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ABSTRACT

Background. Metabolic acidosis is a common problem in haemodialysis patients, but acidosis overcorrection has been
associated with higher mortality. There is no clear definition of the optimal serum bicarbonate target or dialysate
bicarbonate. This study analysed the impact of reducing dialysate bicarbonate from 35 to 32 mEq/L on plasma bicarbonate
levels in a cohort of patients treated with online haemodiafiltration (OL-HDF).

Methods. We performed a prospective cohort study with patients in a stable chronic OL-HDF programme for at least
12 months in the Hospital Clinic of Barcelona. We analysed pre- and post-dialysis total carbon dioxide(TCO2) before and
after dialysate bicarbonate reduction from 35 to 32 mEq/L, as well as the number of patients with a pre- and post-dialysis
TCO2 within 19–25 and �29 mEq/L, respectively, after the bicarbonate modification. Changes in serum sodium, potassium,
calcium, phosphorous and parathyroid hormone (PTH) were also assessed.

Results. We included 84 patients with a 6-month follow-up. At 6 months, pre- and post-dialysis TCO2 significantly decreased
(26.786 1.26 at baseline to 23.696 1.92 mEq/L and 31.916 0.91 to 27.586 1.36 mEq/L, respectively). The number of patients with
a pre-dialysis TCO2 >25 mEq/L was significantly reduced from 80 (90.5%) to 17 (20.2%) and for post-dialysis TCO2 >29 mEq/L
this number was reduced from 83 (98.8%) to 9 (10.7%). PTH significantly decreased from 226.09 (range 172–296) to 182.50 (125–
239) pg/mL at 6 months (P<0.05) and post-dialysis potassium decreased from 3.166 0.30 to 2.956 0.48 mEq/L at 6 months
(P<0.05). Sodium, pre-dialysis potassium, calcium and phosphorous did not change significantly.

Conclusions. Reducing dialysate bicarbonate concentration by 3 mEq/L significantly and safely decreased pre- and post-dialysis
TCO2, avoiding acidosis overcorrection and improving secondary hyperparathyroidism control. An individualized bicarbonate
prescription (a key factor in the adequate control of acidosis) according to pre-dialysis TCO2 is suggested based on these results.
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INTRODUCTION

The aim of dialysate fluid is to normalize pre-dialysis plasma
electrolytes and provide toxin and phosphate removal [1].
Among the various components of dialysis fluid, bicarbonate is
the fundamental compound for the correction of metabolic aci-
dosis, an intrinsic condition in end-stage kidney disease (ESKD).

Current evidence shows that uncorrected metabolic acidosis
is an independent risk factor for mortality in patients on hae-
modialysis [1, 2]. However, no adequately powered clinical trials
have examined the associations among different dialysate bi-
carbonate concentrations and outcomes, resulting in reliance
on observational data [3]. Therefore, the optimal bicarbonate
value to be achieved with dialysis remains unclear [3], as does
the impact of metabolic alkalosis due to intradialysis overcor-
rection [4–6].

One of the most important factors determining pre- and
post-dialysis bicarbonate concentration is dialysate bicarbonate
concentration [7]. The 2000 National Kidney Foundation Kidney
Disease Outcomes Quality Initiative (NKF-KDOQI) guidelines
recommend a high dialysate bicarbonate concentration
(�38 mEq/L) to achieve a pre-dialysis serum bicarbonate level
(�22 mEq/L) [8]. This recommendation has resulted in a gradual
increase in dialysate bicarbonate concentration over time [3, 9–
11]. Although higher bicarbonate concentrations have some po-
tential benefits on bone metabolism and hyperparathyroidism
control [12, 13], some studies have questioned the safety of the
KDOQI recommendations, reporting an association between
high dialysate bicarbonate and an increased risk of all-cause
mortality [9, 14]. This higher mortality is due to infections and
cardiovascular hospitalization [14], as well as to other adverse
effects such as greater haemodynamic instability [15], cardiac
arrhythmias [16, 17] and calcium phosphate precipitation in
soft tissues [18]. Therefore it seems reasonable not to exceed a
post-dialysis bicarbonate concentration of 28 mEq/L [1, 19], a
threshold that is usually reached or exceeded with a standard
dialysate bicarbonate level of 35 mEq/L [1].

Online haemodiafiltration (OL-HDF) has shown multiple
benefits due to its ability to reach high convective and diffusive
doses and improve dialysis adequacy [20–22]. These enhance-
ments have also increased delivery of bicarbonate from the dial-
ysate to the patient, achieving higher plasma bicarbonate levels
and thus obtaining better acidosis control [2]. However, this in-
creased bicarbonate release can lead to overcorrection of acido-
sis and significant adverse effects [14, 17, 23].

At present, the dialysate bicarbonate concentration can be
chosen according to the desired plasma bicarbonate target [1].
In our centre, we have used a dialysate bicarbonate of 35 mEq/L
for >10 years. However, because of growing evidence of poten-
tial risks associated with overcorrection of acidosis, we hypoth-
esized that these risks could be reduced by lowering dialysate
bicarbonate to reduce plasma bicarbonate. Therefore the aim of
the present study was to evaluate the impact of dialysate bicar-
bonate optimization from 35 to 32 mEq/L on plasma bicarbonate
levels in a cohort of patients treated with OL-HDF. We also eval-
uated the impact of this optimization on potassium control and
phosphorus and calcium metabolism.

MATERIALS AND METHODS
Study design and population

This prospective, single-centre, observational study was con-
ducted in a population of patients in a stable OL-HDF

programme with a regular prescription of dialysate bicarbonate
concentration of 35 mEq/L who were switched to a lower bicar-
bonate prescription of 32 mEq/L. We included patients �18 years
of age in a stable chronic OL-HDF programme for at least
12 months at the time of study initiation. We excluded patients
<18 years old, those with a percutaneous catheter (not tunnelled)
as vascular access, those included in a living donor kidney trans-
plantation programme, those with immunosuppressive treat-
ment and those with significative residual kidney function
(defined as residual diuresis >100 mL/24 h and urea clearance
>2.5 mL/min/1.72 m2 [24]).

The primary outcome of the study was to evaluate changes
in plasma bicarbonate levels (pre- and post-dialysis) after the
dialysate bicarbonate prescription was reduced from 35 to
32 mEq/L and to analyse the effectiveness of this change in
achieving pre- and post-dialysis bicarbonate values within the
range suggested as desirable by previous studies [i.e. between
19–25 and �29 mEq/L for pre- and post-dialysis total carbon
dioxide(TCO2), respectively] [1, 9, 19]. Thus, after the change in
prescription, the patients were followed up for 6 months, with
monthly measurement of TCO2 levels and comparison of the
results with the baseline TCO2 (calculated as the mean of the
monthly TCO2 values during the 6 months before study initia-
tion). Serum bicarbonate was measured indirectly through
TCO2, which is usually measured in epidemiological studies on
the acid–base balance [2]. TCO2 has shown a good correlation
with serum bicarbonate and, in most conditions, is approxi-
mately 1–1.2 mEq/L higher than the serum bicarbonate mea-
sured in the same sample [9, 19]. The use of TCO2 allows serum
bicarbonate to be indirectly measured by obtaining venous
blood samples without the need to perform a blood gas analysis
but preserves accuracy in estimating plasma bicarbonate [9].

As a secondary outcome, we analysed the impact of reduc-
ing the dialysate bicarbonate concentration on control of potas-
sium and phosphorus and calcium metabolism. To do this,
monthly measurements were made of serum potassium (pre-
and post-dialysis), calcium (pre- and post-dialysis) and intact
parathyroid hormone (iPTH, pre-dialysis) during the 6-month
follow-up after the dialysate change. These values were com-
pared with the mean of the monthly measurements made dur-
ing the 6 months prior to dialysate optimization. Calcium was
expressed as corrected calcium by albumin according to the for-
mula: total calcium þ (4 � albumin)� 0.8, expressing calcium in
mg/dL and albumin in g/dL. Throughout the follow-up, the
patients received standard treatment with calcimimetics, phos-
phate binders (calcium and non-calcium) and alfacalcidiol, with
dose titration according to the analytical parameters and the
criteria of the treating physician. All these treatments and their
changes were recorded at baseline and during the follow-up.

Dialysis parameters

In all patients, post-dilutional OL-HDF with the CorDiax 5008
monitor (Fresenius Medical Care, Bad Homburg, Germany) was
used throughout the study. Baseline OL-HDF parameters con-
sisted of bicarbonate buffer at a concentration of 35 mEq/L, 1.4–
1.8 m2 high-flux synthetic dialysers, blood flow (Qb)
416 6 33 mL/min (range 350–500), dialysate flow (Qd)
378 6 41 mL/min and infusion flow (Qi) according to the auto-
mated infusion system. The average time per session was
332 6 80 min (range 240–480): 66 patients (78.6%) were dialysed
during 240–300 min sessions three times a week (standard dialy-
sis group) and 18 patients (21.4%) during 480-min every-other-
day nocturnal sessions (nocturnal dialysis group).
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Regarding dialysate composition, the baseline dialysate bicar-
bonate concentration was 35 mEq/L (‘standard bicarbonate’ dialy-
sate) and at the beginning of the study was switched to 32 mEq/L.
However, due to the proportioning of the concentrate in the dialy-
sis machine, the lower bicarbonate concentration setting led to an
increase in all acid concentrate components as a result of the de-
creased base concentrate proportion to maintain the preset so-
dium concentration and conductivity, which in our case was
140 mEq/L and 14.0mS/cm, respectively. Nevertheless, when the
dialysate bicarbonate concentration was reduced to 32 mEq/L,
conductivity significantly increased to 14.1 mS/cm (‘reduced
bicarbonate–standard sodium’ dialysate). Therefore, to maintain
conductivity at 14.0 mS/cm, we also reduced dialysate sodium to
139 mEq/L (‘reduced bicarbonate and sodium’ dialysate). Because
of this change, we monitored serum sodium monthly and com-
pared any changes with the baseline concentration (as a mean of
the monthly values for the 6 months before the beginning of the
study; Table 1). After optimization of the dialysate bicarbonate
concentration, none of these dialysate parameters were modified
during the study (Table 1).

The local ethics committee approved the study and it was con-
ducted according to the Declaration of Helsinki. All the patients
gave their written informed consent to participate in the study.

Statistical analysis

The results are expressed as the arithmetic mean 6 standard
deviation (SD), number(%) or median [interquartile range (IQR)].
Each patient served as his/her own control. The Student t-test
and analysis of variance test (repeated measures) were used in
the analysis of quantitative variables. The results were corrobo-
rated with a linear mixed model with Bonferroni adjustment for
multiple comparisons. For non-parametric variables, the
Friedman’s test followed by post hoc Wilcoxon’s test was used.
The McNemar test was used in the analysis of qualitative varia-
bles. P-values<0.05 were considered statistically significant. All
statistical analyses were performed using the SPSS Statistical
Package version 23 (IBM, Armonk, NY, USA). Graphics were
made using GraphPad Prism software (version 6; GraphPad
Software, San Diego, CA, USA).

RESULTS
Baseline characteristics

Of the 95 eligible patients at the beginning of the study, 11 were
excluded because they did not complete the follow-up after the

change in dialysate bicarbonate. The reasons for exclusion were
kidney transplantation (eight patients) and death during follow-
up (three patients). The causes of death were an intestinal ob-
struction due to lymphoma (already diagnosed before the begin-
ning of the study), acute cholecystitis treated conservatively
and a sudden death unrelated to the haemodialysis sessions.
There were no statistically significant differences between ex-
cluded patients and those included in the study.

Of the 84 patients analysed, 63 (75%) were male, with a
mean age of 66.7 6 14.8 years and in a stable chronic haemo-
dialysis programme for an average of 60.6 6 56.7 months. Of
these, 3 (4%), 14 (17%) and 49 (58%) patients underwent ses-
sions of 4, 4.5 and 5-h thrice-weekly sessions, respectively
(standard dialysis group, 66 patients). The remaining 18 (21%)
were on 8-h nocturnal every-other-day sessions (nocturnal di-
alysis group). The most frequent cause of ESKD was vascular
(26.2%) followed by undiagnosed ESKD (17.9%; Table 2). No pa-
tient was under treatment with oral bicarbonate supplements
or other extradialysis bicarbonate supplementation during
baseline and follow-up.

Change of TCO2 after dialysate bicarbonate optimization

After the reduction of bicarbonate in the dialysate from 35 to
32 mEq/L, pre-dialysis TCO2 significantly decreased from
26.79 6 1.26 at baseline to 23.81 6 1.81 and 23.69 6 1.92 mEq/L at
3 and 6 months, respectively (P< 0.001; Figure1). There was a
tendency towards higher TCO2 values in the nocturnal dialysis
group at baseline (26.69 6 1.24 versus 27.17 6 1.29 mEq/L) and at
3 months (23.64 6 1.79 versus 24.44 6 1.79 mEq/L), but at
6 months (23.69 6 1.97 versus 23.68 6 1.80 mEq/L) there was little
difference between the standard and nocturnal dialysis groups
(P> 0.05). The mean reduction in pre-dialysis TCO2 at 6 months
was 3.106 1.84 mEq/L. Among the 84 patients included, pre-
dialysis TCO2 was >25 mEq/L in 80 patients (90.5%) at baseline
but only 17 patients (20.2%) at 6 months after bicarbonate reduc-
tion, while levels ranged from 19 to 25 mEq/L in the remaining
67 patients (79.77%; P< 0.001; Figure 2A and B).

Post-dialysis TCO2 significantly decreased from 31.92 6 0.91
to 28.73 6 1.51 and 27.57 6 1.36 mEq/L at 3 and 6 months, respec-
tively (P< 0.001; Figure 1). Baseline values were significantly
higher in the nocturnal dialysis group (31.74 6 0.87 versus
32.56 6 0.73 mEq/L, P< 0.05), without differences at 3 months
(28.49 6 1.46 versus 28.63 6 1.71 mEq/L) and at 6 months
(27.57 6 1.39 versus 27.65 6 1.28 mEq/L) between the standard

Table 1. Dialysate composition according to dialysis bicarbonate concentration

Dialysate parameter Standard bicarbonatea Reduced bicarbonate–standard sodiumb Reduced bicarbonate and sodiumc

Bicarbonate (mEq/L) 35 32 32
Sodium (mEq/L) 140 140 139
Potassium (mEq/L) 1.50 1.54 1.52
Calcium (mmol/L) 1.5 1.54 1.53
Magnesium (mmol/L) 0.50 0.51 0.50
Chlorine (mEq/L) 106.50 109.54 108.52
Acetate (mmol/L) 4.00 4.11 4.07
Glucose (g/L) 1.00 1.02 1.01
Conductivityd (mS/cm) 13.84 (14.0) 13.94 (14.1) 13.84 (14.0)

aStandard bicarbonate: dialysate with a standard bicarbonate concentration of 35 mEq/L.
bReduced bicarbonante–standard sodium: dialysate with a reduced bicarbonate concentration of 32 mEq/L but a standard sodium concentration of 140 mEq/L.
cReduced bicarbonate and sodium: dialysate with reduced bicarbonate and sodium concentrations of 32 and 139 mEq/L, respectively. This was the dialysate composi-

tion used for the present study.
dConductivity values correspond to the measured or real ones while values in parentheses correspond to the set values.
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and nocturnal dialysis groups, respectively (P> 0.05). The mean
reduction in post-dialysis TCO2 at 6 months after bicarbonate
adjustment was 4.33 6 1.44 mEq/L. Post-dialysis TCO2 was
>29 mEq/L in 83 patients (98.8%) at baseline but only 9 patients

(10.7%) at 6 months after bicarbonate optimization. Post-dialysis
TCO2 was �29 mEq/L in the remaining 75 patients (89.3%;
P< 0.001; Figure 2B and C).

Sodium and potassium changes

After the reduction indialysate bicarbonate and sodium concen-
trations, pre-dialysis plasma sodium significantly decreased
from 140.22 6 1.98 at baseline to 138.08 6 2.62 mEq/L at 3 months
(P< 0.001), although this decrease was not significant at
6 months (139.63 6 3.34 mEq/L, P¼ 0.18; Figure 3A). Post-dialysis
sodiumsignificantly decreased from 140.44 6 0.90 at baseline to
137.40 6 1.71 mEq/L at 3 months (P< 0.001). Nevertheless, this
decrease was not significant at 6 months (140.36 6 1.99 mEq/L,
P> 0.05; Figure 3A). There were not significant differences in
pre- and post-dialysis sodiumbetween standard and nocturnal
dialysis groups in any of the analysed periods (data not shown).

Pre-dialysis plasma potassiumshowed no statistically signif-
icant differences compared with baseline values at any of the
time points analysed after the dialysate bicarbonate change
(baseline 4.73 6 0.50 versus 4.61 6 0.63 and 4.69 6 0.72 mEq/L at 3
and 6 months, respectively, P> 0.05; Figure 3B). However, post-
dialysis plasma potassiumsignificantly decreased, which was
evident from the second month after the dialysate bicarbonate
change (3.16 6 0.30 at baseline versus 2.88 6 0.30 and
2.95 6 0.48 mEq/L at 3 and 6 months, respectively, P< 0.05;
Figure 3B). There were not significant differences in pre- and
post-dialysis potassiumbetween standard and nocturnal
dialysis groups in any of the analysed periods (data not shown).

Calcium, phosphate and PTH changes

After the change of bicarbonate in the dialysate, pre-dialysis
plasma calcium (corrected for albumin) tended to increase in
the first month (8.87 6 0.47 at baseline versus 9.05 6 0.60 mg/dL
at the first month, P¼ 0.05). However, plasma calcium levels de-
creased after the second month, and this decrease became sig-
nificant in the third month (8.87 6 0.47 at baseline versus
8.57 6 0.54 at 3 months, P< 0.05), although afterwards calcium
levels progressively stabilized close to baseline values
(8.71 6 0.64 mg/dL at 6 months, P> 0.05; Figure 4A).
Nevertheless, in post-dialysis plasma calcium, a significant re-
duction was only evident from the third to fifth months

Table 2. Baseline characteristics of the included patients

Characteristics Patients (n¼ 84)

Male 63 (75)
Age (years) 66.7 6 14.8
Haemodialysis vintage (months), mean 6 SD 60.6 6 56.7
Vascular access

Native AVF 68 (81)
Prosthetic AVF 8 (9.5)
Catheter 8 (9.5)

Haemodialysis parameters, mean 6 SD
Blood flow (mL/min) 416 6 33
Dialysate flow (mL/min) 378 6 41
Time per session (min), mean 6 SD 332 6 80

240 3 (4)
270 14 (17)
300 49 (58)
480 18 (21)

ESKD aetiology
Chronic glomerulonephritis 13 (15.5)
Tubulointerstitial nephritis 4 (4.8)
Vascular 22 (26.2)
Polycystic kidney disease 9 (10.7)
Diabetic nephropathy 11 (13.1)
Systemic 5 (6)
Urological 1 (1.2)
Kidney tumour 4 (4.8)
Undiagnosed 15 (17.9)

Comorbidities
Smoking habit 14 (17)
Diabetes mellitus 37 (44)
Dyslipidaemia 49 (58)
Hypertension 46 (54.8)
Ischaemic heart disease 28 (33)
Cerebrovascular accident 8 (9.5)
Peripheral artery disease 21 (25)
COPD 14 (17)
Chronic HBV infectiona 6 (5)
Chronic HCV infectionb 5 (4)
Chronic HIV infectiona 7 (6)

Chronic treatment
Hypoglycaemic agents 32 (38)
Oral antidiabetic agents 10 (12)
Insulin 22 (26)
Hypolipidaemic agents 49 (58)
Antiplatelet agents 43 (51)
Antihypertensive drugs 46 (54.8)

Phosphorus–calcium complementary treatment
Alfacalcidiol 37 (44)
Etelcalcetide 26 (31)
Phosphate binders
With calcium 36 (42.9)
Without calcium 15 (17.9)

Values are presented as n (%) unless stated otherwise.
aAll patients were under treatment with a controlled viral load.
bAll patients were treated and cured with direct-acting antiviral agents before

the study.

AVF, arteriovenous fistula; COPD, chronic obstructive pulmonary disease; HBV,

hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus.

FIGURE 1: TCO2 change after dialysate bicarbonate concentration reduction.

*P<0.05 with respect to baseline.
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(9.97 6 0.33 at baseline versus 9.75 6 0.59 at 3 months, P< 0.05).
At 6 months, post-dialysis plasma calcium reached values close
to baseline (9.81 6 0.96 mg/dL, P> 0.05; Figure 4A). There were
no significant differences in pre- and post-dialysis calcium be-
tween the standard and nocturnal dialysis groups in any of the
analysed periods (data not shown).

Pre-dialysis phosphorus concentration did not significantly
change in the periods analysed, except in the second month
(4.24 6 0.85 at baseline versus 3.96 6 1.11 mg/dL at 2 months,
P< 0.05; Figure 4B). Pre-dialysis phosphorous concentrations
were significantly lower in the nocturnal dialysis group in the
analysed periods (3.76 6 1.08 versus 4.37 6 0.72 mg/dL at

baseline, 3.38 6 1.50 versus 4.22 6 1.27 mg/dL at Month 3 and
3.53 6 1.28 versus 4.39 6 1.15 mg/dL at Month 6 for the nocturnal
and standard dialysis groups, respectively, P< 0.05). Post-
dialysis phosphorus significantly increased in the first month
(1.85 6 0.37 at baseline versus 1.96 6 0.86 mg/dL, P< 0.05), fol-
lowed by a significant decrease at 2 and 3 months (1.85 6 0.37 at
baseline versus 1.72 6 0.40 and 1.70 6 0.42 mg/dL at 2 and
3 months, respectively, P< 0.05). After the fourth month, post-
dialysis phosphorus again increased up to values that were not
significantly different from those at baseline (1.85 6 0.37 at
baseline versus 1.80 6 0.44 and 1.78 6 0.54 mg/dL at 4 and
6 months, respectively, P> 0.05; Figure 4B). There were no

FIGURE 2: Pre- and post-dialysis TCO2 according to dialysate bicarbonate. (A) Number of patients with a pre-dialysis TCO2 of 19–25 mEq/L and >25 mEq/L before and af-

ter dialysate bicarbonate concentration optimization. (B) Pre-dialysis TCO2 at baseline and at 6 months after dialysate bicarbonate optimization. (C) Number of patients

with a post-dialysis TCO2 �29 mEq/L and >29 mEq/L before and after dialysate bicarbonate concentration optimization. (D) Post-dialysis TCO2 at baseline and at

6 months after dialysate bicarbonate optimization.
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significant differences in post-dialysis phosphorous between
the standard and nocturnal dialysis groups for any of the ana-
lysed periods.

After the change in dialysate bicarbonate, iPTH significantly
decreased compared with baseline values [226.09 (IQR 172–296)
pg/mL at baseline versus 181.00 (IQR 129–250) and 182.5 (IQR
125–239) pg/mL at 3 and 6 months, respectively, P< 0.05;
Figure 4C]. There were no significant differences in iPTH be-
tween standard and nocturnal dialysis groups for any of the
analysed periods (data not shown). Doses of etelcalcetide, alfa-
calcidiol and phosphate binders, as well as convective volume,
did not change significantly during the follow-up, although
there was a tendency to decrease etelcalcetide and non-calcium
phosphate binder doses (Table 3). Convective volume was sig-
nificantly higher in the nocturnal dialysis group compared with
the standard dialysis group for all the moments analysed:
36.06 6 4.64 versus 52.32 6 8.56 L (baseline), 36.41 6 4.81 versus
51.34 6 8.84 L (Month 1), 36.37 6 5.74 versus 50.87 6 3.45 L
(Month 2), 36.86 6 4.33 versus 51.76 6 7.68 L (Month 3),
36.83 6 3.96 versus 54.23 6 6.35 L (Month 4), 36.65 6 4.50 versus
47.84 6 8.91 L (Month 5) and 36.25 6 4.41 versus 51.71 6 7.71 L
(Month 6) for the standard and nocturnal dialysis groups,
respectively.

DISCUSSION

In this prospective, observational study, we evaluated the im-
pact of reducing dialysate bicarbonate concentration from 35 to

32 mEq/L on pre- and post-dialysis TCO2 (as an indirect measure
of plasma bicarbonate concentration) and found a significant
decrease versus baseline values after this dialysate adjustment.
This change had little effect on sodium, potassium and phos-
phorus–calcium control. However, it slightly reduced post-
dialysis potassium plasma concentration (without affecting
pre-dialysis values) and significantly decreased iPTH without
sustained changes in calcium and phosphorus levels.

In patients with ESKD, it is essential that renal replacement
therapy correct metabolic acidosis to avoid the adverse effects

FIGURE 3: Plasma sodium and potassium concentration variations after dialy-

sate bicarbonate change. (A) Plasma sodium concentration variation after dialy-

sate bicarbonate change. (B) Plasma potassium concentration variation after

dialysate bicarbonate change. *P<0.05 with respect to baseline.

FIGURE 4: Phosphorus–calcium metabolism changes after dialysate bicarbonate

reduction. (A) Calcium variation after dialysate bicarbonate change. Calcium is

corrected by plasma albumin. (B) Plasma phosphorus variation after dialysate

bicarbonate change. (C) iPTH variation after dialysate bicarbonate change.

*P<0.05 with respect to baseline.
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of this condition [1, 2]. However, the optimal pre- and post-
dialysis bicarbonate target is not clearly defined, and a wide
range of dialysate bicarbonate concentrations are used around
the world, usually chosen empirically [25]. Moreover, some
studies have reported an increase in mortality associated with
excessive bicarbonate correction: the Dialysis Outcomes and
Practice Patterns Study (DOPPS) showed a U-shaped curve, with
an increase in the relative risk of mortality for pre-dialysis bi-
carbonate values <17 mEq/L and >27 mEq/L, with the lowest
mortality risk in patients with a pre-dialysis bicarbonate of
18–23 mEq/L (equivalent to TCO2 between 19 and 24 mEq/L) [9].
Therefore, some studies recommend not exceeding pre- and
post-dialysis bicarbonate levels of 24 and 28 mEq/L (equivalent
to a TCO2 of 25 and 29 mEq/L, respectively), a threshold that is
usually reached or exceeded with a standard dialysate bicarbon-
ate level of 35 mEq/L. This is especially true with OL-HDF due
to the higher bicarbonate delivery achieved by this type of
dialysis modality [1, 2, 8, 10]. Other studies suggest a desirable
pre-dialysis bicarbonate concentration between 18 and
26 mEq/L [19].

In the present cohort of patients treated with OL-HDF, we
decided to choose a narrower and more accurate target as a ref-
erence, based on available evidence (19–25 and �29 mEq/L of
TCO2 for pre- and post-dialysis values, respectively) [1, 19]. After
this adjustment, the reduction in dialysate bicarbonate concen-
tration from 35 to 32 mEq/L significantly decreased pre- and
post-dialysis TCO2 to a mean value of 23.69 and 27.57 mEq/L, re-
spectively, at 6 months. This value was within the range pro-
posed as a target in the present study (i.e. between 19–25 and
�29 mEq/L for pre- and post-dialysis TCO2, respectively) [1].
More importantly, pre-dialysis TCO2 was >25 mEq/L in 90.5% of
the patients at baseline but only 20.2% of the patients after we
reduced the dialysate bicarbonate concentration by 3 mEq/L.
Post-dialysis TCO2 was >29 mEq/L in 98.8% of the patients at
baseline but only 10.7% after dialysate bicarbonate
optimization.

When we compared pre- and post-TCO2 values between the
standard and nocturnal dialysis group, there were no differen-
ces at the end of the follow-up despite a significantly higher
convective volume per session in the nocturnal dialysis group,
which is probably justified by the higher baseline TCO2 in this
group. However, it should be noted that despite starting from
higher TCO2 values, the higher convective volume allowed the
nocturnal dialysis group to reach pre- and post-TCO2

values similar to the standard dialysis group at the end of the
follow-up.

Importantly, we did not individualize the dialysate bicarbon-
ate concentration based on pre-dialysis TCO2 in each patient,
which may explain the persistence of a pre- and post-dialysis

TCO2 above the target range (i.e. 20.2 and 10.7%, respectively) in
a significant percentage of patients. In fact, baseline pre-
dialysis TCO2 values were significantly higher in patients not
achieving the target range of TCO2 after dialysate optimization
than in those who reached the target. These patients would
probably benefit from an even greater reduction in dialysate bi-
carbonate, thus highlighting the importance of dialysate indi-
vidualization. Therefore, taking into account that the mean
reduction in pre-dialysis TCO2 after the reduction of bicarbonate
concentration in the dialysate from 35 to 32 mEq/L was
3.10 mEq/L, we can estimate that the expected reduction in pre-
dialysis TCO2 is approximately 1.033 mEq/L per each 1 mEq/L de-
crease of dialysate bicarbonate.

Based on this approach, we suggest individualized adjust-
ment of bicarbonate concentration in the dialysate according to
the pre-dialysis value of TCO2 with a pre-dialysis target between
19 and 25 mEq/L (Table 4). With this individualization, we spec-
ulate that a higher percentage of patients in our cohort would
probably have reached the pre-dialysis range of TCO2 marked as
posing a lower mortality risk (i.e. 19–25 mEq/L of TCO2) [9, 19].

An important issue to consider is that the reduction in dialy-
sate bicarbonate concentration increased conductivity from 14
to 14.1 mS/cm (while dialysate sodium remained unchanged at
140 mEq/L) due to the concentrate proportioning in the dialysis
machine. As previously reported, high conductivities based on
high dialysate sodium prescriptions increase blood pressure
[26], water intake [27] and interdialysis weight gain [28].
Therefore, as presented in Table 1, to avoid increasing conduc-
tivity when we reduced dialysate bicarbonate, we decreased the
sodium concentration in the dialysate from 140 to 139 mEq/L,
achieving again a conductivity of 14.0 mS/cm. This change in
the dialysate sodium concentration was associated with a sig-
nificant decrease in the pre- and post-dialysis plasma sodium
concentration during the first 3 months, although plasma val-
ues subsequently stabilized close to baseline, with no statisti-
cally significant differences at 6 months of follow-up. This new
increase in plasma sodium values is probably secondary to the
passage of free water from the intravascular to the interstitial
space and an inverse sodium diffusive passage from the inter-
stitial to the intravascular space in favour of a concentration
gradient [29]. Maintaining these slightly lower plasma sodium
values (avoiding extremely low sodium values) reached at
6 months can be potentially beneficial, since it could improve
interdialysis weight gain and blood pressure control and avoid
the adverse effects of excessively low sodium concentrations
(as intradialysis hypotension) [30]. However, solid studies that
specifically analyse the benefits of slightly decreasing sodium
concentration due to dialysate bicarbonate adjustment on
weight and blood pressure control are needed.

Table 3. Phosphorus–calcium metabolism treatment and albumin changes during follow-up

Baseline Month 1 Month 2 Month 3 Month 4 Month 5 Month 6

Convective volume (L) 40.94 6 9.91 40.88 6 9.21 40.72 6 8.58 41.33 6 8.79 41.98 6 9.34 40.01 6 8.31 40.89 6 9.05
Albumin (g/L) 38.89 6 3.22 38.98 6 3.07 39.58 6 3.34 37.85 6 3.12* 38.79 6 3.50 38.02 6 3.49 38.37 6 3.69
Etelcalcetide (mg/day), median (IQR) 1.7 (0.7–2.8) 1.5 (0.9–2.8) 1.7 (1.1–3.2) 1.3 (0.7–3.2) 1.1 (0.7–3.0) 1.1 (0.7–2.9) 1.2 (0.7–3.5)
Alfacalcidiol (mg/week) 2.91 6 1.48 2.68 6 1.28 2.72 6 1.31 2.56 6 1.39 2.80 6 1.55 2.92 6 1.86 2.56 6 1.57
Phosphate binders

With calcium (g/day), median (IQR) 1.3 (1.1–2.1) 1.4 (0.9–2.1) 1.3 (0.9–2.0) 1.5 (0.8–2.1) 1.4 (0.8–2.1) 1.5 (0.8–2.1) 1.3 (0.8–2.1)
Without calcium (g/day), median (IQR) 4.1 (1.6–5.5) 3.3 (0.8–6.4) 2.4 (0.8–6.4) 2.4 (0.8–6.4) 2.0 (0.8–6.4) 2.0 (0.8–6.4) 2.4 (0.9–6.4)

Values are presented as mean 6 SDunless stated otherwise.

*P<0.05 with respect to baseline values.
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In addition to the impact of reducing dialysate bicarbonate
on TCO2, we secondarily analysed the consequences of this
change on potassium and phosphorus–calcium metabolism
control. In terms of potassium clearance, we found that reduc-
ing dialysate bicarbonate from 35 to 32 mEq/L significantly de-
creased post-dialysis potassium without affecting pre-dialysis
values. However, in a randomized controlled trial, Heguilén
et al. [31] demonstrated an association between a higher dialy-
sate bicarbonate concentration and a faster decrease in intra-
dialytic plasma potassium concentration. This discrepancy has
two possible explanations: first, in one of the intervention arms
in the study by Heguilén et al. [31], the difference between the
two dialysate bicarbonate concentrations was 8 mEq/L (27 ver-
sus 35 mEq/L), whereas in the present study the difference was
only 3 mEq/L (35 versus 32 mEq/L). Second, certain studies have
suggested that alkalosis induced by higher bicarbonate levels in
the dialysate may compromise the net depuration of potassium
during haemodialysis, given that the intracellular shift in potas-
sium forms a ‘potassium pool’ that cannot be cleared through
the dialysate [18, 32]. In fact, Heguilén et al. [31] reported that po-
tassium removal was greater in those patients with a lower dial-
ysate bicarbonate concentration. In addition, the potassium
concentration 1 h after the haemodialysis session was lower for
lower dialysate bicarbonate concentrations (especially 27 mEq/
L), although these differences were not statistically significant,
probably due to the small number of patients studied [31]. In
the present study, the use of OL-HDF with higher blood flow,
more time per haemodialysis session and consequently higher
dialysis dose, together with the greater amount of potassium
available for its elimination (due to lower intracellular uptake)
explains the increase in potassium removal and therefore the
decrease in post-dialysis plasma potassium concentration asso-
ciated with the reduction of dialysate bicarbonate concentra-
tion. An important issue to consider due to this reduction in
post-dialysis potassium is the potential increased risk of ven-
tricular arrhythmias and sudden death. In our cohort, no

cardiorespiratory arrest potentially associated with arrhythmic
events due to hypokalaemia was observed: although there was
a significant decrease in post-dialysis values of potassium, this
decrease was relatively small (about 0.20 mEq/L in 6 months)
and always remained >2.5 mEq/L, which is the threshold below
which hypokalaemia-associated arrhythmias occur [33]. In ad-
dition, this decrease was temporary since pre-dialysis values
have always remained within the normal range. Therefore the
authors think that the associated risk with the post-dialysis po-
tassium value decrease is unlikely to cause arrhythmias or
other potassium-related complications. Nevertheless, it should
be noted that the follow-up of the study was only 6 months, so
studies with longer follow-up that provide stronger data on the
safety of bicarbonate change in dialysate and levels of post-
dialysis potassium are needed.

In terms of phosphorus–calcium metabolism, Havlin et al.
[13] recently published a study comparing the impact of two di-
alysate bicarbonate concentrations (26 versus 32 mEq/L) on
iPTH and plasma calcium control. In that study, the decrease in
the dialysate bicarbonate concentration to 26 mEq/L signifi-
cantly reduced post-dialysis iPTH compared with the concen-
tration of 32 mEq/L, given that the greater intradialysis
alkalinization entails a decrease in ionic calcium and, as a con-
sequence, an increase in iPTH. According to these results, in the
present study we also observed a significant decrease in iPTH
levels after reducing the concentration of dialysate bicarbonate.
However, Havlin et al. [13] evaluated iPTH variation in only two
haemodialysis sessions in 10 patients but did not examine the
impact of dialysate bicarbonate variation on iPTH in the long-
term. In our study, our follow-up lasted up to 6 months after the
dialysate adjustment and our sample of patients was larger
than that in the study by Havlin et al. [13]. Moreover, we ob-
served a tendency to decrease etelcalcetide doses, which proba-
bly is secondary to the iPTH decrease after the dialysate
bicarbonate concentration change.

In our study, both pre- and post-dialysis calcium concentra-
tions slightly decreased, although these changes were not statis-
tically significant at the end of the follow-up. This maintenance
of calcium concentrations can be explained by the increment in
dialysate calcium, which is invariably associated with the de-
crease in dialysate bicarbonate due to the need to maintain the
acid/base proportionality during dialysis (Table 1) and also due
to the decrease we found in iPTH levels. In the case of phospho-
rus, the change in dialysate bicarbonate caused no significant
variations that persisted throughout the follow-up, despite a
tendency to decrease in the dose of non-calcium phosphorus
binders.

Finally, when we analysed differences in sodium, potassium,
calcium, phosphorus and iPTH between the standard and noc-
turnal dialysis groups, we found no statistically significant dif-
ferences except for the pre-dialysis phosphorus, which was
significantly lower in the nocturnal dialysis group both at base-
line and during the study. This fact is expected due to the higher
dialysis dose that these patients receive and that is already
reflected in the baseline phosphorus values.

In conclusion, optimization of the dialysate bicarbonate con-
centration from 35 to 32 mEq/L significantly and safely reduced
pre- and post-dialysis TCO2 in patients treated with OL-HDF,
improving control of the acid–base balance and secondary hy-
perparathyroidism, but avoiding overcorrection of acidosis and
without negatively affecting control of potassium and phospho-
rus–calcium. More importantly, individualization of bicarbonate
prescription is a key factor in the adequate control of acidosis in
patients with ESKD on dialysis. Therefore, as an illustrative

Table 4. Suggested dialysate bicarbonate concentration according to
pre-dialysis TCO2

Pre-dialysis
TCO2 (mEq/L)a

Suggested dialysate
bicarbonate

concentration
(mEq/L)b

Expected
pre-dialysis TCO2

after the adjustment
(mEq/L)a

20 39 24.12
21 38 24.09
22 37 24.06
23 36 24.03
24 35 24.00
25 34 23.96
26 33 23.93
27c 32c 23.90c

28 31 23.86
29 30 23.83
30 29 23.80

aBicarbonate (mEq/L) ¼TCO2 (mEq/L) – 1.
bSuggested bicarbonate concentration reduction is made based on a desirable

pre-dialysis TCO2 between 19 and 25 mEq/L (arbitrary target �24 mEq/L) and

supposing that pre-dialysis TCO2 (before the dialysate optimization) has been

obtained with a dialysate bicarbonate concentration of 35 mEq/L.
cValues obtained from the present study. The other measures are extrapolated

from the equation TCO2ad¼1.03 � (dyHCO3 – 35) þTCO2ba, where TCO2ad is

TCO2 after adjustment, dyHCO3 is target dialysate bicarbonate and TCO2ba is

TCO2 before adjustment.
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guideline, we recommend an individualized dialysate bicarbon-
ate concentration based on pre-dialysis TCO2 in patients treated
with OL-HDF. Nevertheless, more studies are needed to confirm
the validity of these recommendations and evaluate the long-
term impact of dialysate bicarbonate concentration adjustment.
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