-Donnan effect; otherwise, the dialysate should
have a concentration approximately 6 to 7 mEq/L higher to
result in an isonatremic dialysis (4). The Gibbs-Donnan effect in
HD occurs because plasma proteins, which are negatively
charged and not diffusable through the dialysis membrane,
create an electric field that attracts sodium, reducing the plasma
diffusable sodium by 4% to 5% (3).

In our study (5), we measured dialysate sodium levels with
direct potentiometry. Because the values in the dialysate were
adjusted to the volume of plasma water by the instrument
(flame photometry adjustment), we needed to adjust the dialy-
sate sodium measurements. However, direct potentiometry is
not commonly available in clinical practice because most of
these devices analyze single or few samples at a time. Flame
photometry and indirect potentiometry are the more widely
available methods for sodium measurement in clinical labora-
tories. Both methods have the inconvenience of using diluted
samples that are susceptible to false results depending on
plasma protein and lipid concentrations. Nevertheless, both
methods can provide a consistent sodium dialysate-to-plasma
to gradient in most of the dialysis population and therefore are
not an impediment for an individualized sodium prescription
practice in HD. Therefore, in laboratories that use indirect
ionometry or flame photometry, we recommend that the clini-
cian who is interested in matching dialysate sodium to the
patient’s plasma sodium level use the exact value measured in
plasma as the value for the dialysate prescription, as no “extra”
conversion factor is required. Because many HD patients are
diabetic, the clinician must be aware that hyperglycemia causes
an osmotic movement of water out of the cells, which may lead
to hyponatremia by dilution.

To obtain a reliable dialysate-to-plasma sodium gradient, it is
also necessary to periodically measure serum and dialysate
sodium and to routinely check the accuracy of the HD machine
calibration with a conductivity monitor (49).

Other Methods to Achieve Isonatremic
Dialysis

Although matching the dialysate sodium concentration to the
patient’s pre-HD plasma sodium can avoid an unnecessary
sodium loading, this procedure may be insufficient to restore
an ideal sodium balance. Water shifts from intracellular and
extracellular space are not constant throughout the HD session.
Furthermore, the Gibbs-Donnan effect varies with pH, which
also fluctuates along the HD session (3). Therefore, the dialy-
sate sodium necessary to achieve an isonatric dialysis can only
be perfectly ascertained by measuring the dialyzable sodium
concentration during the HD session (44). However, assessing
sodium kinetics during a dialysis session by sequential plasma
and dialysate sodium measurements is impractical (and prob-
ably unfeasible) in clinical practice.

To address this shortcoming, a device has been developed to
estimate the patients’ plasma conductivity as an indicator of the
ionized plasma sodium concentration (50,51). This is achieved
by modifying temporarily the dialysate conductivity in re-
sponse to changes in plasma water conductivity (50-52). This

Dialysate Sodium Prescription 527

system was used to determine ionic mass balance using 3
dialysate sodium concentrations (144 mEq/L, 140 mEq/L, and
individualized sodium setup according pre-HD plasma con-
ductivity) (34). Throughout a 1-h period of isovolemic dialysis,
ionic mass balance was significantly lower with dialysate so-
dium concentration of 144 mEq/L. Similar differences were
observed when ultrafiltration was combined to dialysis. It was
noteworthy that a net ionic influx from dialysate to the patient
occurred when the dialysate to plasma sodium gradient was
more than 5 mEq/L. Furthermore, ionic mass balance was
significantly higher with individualized sodium dialysate com-
pared with a fixed dialysate concentration of 140 mEq/L in
patients with a predialysis sodium less than 140 mEq/L. The
inverse occurred in patients with predialysis sodium equal or
above 140 mEq/L. Therefore, these data confirm the relevance
of the dialysate-to-plasma sodium gradient regarding the
achievement of sodium balance in HD.

Although the experience with using this method to assess
sodium kinetics during HD is limited, it is certainly a step
toward a more effective control of sodium balance in HD
(52-54). However, a recent study demonstrated no advantage
of the biofeedback system over a fixed dialysate conductivity
reduction in influencing BP levels, IDWG, intradialytic hypo-
tension episodes, and dialysis tolerability (55). In other words,
pushing a lower dialysate sodium concentration as tolerated
may be equivalent and more practicable in a clinical practice
setting.

Potential Pathophysiologic Mechanisms
Underlying the Effects of Dialysate Sodium
Manipulation
The data reviewed above point strongly in the direction of
improved hemodynamics on a lower dialysate sodium level,
especially so if individualized to the hypertensive HD patient.
The more simplistic explanation for these salutary effects is that
sodium balance is optimized through more diffusive loss (or
less diffusive gain) of sodium during each HD session. This is
certainly one, and perhaps the most important, of operating
mechanisms. The relationship between sodium excess and
HTN in this setting does not require further discussion. How-
ever, recent evidence has raised other possible factors, such as
the effects resulting from changes in the prevailing plasma
sodium concentration (56), and the possible relevance of
changes in amounts of “osmotically inactive” sodium (57).
When plasma sodium is increased, however briefly, there is
an associated activation of several pro-hypertensive mecha-
nisms that are independent of an increase in volemia (58). For
example, hypernatremia increases central sympathetic outflow
in some animals (young Dahl salt-sensitive rats), although not
in others (59-61). Increased brain sodium and osmolality are
also responsible for inducing increases in angiotensin 2 levels,
a factor that results in increased sympathetic outflow in several
models, including renal mass reduction (56,60,62,63). It is pos-
sible that this potential relationship with mismatched dialysate
sodium is responsible, at least part, for the well-documented
increases in sympathetic tone in advanced kidney disease (58),
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which paired with the well-known vasoconstrictive and vascu-
lotoxic effects of angiotensin 2 could contribute to the develop-
ment of HTN and vascular injury. In addition, high medium
sodium concentration results in hypertrophy of cardiomyo-
cytes and vascular smooth muscle in vitro (64), changes that are
associated with the long-term vascular changes in HTN. Lastly,
Oberleithner et al. recently demonstrated that an increase in
sodium concentration in an endothelial cell culture medium
from 135 to 145 mmol/L produced significant endothelial cell
stiffness in the presence of aldosterone (65). This was associated
with decreased nitrite concentration in the medium, suggestive
of endothelial cell dysfunction due to impaired sensitivity to
sheer stress. Taken together, these data suggest that not only
the unfavorable sodium overload but also the hypernatremia
induced by dialysate sodium mismatching may contribute to
the pathogenesis of HTN in dialysis patients.

Van Kuijk et al. studied 9 HD patients during a single HD
session using dialysate sodium of 134 mEq/L or 144 mEq/L
(66). There were no significant hemodynamic differences be-
tween the two dialysate sodium treatments. Interestingly, de-
spite the absence of differences in vascular reactivity (measured
with plethysmography), levels of the vasodilating prostaglan-
din PGE, were significantly increased after low sodium dialy-
sis, but not in high sodium dialysis. It is possible that after
long-term exposure to lower dialysate sodium this vasodilating
advantage may acquire clinical relevance.

It has long been known that ingestion of salt load does not
lead to the predicted weight gain that would be expected if the
entire sodium load were fully hydrated. This led to the concept
that a portion of the total body sodium content is osmotically
inactive (not associated with water retention) or neutral
(equimolarly exchanged for potassium) (57). Animal models
(deoxycorticosterone-salt hypertensive rat) suggest that this os-
motically inactive sodium pool resides primarily in skin (67)
and that a decrease in this pool, as induced by ovariectomy, is
associated with higher BP (57). We are not aware of any data
(animal of human) testing this hypothesis in chronic kidney
disease, but we think that some of the effects related to a more
favorable sodium balance may go beyond the simple pairing of
sodium and water gain. For example, it is possible that kidney
disease leads to decreased osmotically inactive sodium capac-
ity, adding a nonrenal component to the sodium sensitivity of
renal HTN. Somewhat accordingly, a study that analyzed
changes in total body water resulting from lowering dialysate
sodium showed a strong trend toward BP fall (6—8 mmHg for
systolic and 3-5 mmHg for diastolic BP) despite minimal
changes in extracellular water measured by bioimpedance (0.01
L/kg) (40). This observation raises the interesting possibility
that the hemodynamic effects were partly achieved through
increased capacity to store osmotically inactive sodium. It is
also possible that inactive sodium storage be linked to the
so-called “lag phenomenon” that is the reduction in BP in HD
patients that occurs months after dry weight achievement (68).
In this setting, it is feasible that a lower dialysate sodium
concentration contributes to a decrease in osmotically inactive
sodium stored in the interstitial matrix of blood vessels by
augmenting sodium losses by diffusion (69).
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Final Perspectives

Pre-HD plasma sodium concentration varies very little over
time, and patients maintain the osmolar set point by means of
thirst and proportional fluid ingestion. Current dialysis pre-
scribing patterns usually underestimate the role of sodium as a
parameter that is distinctive to each patient. Although most
dialysis machines can deliver a dialysate with a wide range of
sodium concentration the majority of dialysis centers adopt a
standard dialysate sodium prescription. Recent guidelines (70)
and reviews (23,24) point out the importance of sodium over-
load caused by hypertonic dialysate to the pathogenesis of HD
related HTN and excessive IDWG (71). The use of patient’s
predialysis sodium concentration as a reference to prescribe
dialysate sodium seems rational. However, the safety of this
procedure has to be determined with long-term observations,
and this practice has not been applied to hypotension-prone
HD patients, although a random reduction of 3 mEq/L in
dialysate sodium was well tolerated even by patients with
preexisting hypotension (43). Also, we still do not know if
patients with a “high” pre-HD sodium concentration will ben-
efit from a reduction in dialysate sodium. Nevertheless, avoid-
ing excessive sodium loading during HD may improve BP
control and reduce IDWG (72). Furthermore, sodium burden
may have detrimental effects that are both dependent (73) and
independent (58,74)of its effects on BP and body volume, and
may have, per se, an important role in the high HD associated
cardiovascular morbidity and mortality (6). Therefore, careful
attention to the dialysate sodium prescription is necessary to
optimize its role in assuring a favorable sodium balance in
dialysis patients.

Disclosures
None.
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