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Abstract
Introduction
Many dialysis centres prescribe a uniform dialysate sodium (DialNa) concentration, but as there is no consensus on the choice of a universal DialNa, we wished to determine dialysate sodium balance comparing DialNa of 140 and < 140 mEq/L.

Methods
Waste dialysate was continuously collected during sessions and thoroughly mixed, and sodium was measured in both the waste and fresh dialysate. Sodium removal was calculated as the difference in concentrations, dialysate flow rate, session time and ultrafiltration.

Results
Dialysate sodium balance was measured during 139 dialysis treatments (34 DialNa 140 versus 105 DialNa < 140, median 136 mEq/L), in 111 patients, 63% male, mean age 64.0 ± 16.2 years and 33.3% diabetic. There was no difference using the higher DialNa [net loss median 482 (238–573) versus 312 (124–599) mEq], ultrafiltration losses [226 (131–280) versus 204 (125–290)mEq] and non-ultrafiltration losses [217 (0–384) versus 173 (−90 to 350)mEq]. We also compared haemodiafiltration and haemodialysis (118 versus 23 sessions), and there were no differences in net loss [311 (91–608) versus 381 (167–597)], ultrafiltration [212 (127–290) versus 169 (110–258)mEq] and non-ultrafiltration losses [180 (−51 to 386) versus 192 (−74 to 387)mEq].

Conclusions
Although most dialysis centres prescribe a universal dialysate sodium concentration, there is no consensus on the optimum universal concentration. We found no difference in net dialysate sodium balance when comparing patients dialysing with a dialysate sodium concentration of 140 or < 140 mEq/L. Similarly, we found no differences in dialysate sodium balance between haemodiafiltration and haemodialysis sessions.
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Introduction
The original haemodialysis machines did not have ultrafiltration control, and so fluid and sodium removal during dialysis was achieved by an osmotic gradient generated by a high glucose and low sodium (126.5–130 mEq/L) dialysate [1]. Following improvements in both dialyser and dialysis machine technology [2], dialysate sodium concentrations increased by consensus to 140 mEq/L [3].
For most haemodialysis patients, sodium balance depends upon dietary sodium intake and sodium removal during dialysis sessions, so ideally, the choice of dialysate sodium would be individualised [4]. However, in clinical practice, most dialysis centres choose a standard dialysate sodium concentration for the majority of their patients [5]. Although choosing a higher dialysate sodium concentration may reduce the risk of intra-dialytic hypotensive episodes, it could potentially result in a positive sodium balance, with consequent increase in inter-dialytic weight gain, blood pressure, left ventricular hypertrophy, ultrafiltration requirements and possible emergency admission with cardiac failure [6]. Whereas, conversely choosing a lower dialysate sodium concentration has been reported to lead to reduced inter-dialytic weight gains and lower blood pressure in interventional studies but increased risk of intra-dialytic hypotension [7, 8] and excess mortality in observational studies [9]. Due to the controversy of what would be the optimum uniform dialysate sodium concentration for most patients, a meta-analysis of 23 studies (76,635 subjects) reported that there was no definite evidence that choosing a uniform high or low dialysate sodium concentration had any major hard or surrogate endpoints for dialysis patients [10]. To resolve this conundrum, an international trial has been undertaken, comparing patient outcomes randomised to dialysing with a dialysate sodium of 137 or 140 mEq/L [9], and we decided to review dialysate sodium removal in patients dialysing with a sodium of 140 mEq/L or lower.

Methods
We measured the dialysis session sodium balance during a single treatment session in adult dialysis patients attending for routine out-patient treatments, who had been established on dialysis with a stable dialysate prescription for more than 3 months between February and May 2022. Patients who had recent hospital admissions were excluded, as were patients who could not complete food questionnaires or provide valid written informed consent. The dialysis session details were obtained from the TeamOn electronic software (Fresenius MC, Bad Homburg, Germany), which measured the dialysis session time to the nearest minute. All patients dialysed with Fresenius 5008H dialysis machines and a polysulfone dialyser (Fresenius MC, Bad Homburg, Germany), using ultrapure quality dialysis water. Dialysate conductivity was regularly calibrated and delivered dialysate sodium checked by indirect ion electrode (Roche Cobas, analyser, Basle, Switzerland), having previously been tested by flame photometry and ion electrophoresis [12, 13]. Ultrapure dialysate was used for dialysis machine rinsing and washback, with patients straight connected to the dialysis machine and then 300 mL washback regulated by the TeamOne software. Patients were allowed a 180 mL drink during the dialysis session and were provided with one sandwich, which they were advised to eat after the session [14]. The ultrafiltration volume was set 500 mL above the desired with loss to allow for straight connection, washback and food and drink consumed during the session. We attached a drain connector in the form of T piece tubing to the waste dialysate drain and continuously collected waste dialysate throughout the dialysis session into a pre-washed plastic container. At the end of the dialysis session, the waste dialysate was thoroughly mixed and sodium concentration measured in both the waste and fresh dialysate [15]. The net sodium removal during the dialysis session was calculated as the difference in concentrations and the dialysate flow rate, session time and ultrafiltration. We divided sodium balance into that obtained from ultrafiltration and the remainder as non-ultrafiltration losses. Dialysis session urea clearance (Kt/Vurea) was determined, and dietary protein intake was estimated by calculating normalised nitrogen appearance rate (nPNA), using standard equations [16]. To estimate dietary sodium intake, all patients completed the scored salt questionnaire (SSQ) which has been adapted for UK diet and has been validated in patients with chronic kidney disease [17]. Patient demographics and routine laboratory investigations were obtained from hospital computerised records.
The dialysis centre joined the international RESOLVE study and dialysis sodium balance was remeasured between May and July 2023 using a dialysate sodium of 140 mEq/L [11].
Statistical methods
Data are presented as mean ± standard deviation, median (interquartile range) or percentage. Standard statistical tests were used to analyse data, including the D’Agostino and Pearson normality test, t-test, paired t-test, Mann Whitney U test, Wilcoxon rank sum pair test and chi square test (χ2), with appropriate post hoc adjustment for small numbers and multiple testing. Univariate correlations were determined using Spearman rank coefficient. All analyses were performed using GraphPad Prism v 10.2 (Graphpad software, San Diego, CA) and SPSS version 28 (IBM, Armonk, NY). A two-tailed p value < 0.05 was considered statistically significant.

Ethics approval and consent to participate
This study was conducted under the approval of the UK National Research Ethics Service (approval number 21/NI/0059) and in the spirit of the ‘Declaration of Helsinki’. All patients provided written informed consent. The analysis and reporting were conducted in compliance with UK National Health Service (NHS) guidelines for reporting medical studies.


Results
We measured the single session dialysis sodium balance during 139 dialysis treatments, in 111 patients, 63% male, mean age 64.0 ± 16.2 years, 33.3% diabetic and dialysis vintage 34 (22–62) months. Initially, 105 patients dialysed with a dialysate sodium of < 140 mEq/L and one with a dialysate sodium of 140 mEq/L. Following the introduction of the RESOLVE study [11], dialysis sodium balance was rechecked in a further 33 patients, including 23 patients who had a previous dialysis session balance measured when dialysing with a dialysate sodium of < 140 mEq/L.
We initially compared dialysis sessions when patients dialysed with a dialysate sodium concentration of < 140 or 140 mEq/L. Apart from slightly more males dialysing with a lower dialysate sodium concentration, patient demographics and sessional dialysis treatments were similar (Table 1). As expected, the total amount of dialysate sodium delivered with a dialysate sodium concentration of 140 mEq/L was greater and so was the amount of dialysate sodium recovered in the effluent dialysate. Although the total amount of sodium removed was greater with the higher dialysate concentration, this was not significantly different, and there was no difference in ultrafiltration or non-ultrafiltration sodium loss whether the dialysate sodium was < 140 or 140 mEq/L. However, comparing serum sodium measurements, then the serum sodium was lower both pre- and post-dialysis in those dialysing with a lower dialysate sodium concentration (Table 2). Dietary sodium intake was assessed using SSQ scores. The mean SSQ score was 51.9 ± 18.7. There was no difference in the estimated dietary sodium intake between those patients dialysing with a sodium concentration < 140 compared with those dialysing with a dialysate of 140 mEq/L (51.7 ± 18 versus 51.3 ± 17.7).Table 1Comparison of dialysis sessions with a dialysate sodium (Na) concentration of < 140 and 140 mEq/L, respectively


	Variable
	Dialysate Na < 140
	Dialysate Na 140

	Number of patients
	105
	34

	Number of sessions
	105
	34

	Dialysate Na mEq/L
	136 (136–138)
	140 (140–140)

	Male (%)
	71 (67.6)
	15 (44.1)*

	Age (years)
	65.5 ± 16.2
	67.9 ± 16.0

	Diabetic (%)
	34 (32.4)
	8 (23.5)

	White ethnicity (%)
	35 (33.3)
	8 (23.5)

	Vintage (months)
	34 (23–60)
	34 (19–96)

	Pre-dialysis weight (kg)
	69.6 ± 16.7
	74.8 ± 16.9

	Weight loss (kg)
	1.2 (0.8–1.9)
	1.5 (0.9–2.1)

	Percent weight loss
	1.97 (1.27–2.77)
	2.05 (1.34–2.91)

	Session time (min)
	213 (186–241)
	210 (184–231)

	Kt/Vurea
	1.59 ± 0.09
	1.61 ± 0.08

	nPNA (g/kg/day)
	1.36 ± 0.54
	1.35 ± 0.45

	Haemodiafiltration (%)
	89 (84.8)
	29 (85.3)

	Convection volume (L)
	16.0 (12.1–19.5)
	16.3 (12.0–20.8)

	Temperature (°C)
	35 (35–35)
	35 (35–35.5)

	Pre-dialysis MAP (mmHg)
	100.9 ± 20.3
	101.3 ± 17.8

	Post-dialysis MAP (mmHg)
	90.6 ± 14.6
	92.7 ± 17.6

	Haemoglobin (g/L)
	108 (99–117)
	116 (109–117)

	Albumin (g/L)
	38.7 ± 5.1
	36.9 ± 2.7

	C reactive protein (g/L)
	7 (2–12)
	5 (3–7)

	NTproBNP (pmol/L)
	5352 (2183–18,104)
	5694 (1811–18,966)


Kt/Vurea, sessional urea clearance; nPNA, normalised dietary protein intake; MAP, mean arterial pressure; NTproBNP, N-terminal brain natriuretic protein. Data are expressed as integer, mean (standard deviation), median (interquartile range) or percentage. *p < 0.05, **p < 0.01, ***p < 0.001 versus < 140 mEq/L


Table 2Comparison of serum and dialysate sodium with dialysis sessions using a dialysate sodium (Na) concentration of < 140 and 140 mEq/L, respectively


	Variable
	Dialysate Na < 140
	Dialysate Na 140

	Dialysate Na (mEq/L)
	136 (136–138)***
	140 (140–140)

	Pre-dialysis Na (mEq/L)
	138 ± 3
	140 ± 4***

	Post-dialysis Na (mEq/L)
	137 ± 2
	140 ± 2**

	Pre-Post Se Na (mEq/L)
	1 (−1 to +3)
	0 (−3 to +2)

	PreSe Na-Dial Na (mEq/L)
	1 (−1 to +3)
	0 (−2 to +2)

	Dialysate Na delivered (mEq)
	14,291 (12,510–15417)
	14,750 (13,000–16710)*

	Dialysis Na loss (mEq)
	356 (219–420)
	482 (238–573)

	Ultrafiltration Na loss (mEq)
	301 (210–373)
	266 (215–345)

	Non ultrafiltration Na loss (mEq)
	56 (−49 to 146)
	136 (−50 to 259)


Se Na, serum sodium; Dial Na, dialysate sodium. Ultrafiltration sodium losses adjusted for dialysis machine priming and washback. Data are expressed as integer, mean (standard deviation), median (interquartile range) or percentage. *p < 0.05, **p < 0.01, ***p < 0.001 versus < 140 mEq/L



There was no univariate correlation between the sodium gradient (serum sodium–dialysate sodium concentration) and total sodium content of the waste dialysate (p = 0.48), sodium removed (r = 0.15, p = 0.09) or with either the ultrafiltration dialysate sodium loss (p = 0.65) or non-ultrafiltrtaion sodium loss (p = 0.11).
Twenty-three patients had dialysis session measurements with both a dialysate sodium concentration of 140 mEq/L and a lower concentration: 56.5% male, 17.4% diabetic and 87% receiving haemodiafiltration with a dialysis vintage of 48 (22–75) months. The total dialysate sodium delivered was greater with the higher dialysate sodium, as were the pre- and post-dialysis session serum sodium, and although the total amount of sodium in the waste dialysate was not statistically greater, non-convective sodium losses were higher (Table 3).Table 3Comparison of changes in serum and dialysate sodium in patients who both dialysed with a dialysate sodium (Na) concentration of < 140 and 140 mEq/L, respectively


	Variable
	Dialysate Na < 140
	Dialysate Na 140

	Dialysate Na (mEq/L)
	136 (136–138)
	140 (140–140)

	Pre-dialysis Na (mEq/L)
	137 (136–139.5)
	139.5 (137–143)*

	Post-dialysis Na (mEq/L)
	136 (135–138)
	140 (139–141)***

	Pre-Post Se Na (mEq/L)
	1 (−1 to +3)
	− 1 (−3 to +2)

	PreSe Na-Dial Na (mEq/L)
	1 (−1 to +4)
	− 0.5 (−3 to +3)

	Dialysate Na in (mEq)
	14,280 (12,420–16080)
	14,700 (13,020–16590)*

	Dialysate Na out (mEq)
	14,490 (12,659–15,532)
	15,292 (13,277–1717)**

	Dialysate Na loss (mEq)
	312 (124–599)
	482 (238–573)

	Convective Na loss (mEq)
	204 (125–290)
	226 (131–280)

	Non-convective Na loss (mEq)
	173 (− 90 350)
	217 (0–384)

	Sessional (Kt/V)
	1.6 ± 0.09
	1.62 ± 0.07

	Session time (min)
	210 (181–239)
	215 (186–237)

	Convection volume (L)
	17.0 (12.5–21.7)
	17.5 (14.2–21.7)

	nPNA (g/kg/day)
	1.33 (0.95–1.7)
	1.3 (1.1–1.65)

	Pre dialysis weight (kg)
	70.3 ± 11.6
	70.7 ± 13.3

	Percent peri-dialytic (weight)
	2.25 (1.42–2.88)
	2.2 (1.78–3.22)

	Pre-dialysis MAP (mmHg)
	99.1 ± 13.8
	99.1 ± 19.2

	Post-dialysis MAP (mmHg)
	99.1 ± 13.8
	97.9 ± 17.0


Se Na, serum sodium; Dial Na, dialysate sodium; Kt/Vurea, sessional urea clearance; nPNA, normalised dietary protein intake; MAP, mean arterial pressure. Data are expressed as integer, mean (standard deviation), median (interquartile range) or percentage. *p < 0.05, **p < 0.01, ***p < 0.001 versus < 140 mEq/L



We then compared haemodiafiltration and haemodialysis sessions to determine whether there was a difference between modalities (Table 4). Apart from dialysis vintage there were no significant differences, and although dialysate sodium removal appeared to be greater with haemodiafiltration, this did not reach statistical significance (p = 0.052).Table 4Comparison of sodium balance with haemodiafiltration and haemodialysis sessions


	Variable
	Haemodialysis
	Haemodiafiltration

	Number of sessions
	21
	118

	Dialysate Na (mEq/L)
	138 (136–138)
	138 (136–139)

	Male (%)
	12 (57.1)
	74 (62.7)

	Age (years)
	69.5 ± 16.5
	63.7 ± 16.1

	Diabetic (%)
	5 (23.8)
	37 (31.4)

	Dialysis vintage (mo.)
	62 (39–94)
	31 (20–60)**

	Dialysate Na in (mEq/L)
	14,432 (12,420–14169)
	14,280 (12,555–15,750)

	Total dialysate Na loss (mEq)
	311 (91–608)
	381 (167–597)

	Convective Na loss (mEq)
	109 (100–255)
	212 (127–290)

	Non-convective Na loss (mEq)
	192 (−74 to 387)
	180 (−51 to 386)

	Session time (min)
	213 (186–241)
	210 (184–225)

	Kt/Vurea
	1.59 ± 0.09
	1.61 ± 0.08

	nPNA (g/kg/day)
	1.50 ± 0.51
	1.33 ± 0.52

	Temperature oC
	35 (35–35)
	35 (35–35,5)

	Pre-dialysis weight (kg)
	69.5 ± 16.3
	74.8 ± 16.9

	Percent sessional weight loss
	1.97 (1.27–2.77)
	2.05 (1.3–2.9)

	Pre-dialysis MAP (mmHg)
	100.9 ± 20.3
	101.3 ± 17.3

	Post-dialysis MAP (mmHg)
	90.6 ± 14.6
	96.8 ± 17.2

	Pre-dialysis Na (mEq/L)
	138 (138–140)
	138 (136–140)

	Post-dialysis Na (mEq/L)
	138 (138–139)
	138 (136–139)

	Pre–post Na (mEq/L)
	0 (−1 to +1)
	1 (−1 to +2)

	Pre Se Na-Dial Na (Eq/L)
	0 (−1 to +2)
	1 (−1 to +3)


Kt/Vurea, sessional urea clearance; nPNA, normalised dietary protein intake; MAP, mean arterial pressure; NTproBNP, N terminal brain natriuretic protein. Data are expressed as integer, mean (standard deviation), median (interquartile range) or percentage. **p < 0.01 versus < 140 mEq/L




Discussion
Most dialysis patients are advised to reduce their daily dietary sodium intake to prevent excessive thirst and increased inter-dialytic weight gains and so limit the amount of sodium required to be removed during thrice weekly dialysis sessions. Apart from dialysis, sodium is lost in urine, sweat, faeces and breath, but once anuric, these other potential sources of sodium loss are generally minor compared with dialysis, unless patients are strenuously exercising or working in very hot climates. As most sodium is removed by ultrafiltration during dialysis, less importance has been placed on diffusional losses and the use of lower sodium dialysates [3]. Due to concerns in our own centre about the possibility of diffusional sodium gains in patients randomised to a dialysate sodium higher than their serum sodium concentration [10], we measured sodium in the waste dialysate in patients dialysing with a dialysate sodium of < 140 and 140 mmol/L. As expected, the total amount of sodium delivered in the fresh dialysate was greater, as was that recovered in the waste dialysate. However, there was no difference in the ultrafiltration loss or non-ultrafiltration sodium losses, whether the dialysate sodium was 140 mEq/L or lower. Although there was slightly more relative ultrafiltration loss with the higher dialysate sodium, there was no correlation between the serum to dialysate gradient and either total waste dialysate sodium loss or non-ultrafiltration sodium loss. This may reflect that most patients were treated with post-dilutional haemodiafiltration, with dialysate being directly returned into the patient. We only measured dialysate sodium losses during a single session, but our results suggesting no difference in sodium losses support the results from a cross-over study switching patients to a lower dialysate sodium, which did not demonstrate any difference in inter-dialytic weight gains or blood pressures [8, 18]. Similarly, we found no difference in estimated dietary sodium intake using sodium frequency questionnaires between those dialysing with a sodium of less than 140 and those using a dialysate sodium of 140 mEq/L. We did note that patients established on lower dialysate sodium concentrations had lower pre- and post-dialysis sodium concentrations, suggesting a difference in sodium set point [19], and a cross-over study also reported a mean 2 mEq/L difference in post-dialysis serum sodium after 3 months using a lower dialysate sodium [20].
We then studied 23 patients who had dialysis sessions using a dialysate sodium of < 140 and a single session with 140 mEq/L. In this setting, pre-dialysis serum sodium concentrations did not differ, and although the total amount of sodium removed in the waste dialysate was not statistically greater with 140 mEq/L dialysate, non-ultrafiltration sodium losses appeared higher. Although using a higher sodium dialysate would suggest a lower or negative serum to dialysate sodium gradient, we found no differences. However, the potential gradient for diffusion was reduced as the post-dialysis serum sodium approached that of dialysate sodium concentration. Second, this was a single dialysis session with 140 mEq/L dialysate, and patients had not re-adjusted to a newer sodium set point by resetting pre-dialysis serum sodium.
There has been a debate as to whether sodium flux differs between convective and diffusive dialysis treatments, with reports of both a lower flux and similar sodium flux reported with convective treatments [21, 22]. This led to some researchers suggesting that the reduction in intradialytic hypotension they observed with convective therapies could have been due to lower sodium fluxes compared to haemodialysis [23]. However, we found no significant difference in total sodium losses with haemodiafiltration compared with haemodialysis and no differences in pre- and post-dialysis session blood pressures or serum sodium supporting the results of a multi-centre clinical trial [24].
Every study has several limitations. Sodium balance depends upon both intake and losses. We measured the net sodium removed with dialysis treatments and assessed dietary sodium intake by using the scored salt questionnaire (SSQ). The great majority of our patients were following a sodium restricted diet with 81% having SSQ scores of < 65, the standard cut-off point for assessing dietary sodium using our SSQ [24]. However, food intake may differ between dialysis and non-dialysis days, and both dietary diaries and SSQs also have limitations [25]. Compared with many other studies, the sessional weight loss was much lower, which may reflect lower dietary sodium intake, so we report lower convective sodium losses compared to others. However, non-ultrafiltration losses then become more important, and so if there was a difference in dialysate sodium balance with different dialysate concentrations, our study would have been more likely to demonstrate any such difference compared with others reporting higher amounts of ultrafiltration. All our dialysis treatments used cooled dialysate, and cold temperatures will reduce the rate of diffusion in in vitro, but whether a small drop in temperature has a clinically significant effect would appear to be less likely [26].
In clinical practice, patients with poor cardiac function, frail elderly patients with reduced dietary sodium intake and those with enteral sodium losses may be dialysed using a higher dialysate sodium compared with younger healthier patients [4, 27], which could introduce confounding when measuring dialysis sodium balance during a single session. However, in this study the change in dialysate sodium was made at a dialysis centre level due to centres entering a study comparing different dialysate sodium concentrations [11]. Although increasing the dialysate sodium has been reported to increase intra-dialytic weight gains, observational studies have suggested that increasing the dialysate sodium by 1 mEq/L was only associated with a marginal increase in intra-dialytic weight gains [28]. We only measured dialysis sodium balance during a single dialysis session and as such cannot comment on patient outcomes. A recent large multinational observational study reported increased mortality for patients dialysing with lower dialysate sodium concentrations [9], and another from Japan also reported increased mortality for patients with a lower pre-dialysis calculated serum osmolality, using twice the serum sodium concentration [29].
Ideally, the dialysate sodium concentration should be individualised depending upon the amount of sodium in body tissues, dietary intake and sodium losses, including those with physical exercise. However, in clinical practice most dialysis centres have a preferred universal dialysate sodium concentration for the majority of patients. Measuring dialysis sodium balance during a single session, we did not demonstrate a reduction in net dialysate sodium removal by using a higher dialysate sodium concentration of 140 mEq/L compared with lower dialysate sodium concentrations. Patients dialysing with a lower dialysate sodium had lower pre-dialysis serum sodium concentrations, suggesting that over time, the dialysate sodium does affect the sodium set point or osmostat for patients. In addition, we did not find a difference in dialysate sodium balance between high-flux haemodialysis and haemodiafiltration.
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