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Abstract

Restoration and maintenance of sodium are still a matter of concern and remains of
critical importance to improve the outcomes in homeostasis of stage 5 chronic kidney
disease patients on dialysis. Sodium mass balance and fluid volume control rely on
the “dry weight” probing approach consisting mainly of adjusting the ultrafiltration
volume and diet restrictions to patient needs. An additional component of sodium
and fluid management relies on adjusting the dialysate-plasma sodium concentration
gradient. Hypotonicity of ultrafiltrate in online hemodiafiltration (ol-HDF) might
represent an additional risk factor in regard to sodium mass balance. A continu-
ous blood-side approach for quantifying sodium mass balance in hemodialysis and
ol-HDF using an online ionic dialysance sensor device (“Flux” method) embedded
on hemodialysis machine was explored and compared to conventional cross-sectional
“Inventory” methods using anthropometric measurement (Watson), multifrequency
bioimpedance analysis (MF-BIA), or online clearance monitoring (OCM) to assess
the total body water. An additional dialysate-side approach, consisting of the estima-
tion of inlet/outlet sodium mass balance in the dialysate circuit was also performed.
Ten stable hemodialysis patients were included in an “ABAB”-designed study com-
paring high-flux hemodialysis (hf-HD) and ol-HDF. Results are expressed using a
patient-centered sign convention as follows: accumulation into the patient leads to
a positive balance while recovery in the external environment (dialysate, machine)
leads to a negative balance. In the blood-side approach, a slight difference in sodium
mass transfer was observed between models with hf-HD (—222.6 [—585.1-61.3],
—256.4 [-607.8-43.7], —258.9 [-609.8-41.3], and —258.5 [-607.8-43.5] mmol/ses-
sion with Flux and Inventory models using Visons YMr-gra- a0d Voey values for the
volumes of total body water, respectively; global P value < .0001) and ol-HDF mo-
dalities (—235.3 [-707.4-128.3], —264.9 [-595.5-50.8], —267.4 [-598.1-44.1], and
—266.0 [-595.6-55.6] mmol/session with Flux and Inventory models using Vyy,ons
Vumegia> and Voey values for the volumes of total body water, respectively; global
P value < .0001). Cumulative net ionic mass balance on a weekly basis remained
virtually similar in hf-HD and ol-HDF using Flux method (P = n.s.). Finally, the
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1 | INTRODUCTION
Sodium mass balance and sodium homeostasis restoration
are of critical importance in stage 5 chronic kidney disease
patients on maintenance dialysis (CKD-5D) to improve the
cardiovascular and global outcomes in this high-risk popula-
tion." Restoring sodium and fluid homeostasis in CKD-5D
patients while preventing hypertension and chronic fluid
overload is a permanent quest for almost 50 years to prevent
morbidity (ie, hospitalization) and to reduce the occurrence
of cardiovascular events.*

Sodium mass balance and fluid volume control in
CKD-5D patients rely on the “dry weight” probing approach
that consists in correcting extracellular fluid excess mainly
by means of ultrafiltration (ie, weight loss) and in reducing
interdialytic fluid volume intake (ie, weight gain) by sodium
and fluid dietary restriction.> Fluid volume control is easier
achieved in patients keeping residual kidney function and/
or those following dietary recommendations. Weight loss is
currently used as a surrogate of extracellular fluid volume
and sodium mass removal (ie, 9 g of NaCl per liter of ultrafil-
trate). However, this basic clinical approach is not sufficient
if not considering sodium mass transfer resulting from the
dialysate-plasma sodium concentration gradient which may
affect positively or negatively the net sodium mass transfer.”®
Considering these pitfalls and their long-term-associated
risks, a more precise and reliable method to quantify sodium
mass balance using ionic mass balance and sodium gradient
as a proxy would be highly appealing in this difficult clinical
setting.g'1 !

Online hemodiafiltration (ol-HDF) may represent an ad-
ditional risk factor in regard to sodium mass balance as re-
cently pointed out in a controversial issue.'>'® Sodium mass
imbalance in ol-HDF may result from the combination of
Donnan effect and protein concentration polarization effect
onto the filter membrane resulting in a reduction of the effec-
tive sodium sieving coefficient by about 3%-5%."*!> In brief,

comparative quantification of sodium mass balance using blood-side (Ionic Flux) and
dialysate-side approaches reported clinically acceptable (a) agreement (with limits of
agreement with 95% confidence intervals (CI): —166.2 to 207.2) and (b) correlation
(Spearman's rho = 0.806; P < .0001). We validated a new method to quantify so-
dium mass balance based on ionic mass balance in dialysis patients using embedded
ionic dialysance sensor combined with dialysate/plasma sodium concentrations. This
method is accurate enough to support caregivers in managing sodium mass balance
in dialysis patients. It offers a bridging solution to automated sodium proprietary
balancing module of hemodialysis machine in the future.

dialysis, cardiovascular outcome, fluid management, sodium homeostasis, sodium modeling,

sodium concentration in the ultrafiltrate is lower than in the
substitution fluid leading to a relatively positive instanta-
neous sodium flux imbalance if one adopts a patient-centered
approach. This phenomenon obviously amplified with larger
exchange volumes might alter over time the net sodium mass
balance of dialysis patients. Interestingly, two recent studies
have addressed this concern specifically associated with on-
line HDF: the first study has explored this question by quan-
tifying and comparing the sodium mass removal in high-flux
HD and online HDF using a basic Inventory method16; the
second study has explored its clinical consequences by as-
sessing fluid volume and hemodynamic status of HD- and
HDF-treated patients in a large retrospective cohort study.17
In brief, both studies were reassuring since they did not
find any significant differences in fluid volume status and
sodium mass balance among the two dialysis modalities.
Unfortunately, these studies did not provide a precise or di-
rect sodium mass balance assessment.

The aim of this study was to explore further this import-
ant concern in order to improve dialysis patient care and to
reduce potential risks associated with sodium imbalance in
online HDF. The study had three aims: first to develop a more
precise approach for quantifying sodium mass balance in hf-
HD and ol-HDF derived from ionic mass balance using the
ionic dialysance sensor device and sodium gradient (Flux
method) embedded on the hemodialysis machine; second to
compare its findings to Inventory methods; third to compare
sodium mass balance achieved in high-flux hemodialysis (hf-
HD) and high-volume online hemodiafiltration (ol-HDF).

2 | MATERIALS AND METHODS

2.1 | Study design

This study consisted of four phases (A-B-A-B design) lasting
one month each which alternated use of high-volume online



HDF and high-flux HD. The study adhered to the World
Medical Association Declaration of Helsinki by insuring best
clinical practice and patient safety and was approved by our
local review board committee. After informed consent was
obtained, 10 stable CKD-5D patients were included in the
study and 120 dialysis sessions (60 hf-HD and 60 ol-HDF)
were analyzed. Blood samples were collected in agreement
with the biological collection declared at the Health French
ministry under the following number DC-2008-417.

All patients received high volume online HDF at base-
line based on three weekly dialysis sessions lasting 3-4 hours.
Prescription parameters were kept constant and fitting patient
needs and/or tolerance over the study period. Treatment time,
blood and dialysate flow, ultrafiltration rate, and use of high-
flux dialyzer and anticoagulation were kept similar over the
4 months. Electrolyte prescription including dialysate so-
dium, potassium, calcium, magnesium, and buffer was kept
constant and responding to patient needs. Dry weight, fluid
volume, and hemodynamic management were not modified
and left to the discretion of the referring physician. Over this
4-month follow-up period, the same hemodialysis machine
was used (Fresenius 5008S HDF, Fresenius Medical Care,
Bad Homburg, Germany) and the only change that occurred
was linked to the dialysis modality choice, as such HDF op-
tion was activated or not on the dialysis machine. Ultrapurity
of dialysis fluid was the same in the different study phases.

The study was performed over the first week of the month
through the three sessions of the week based on regular monthly
treatment adequacy assessment protocol. Monthly dialysis ade-
quacy check-up consisted of withdrawing pre-dialysis and post-
dialysis blood samples during the mid-week dialysis session for
lab test analyses and patient clinical assessment. Clinical as-
sessment consisted mainly of blood pressure and hemodynamic
assessments, but also fluid status assessment relying on a mul-
tifrequency bioimpedance analysis. In addition to blood sam-
pling and laboratory tests, information relating to hemodialysis
machines and patient electronic medical record was captured.
Dialysis machines provided (a) standard information related to
performances including blood, dialysate, substitution, and ul-
trafiltration flow and (b) additional measured parameters such
as cumulative ionic dialysance, dialysate conductivity, plasma
sodium estimate, total substitution, and ultrafiltration volume.

2.2 | Patient characteristics
Ten stable stage 5 chronic kidney disease patients (CKD-5D)
on maintenance dialysis were enrolled in this study. There
were nine males and one female with a median age of
76.3 years [57.6-84.4]. Four of them had diabetes mellitus
and nine had significant comorbid conditions.

All patients received renal replacement therapy on a three
per week basis schedule with sessions lasting 3-4 hours for

at least 6 months. They were clinically stable at the time of
enrollment. Online HDF was standard of care at baseline.

2.3 | Dialysis prescription

Treatment time, blood flow, dialysate flow, electrolyte pre-
scription, dry weight and ultrafiltration volume, substitution
volume, and anticoagulation were adjusted to patient needs
and treatment tolerance. All patients were treated with a high-
flux hemodialyzer and ultrapure dialysis fluid on a Fresenius
5008S hemodialysis machine (Fresenius Medical Care).

All patients were treated in center dialysis facility under
the supervision of their usual medical staff and caregivers.
Clinical monitoring was performed under local practice rules
that consisted of a medical visit at each dialysis session and
a monthly clinical, biological, and dialysis performance
checkup that included a body composition monitoring by
multifrequency bioimpedance (MF-BIA) measurement using
the Body Composition Monitor (BCM) apparatus (Fresenius
Medical Care). Information captured by dialysis machine,
caregivers, blood lab tests, and MF-BIA was collected on a
permanent basis and stored in the patient's electronic medical
record.

2.4 | Laboratory parameters

Blood samples were collected as part of regular CKD-5D pa-
tient follow-up during the mid-week session before and after
dialysis from the arterial line.

Routine laboratory analyses included plasma urea, creati-
nine, Na™, and serum albumin.

Plasma urea and creatinine were measured by isotope dilu-
tion mass spectrometry (ID-MS) traceable enzymatic method
(Cobas 8000, Roche Diagnostics, Meylan, France). Serum al-
bumin was determined by immunoturbidimetry (Cobas 8000,
Roche Diagnostics).

Plasma Na* concentration was determined using indirect
potentiometry (Cobas 8000, Roche Diagnostics with an ana-
lytical coefficient of variation of 0.74%). Dialysate Na* con-
centration was measured using direct potentiometry (Omni S,
Roche Diagnostics; with an analytical coefficient of variation
of 0.93%).

Plasma and dialysate Na®™ concentrations were also
estimated using conductivity measurements by dialysis
machine. Only estimated values of Na* were taken into ac-
count in calculations. Of note, the ionic dialysance sensor
device relies on a proprietary algorithm that accounts for
the Donnan effect and protein void volume as previously
validated both in plasma and dialysate.lg"22 Concordance
with laboratory measurements has been controlled in the
first part of this study.



2.5 | Calculations

2.5.1 | Dialysis dose delivered for urea

Dialysis dose delivered for urea was calculated using single
pool (Kt/V)Sp23 and equilibrated (Kt/V)eq24 according to fol-
lowing Daugirdas formulas:

(Kt/v)sp =-Ln (Cureafpost/cureafpre) —0.008x la
+ ( (4 —3.5x Cureaﬁposl/cureafpre) X (Wpre - Wpost) /Wpost)

)

(Kt/V)eq = Kt/ V), — (0.6 X (Kt/ V), /1) +0.03 (2)

where sp is single pool, pre-correspond and post-correspond to
pre-treatment and post-treatment conditions, respectively, #, is
time on dialysis in hours, C,,., is urea concentration in mmol/L,
and W is body weight in kg.

2.5.2 | Total body water

Total body water was estimated from different formu-
las including (a) Watson anthropometric determination
using post-dialysis body Weight,25 (b) multifrequency
bioimpedance analysis (MF-BIA) using BCM apparatus
in pre-dialysis period,26 and finally (c) using indirect de-
termination by calculating the (Kocmt)/(Kt/V)eq pay ratio
where (Kqcpmt) represents the dialysis dose delivered to the
patient and calculated from ionic dialysance using Online
Clearance Monitoring (OCM) module from the 5008 ma-
chine (Fresenius Medical Care) and where (Kt/V)eq pay,
represents the value of equilibrated Kt/V from Daugirdas
equation calculated during the session.*

2.5.3 | Ionic mass balance as proxy of sodium
mass balance (blood-side approach)

Ionic mass balance was calculated from two different ap-
proaches: the first approach, namely “Tonic Flux Approach”
consisted of using ionic dialysance and plasma sodium con-
centrations as estimated by the dialysis machine; the second
approach, namely “sodium inventory approach” consisted of
estimating sodium pool changes between the pre-dialysis and
post-dialysis period.

Results of this study were expressed by adopting a patient-
centered point of view, where accumulation into the patient
leads to a positive sodium mass balance and recovery in the
external environment (dialysate, machine) leads to a negative
sodium mass balance.

Sodium Ionic Flux approach

To calculate sodium mass removal, we assumed that sodium
mass transfer results from two components: the first compo-
nent relies on the diffusive component that can be estimated
from the product of sodium dialysance and dialysate plasma
sodium concentration gradient; the second component relies
on the convective component and can be estimated from the
total ultrafiltration volume or patient weight loss. Dialysate
conductivity (I") was used as a surrogate of sodium concen-
tration using the correlation established by Locatelli et al'®
in which

Cp nat =T X9.46 +6.5 3)

where Cp, v, stands for dialysate sodium concentration and I"
for dialysate conductivity

Diffusive sodium flux component. Mean ionic dialysance
measured by the dialysance machine (Kgcy) was used as a
surrogate of sodium dialysance.

Logarithmic mean of plasma sodium (Cy y,,) concen-
tration was calculated from pre-dialysis (Cp na4 pre) and
post-dialysis (Cg a4 pos) Plasma sodium  concentrations
measured by the dialysis monitor as follows:

CB_Na+ = (CB_Na+_pre - CB_Na+_post ) / Ln(CB_Na+_pre/ CB_Na+_post)

“4)

Dialysate sodium concentration (Cp y,,) was estimated
from the conductivity cell of dialysis machine. All these mea-
sures are reliable as shown by previous studies and may be
used for such calculation. Treatment time (z;) as measured
by dialysis machine was used to calculate the cumulative
diffusive sodium mass (M) transfer. This is expressed in the
following formula:

Mg Nat_daif = Koewm X (CD_Na+ - CB_Na+) Xy &)

Convective sodium flux component. Mean ultrafiltration
rate (Qp), defined as the effective weight loss (W) divided
by the treatment time (z,), was used to calculate convective
sodium flux.

Treatment time (7;) measured by dialysis machine was
used to calculate the cumulative convective sodium mass
transfer. This is expressed in the following formula:

Mg Nat_conv = ~Qp X Cp_nay X 1y (6)

Total sodium mass removed is then the sum of diffusive
and convective components.

MB_Flux = MB_Na+_dif + MB_Na+_conv (7)



Sodium inventory approach

Sodium mass balance reflects the change in total sodium
pool occurring between the beginning and end of the dialy-
sis session. While osmotic distribution volume for sodium
is total body water, the physical distribution volume for so-
dium is extracellular water. Therefore, initial sodium pool
may be estimated as the product of pre-dialysis plasma so-
dium concentration (Cg_na4_pre) divided by 0.93 (to correct
for plasma water concentration) times extracellular water
(Vecw) plus weight loss (W) while final sodium pool may
be estimated as the product of post-dialysis plasma sodium
concentration (Cg_ny4 post) divided by 0.93 times extracel-
lular water (Vgcw). Inventory sodium mass balance is now
the difference between the final and the initial patient so-
dium pool.

This may be summarized by the following equation:

My, = (CB_Na+_post/ 0-93) X Veew — (CB_Na+_pre/ 0-93) X (VECW + WL)
3

Mlnv = [VECW X (CB_Na+_post - CB_Na+_pre) - WL X CB_Na+_pre] /093
)

To further explore the impact of extracellular water values
on this calculation, we used different sources of total body
water volumes, Watson anthropometric determination, MF-
BIA measurement in pre-dialysis period, and urea and ionic
kinetic (OCM) from which we estimated extracellular fluid
volume as one third of the total body water. Volumes of ex-
tracellular water were, respectively, named Vy,cons YME-BIA»
and Voo

254 |
approach)

Sodium mass balance (dialysate-side

Sodium mass balance using the dialysate-side approach con-
sisted in estimating sodium instantaneous flux difference
from dialysate outlet (Qp ;¢ X Cp oy nay) and inlet (Qp i,
X Cp in_Nat) flow times treatment time (z,). Dialysate flows
were assessed and collected from dialysis machine. As for
the blood-side approach, results were expressed by adopting
a patient-centered approach, where accumulation into the pa-
tient leads to a positive sodium mass balance and recovery
in the external environment (dialysate, machine) leads to a
negative sodium mass balance.

Instantaneous sodium mass balance (dialysate-side
approach)

MD_inst = QD_in X CD_in_Na+ - QD_out X CD_out_Na+ (10)

Sodium mass balance (dialysate-side approach)
MD = MD_insl X td (1 1)

with Qp ;, and Qp ,,, the dialysate flows in the inlet and
outlet lines, respectively; Cp ;;, nay and Cp oy nar the dialy-
sate Na™ concentrations in the inlet and outlet lines, respec-
tively; and #, the treatment time.

2.6 | Statistical analyses
Qualitative variables were expressed as number (percentages).
Quantitative variables were expressed as median [min—max].

Regarding the comparative quantification of (a) plasma
sodium concentration (ionic dialysance vs. potentiometry),
(b) net ionic mass balance (flux vs. inventory models), and
(c) blood-side (Ionic Flux) versus dialysate-side approaches,
a scatter of differences was visualized according to the
Bland-Altman representation. Mean and limits of agreement,
defined as mean + 1.96 SD were computed.

In addition, a simple regression analysis and the Spearman's
correlation coefficient (rho) were used to determine the rela-
tionships (a) between ionic dialysance and potentiometry to
measure plasma sodium concentration and (b) between blood-
side (Ionic Flux) and dialysate-side approaches.

Friedman test and Wilcoxon matched-pairs signed rank
test were used to evaluate the differences between all models
(flux vs. inventory).

Wilcoxon matched-pairs signed rank test was used to eval-
uate (a) differences between pre-dialysis and post-dialysis
Na+ concentrations and (b) differences in diffusive and con-
vective parts between modalities.

Values were considered statistically significant at P < .05.
All analyses were carried out with GraphPad Prism (v 6.01,
GraphPad Software, Inc., San Diego, CA, USA).

3 | RESULTS

3.1 | Patient characteristics

Main clinical and biological characteristics of patients at
baseline including anthropometric data are summarized in
Table 1. Total body water measured by MF-BIA was 31.4
[26.7-41.1] liters which represents 0.48 [0.41-0.56] % of
dry body weight. Fluid status as assessed by MF-BIA was
well controlled in our population. Median fluid overload as
measured by MF-BIA was estimated at 1.0 [—0.2-1.8] liters.
Of note, fluid overload calculated during the pre-dialysis pe-
riod by bioimpedance, refers to the “theorical or target dry
weight” that should be aimed in post-dialysis but not neces-
sarily the post-dialysis weight further reached.



TABLE 1 Characteristics of the study population at baseline

Parameters CKD-5D
N 10
Male (%) 9 (90.0%)
Age (years) 76.3 [57.6-84.4]
Etiology of ESRD (%)
Vascular and hypertensive nephropathy 1 (10%)
Glomerulonephritis 1 (10%)
Diabetic nephropathy 2 (20%)
Cystic renal disease 2 (20%)
Unknown cause 2 (20%)
Other cause 2 (20%)
Patients with diabetes mellitus (%) 4 (40%)
Patients with hypertension (%) 7 (70%)
Dialysis vintage (years) 2.310.8-13.4]
Vascular access, AVF (%) 8 (80.0%)
Anuric patients (%) 9 (90.0%)
24-hour urine volume over the 6 last months (L) 1.5 [1.5-1.6]

Dry body weight (kg) 70.3 [54.0-79.0]
Vwatson (L) 37.3[31.0-42.0]
Varia (L) 31.4 [26.7-41.1]
Voewm (L) 35.3 [27.8-48.0]
SBP (mm Hg) 148 [88-177]
DBP (mm Hg) 68 [27-79]
Hemoglobin (g/dL) 11.410.7-12.3]
Hematocrit (%) 35.1[32.8-37.8]
Albumin (g/L) 37.5[32.0-44.0]

Note: Values were described using proportions for categorical variables and
median [min—max] for quantitative variables.

Abbreviations: AVF, arterio venous fistulae; DBP, diastolic blood pressure;
ESRD, end stage renal disease; MF-BIA, multi frequency bioimpedance
analysis; OCM, online clearance monitoring; SBP, systolic blood pressure;
V, volume of total body water.

Treatment prescription and clinical performances of renal
replacement therapy are summarized in Table 2. It is notable
that plasma sodium concentration was not modified by dialy-
sis session (P = n.s.).

3.2 | Comparison of plasma sodium
concentration [Na*] was measured by ionic
dialysance and potentiometry (laboratory)

The comparative quantification of plasma sodium concentra-
tion [Na™] measured by ionic dialysance and potentiometry
(laboratory) is depicted in the Bland-Altman bias analysis
(Figure 1). Limits of agreement with 95% confidence inter-
vals (CI) were from —4.02 to 2.77. The deviation of plasma
sodium concentration [Na*] estimated by ionic dialysance

versus potentiometry is minimal with no systematic bias. The
agreement may be considered as acceptable for clinical pur-
pose. Figure 2 confirms the correlations between both meth-
odologies (Spearman's tho = 0.613; P < .0001). In the light
of these results and in order to be consistent, all the following
calculations were performed using ionic dialysance method
for plasma sodium determination.

3.3 | Comparison of sodium mass transfer
models (blood-side approach)

Net sodium mass transfer results expressed in mmol/session
by the different methods (Flux vs. Inventory models) are
presented in Figure 3. As shown, a slight difference was ob-
served between models with hf-HD (—222.6 [-585.1-61.3],
—256.4 [-607.8-43.7], —258.9 [—609.8-41.3], and —258.5
[—-607.8-43.5] mmol/session with Flux and Inventory mod-
els using Vwaons YME-BIA» a0d Voo values for volumes
of total body water, respectively), and ol-HDF modalities
(—235.3 [-707.4-128.3], —264.9 [-595.5-50.8], —267.4
[—598.1-44.1], and —266.0 [-595.6-55.6] mmol/session with
Flux and Inventory models using Vi son» VME-B1a> a0d Vooum
values for volumes of total body water, respectively).
Bland-Altman analyses of net sodium mass removal com-
paring Flux and Inventory models are presented in Figure 4.
As shown, when considering Flux method as a reference,
Inventory models overestimated ionic mass removal by 25.4,
27.5, and 26.4 mmol/session when using Vwaison> VME-BIA»
and Vg values for volumes of total body water, respectively.

3.4 | Comparison of sodium mass
transfer models (blood-side vs. dialysate-side
approaches)

The comparative quantification of ionic mass balance using
blood-side (Ionic Flux) and dialysate-side approaches is de-
picted in the Bland-Altman bias analysis (Figure 5). Limits
of agreement with 95% confidence intervals (CI) were from
—166.2 to 207.2. The deviation of ionic mass balance estimated
by blood-side versus dialysate-side approaches is minimal with
no systematic bias. The agreement may be considered as ac-
ceptable for clinical purpose. Figure 6 confirms the correlations
between both methods (Spearman's tho = 0.806; P < .0001).

3.5 | Sodium mass removal: comparison of
hf-HD and ol-HDF

On a session basis, net sodium mass removal per ses-
sion (n = 120) calculated by the Flux model was —222.6
[-585.1-61.3] and —235.3 [-707.4-128.3] mmol/session in



TABLE 2 Characteristics of dialysis parameters

Parameters

Number of sessions
High-flux dialyzers used (%)
Polysulfone, PS
Polyethersulfone, PES
Polyester-polymer alloy, PEPA
HDF, Post-dilution mode (%)
Duration of dialysis session (hour)
Dialysate [Na*] prescription (mM)
Intradialytic weight change (pre-post) (kg)
Blood flow (mL/min)
Dialysate flow (mL/min)
Substitution volume (L)
Substitution flow (mL/min)
KUF (mL/min)
Convective flow rate (mL/min)
Convective volume (L/session)
Ionic dialysance Koy (mL/min)
Plasma [NaJ']pre (mM)
Plasma [NaJ']p(,Sl (mM)
Urea (Kt/V)
Urea (Kt/V)

sp_Daugirdas

eq_Daugirdas

All hf-HD ol-HDF
120 60 60

8 (80.0%) 8 (80.0%) 8 (80.0%)
1(10.0%) 1 (10.0%) 1 (10.0%)

1 (10.0%) 1 (10.0%) 1 (10.0%)

- - 60 (100.0%)

3.89[2.92-5.97]
138 [138-140]
1.9 [-0.2-4.2]
396 [302-400]
500 [500-800]

3.88[2.92-5.97]
138 [138-140]
1.8 [-0.1-4.2]
398 [302-399]
500 [500-800]

3.90 [2.92-4.15]
138 [138-140]
2.0 [-0.2-4.2]
395 [305-400]
500 [500-795]
19.7 [12.6-25.6]
92.5 [55.0-140.0]

8.6 [0.0-17.1] 8.4[0.0-17.1] 8.8 [0.0-16.5]
40.5 [0.0-140.0] 8.0 [0.0-17.0] 101.0 [64.0-140.0]
9.4 [0.0-27.7] 1.9 [0.0-4.2] 21.5[14.7-27.7]

229.5 [154.0-290.0]
138.8 [132.7-144.0]
139.7 [132.9-143.3]™
1.77 [1.41-2.34]

1.45 [1.17-1.95]

225.0 [188.0-290.0]
138.8 [132.7-142.9]
139.4 [132.9-143.3]™
1.77 [1.41-2.19]
1.43[1.17-1.83]

238.0 [154.0-276.0]
138.9 [135.1-144.0]
139.9 [136.8-143.1]™"
1.79 [1.51-2.34]

1.47 [1.22-1.95]

Note: Values were described using proportions for categorical variables and median [min—max] for quantitative variables. ™*'means no significant post-treatment to pre-

treatment differences of plasma [Na*].

Abbreviations: eq, equilibrated; hf-HD, high-flux hemodialysis; ol-HDF, on line hemodiafiltration; sp, single pool.
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FIGURE 1
by ionic dialysance and potentiometry (laboratory). Solid line
represents the mean difference and dotted lines represent 95% limits
of agreement. All values are expressed in mM. The median [Q1, Q3]
difference between methods was —0.36 [—1.13, 0.29] %

Bland-Altman bias plot for plasma [Na*] measured

hf-HD and ol-HDF, respectively, without significant differ-
ences between modalities (P = n.s.). Interestingly, net ionic
mass balance calculated from each Inventory model did not

120 130 140 150 160

Plasma [Na*] ionic dialysance (mM)

FIGURE 2 Correlation between plasma [Na*] measured by ionic
dialysance and plasma [Na*] measured by potentiometry (laboratory)

significantly differ between hf-HD and ol-HDF as well, but
was significantly different from the Flux model in hf-HD
(P £.0042) and ol-HDF (P < .0171).

On a weekly basis, net sodium mass removal using Flux
and Inventory Watson models according to session number
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FIGURE 3 Netsodium mass transfer (blood-side approach)
according to the calculation method used. A, hf-HD, B, ol-HDF.
hf-HD, high-flux hemodialysis; Inv, inventory model; MF-

BIA, multifrequency bioimpedance analysis; ol-HDF, on-line
hemodiafiltration; OCM, online clearance monitoring. ““Box plots
not sharing a common letter are significantly different at P < .05
(Wilcoxon matched-pairs signed rank test)

are presented in Figure 7. Interestingly, a significant differ-
ence in removal between session #1 and #2 was observed
in hf-HD modality using Inventory Watson model, with the
first session of the week accounting for 37.2 [16.9-51.9] %
of total sodium mass removal for the week while the two
other sessions accounted only for 30.1 [—16.8-41.1] and 28.7

[18.3-99.8] %, respectively. In the Flux model, a difference
between sessions (#1 and #3 in this model) was also noted
with the hf-HD modality.

This sodium mass discrepancy between sessions is re-
flecting the impact of the 3 days weekend interval and the
higher interdialytic weight gain due to sodium and fluid
intake.

Cumulative net ionic mass balance on a weekly basis re-
mained virtually similar in hf-HD and ol-HDF. Cumulative
net sodium mass balance using the Flux model was —702.0
[-1267.0 to —68.5] versus —816.7 [—1304.0-132.4] mmol
(P = n.s.) in hf-HD and ol-HDF, respectively.

Finally, Table 3 represents the diffusive and convective
parts of sodium removal using the Flux model. It clearly
demonstrates that net Na™ mass removal relies on convection
which overwhelms a potential diffusive sodium load both in
hf-HD and ol-HDF.

3.6 | Netsodium mass removal per patient
Net sodium mass removal per patient is presented in Figure 8.
As indicated, net sodium mass removal reflects individual
patient profile and sodium dietary intake habits. It is interest-
ing to note that one patient (Pat-1) has kept significant re-
sidual kidney function and that the patient's sodium intake
remained relatively constant over time reflecting patient diet
observance and profile.

4 | DISCUSSION

The present study explored new approaches for assessing so-
dium mass removal in dialysis patients using tools either embed-
ded on the hemodialysis machine (ie, ionic dialysance sensor)
and/or available for estimating more objectively total body
water content in dialysis patients (ie, MF-BIA). Combination of
these tools permitted us to develop a more accurate approach to
assess sodium mass balance in hemodialysis and/or hemodia-
filtration patients. This quantitative sodium mass removal as-
sessment is in line with the aim of adjusting and individualizing
renal replacement therapy in CKD-5D patients.

Ionic dialysance sensor embedded in hemodialysis ma-
chines provides a precise way of quantifying dialysis clini-
cal performances on a regular basis without additional blood
sampling and burden either for patient or caregivers.””*®
Periodic ionic dialysance relies on a validated process re-
ported by Polaschegg et al that consists of measuring dialy-
sate conductivity at the dialyzer inlet and outlet ports at two
different conductivity inlet values (increase and decrease)
and calculating instantaneous ionic dialysance from tradi-
tional formula integrating blood and dialysate flow. Ionic di-
alysance (Kgcp), reflecting urea and small solute clearance,
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FIGURE 5 Bland-Altman bias plot for blood-side (Ionic
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difference and dotted lines represent 95% limits of agreement. All
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is ordinarily used to quantify dialysis efficiency from pe-
riodic measurements (every 30 minutes) and to provide an
integrated dialysis performance (Kqcyy) throughout the com-
plete dialysis session.”® Overall ionic clearance (Koey) is
then used as a surrogate of effective urea clearance both in
hemodialysis and ol-HDF expressed either in total clearance
over the session (Ko times treatment time (#,) in L/session)
or in fractional clearance (Kqcwmt,/V) where V (urea volume
or total body water) is referring to an anthropometric value
derived from the Watson formula.?”*-!

The originality of our work was to develop a simple so-
dium Flux model relying on Ky values to compute ionic
(sodium equivalent) dialysance, and then to estimate the net
sodium mass removal using plasma and dialysate sodium con-
centrations estimated from conductivity measurements. lonic
mass balance has been proposed by different authors to guide
dialysate sodium prescription to implement isonatremic dialy-
sis or to prevent sodium patient load.***” The aim of our study

Correlation
Blood-side / Dialysate-side approach
Sodium mass transfer

500 1

[ Y =0,8183*X -21,27
® rho = 0.806
p <0.0001

-500 =

Dialysate-side approach (mmol/session)

-1000 T T T T 1
-800 -600 -400 -200 0 200

Blood-side approach (Flux) (mmol/session)

FIGURE 6 Correlation between blood-side (Ionic Flux) and
dialysate-side approaches

was not to modify dialysis prescription or to guide net sodium
mass balance but rather to explore the usefulness and validity
of this tool in assessing sodium mass removal in standard of
care practice in dialysis. In addition, we took advantage of a
large and old practice of ol-HDF to explore the impact of this
therapeutic option on sodium mass balance.*** High-volume
ol-HDF is currently recommended for improving cardiovas-
cular outcomes in dialysis patients.40 However, ol-HDF by
reducing net sodium mass removal due to the relative hypo-
tonicity of the ultrafiltrate (ie, Donnan effect and membrane
protein polarization effect) versus the isotonic substitution
fluid, constitutes a condition that may represent an additional
risk of sodium mass imbalance in this already fragile popula-
tion." This concern has been highlighted recently by several
investigators, a condition that is obviously exacerbated with
the use of high substitution volume. '3

In addition, most recent studies exploring sodium mass
balance in hemodialysis or hemodiafiltration have used basic
Inventory models to assess sodium mass removal. For this
purpose, it is proposed to use total body water proxies such as
60% of body weight or anthropometric estimates either from
the Watson® or Chertow*' formulae.*** In our study, we
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TABLE 3 Diffusive and convective parts of sodium balance in hf-HD and ol-HDF modalities using Flux model

hf-HD ol-HDF
(mmol/session) Diffusion Convection Total Diffusion Convection Total
Minimum —295.5 —584.4 —585.1 —296.9 —541.7 -707.4
25% Percentile -10.9 -331.6 —282 —23.95 —341.9 —333.9
Median 52.7 —268.4 —222.6 39.1 —281.8 —235.3
75% Percentile 88.23 —177.2 —140.6 75.6 —158.3 —159.1
Maximum 150.2 0 61.3 158.1 0 128.3

Note: P = n.s. for both diffusion and convection parts between hf-HD and ol-HDF.
Abbreviations: hf-HD, high-flux hemodialysis; ol-HDF, on-line hemodiafiltration.

have used a validated multifrequency bioimpedance spectros-
copy device (Body Composition Monitor) to assess true total
body water and relative fluid overload in dialysis patients
from which we estimated extracellular fluid volume as one
third of the total body water. ¥4 Body composition was mea-
sured in all patients before the dialysis session and weight
lost during dialysis (fluid removed) was deduced from pre-
dialysis total body water content to obtain patient's isovole-
mic total body water status.*** Various approaches were
used to calculate total body water in our dialysis population
including the Watson formula but also a Kt/V-based formula
derived from urea kinetic and ionic dialysance. As shown in
Table 1, all formulas tend to overestimate significantly total
body water by factor of several liters and support the notion
that both anthropometric- and kinetic-based approaches may
introduce a significant error in sodium mass removal with
Inventory approaches. This finding is in line with previous
studies investigating this concern.”****® Such discrepancy
may help to explain differences in net sodium mass balance
in regard of calculation method used. Sodium Flux method
developed in our study indicated around 17% lower sodium
mass removal in hemodialysis and 7% lower in hemodiafiltra-
tion compared to Inventory methods. It is interesting to note
that in Inventory models, net sodium mass balance relies es-
sentially on dialysate plasma sodium concentration changes
and clearly less on sodium distribution volume.

An additional point of interest of our findings is the fact
that sodium mass removal in high-volume ol-HDF is almost

similar to that one achieved in hf-HD. This is in agreement
with recent studies addressing this concern.'®!” As shown
in our study, net sodium mass balance is virtually similar
in both dialysis modalities (—222.6 vs. —235.3 mmol/ses-
sion using the Flux model) on a dialysis session basis but
also on a weekly cumulative basis. Interestingly, the Flux
model clearly shows that sodium mass removal is mainly
obtained by convection in hf-HD and ol-HDF. The similar
efficiency of both dialysis modalities in sodium removal is
of high clinical relevance for two reasons: first, because it
precludes long-term risk of sodium accumulation exposure
and their additional cardiovascular and metabolic-associated
risks with ol-HDF; second, it rules out also the notion that
better hemodynamic stability reported in ol-HDF is due to
substitution fluid by a relatively higher hypertonic solution
with a reduced net sodium mass balance. It must be high-
lighted that these results were obtained in a specific clini-
cal condition fitting with currently recommended volume of
exchange in ol-HDF and a dialysate sodium concentration
(Cp_Nat = 138 mmol/L) lower than mean pre-dialysis patient
plasma concentration (Cg n,y = 139 mmol/L) mimicking
an isonatremic dialysis condition. Indeed, a lower dialysate
sodium concentration is required for isonatremic dialysis to
comply with diffusive sodium from plasma water concen-
tration that should account for total protein concentration,
hematocrit void volume, and the Gibbs-Donnan effect. The
difference observed here between Cp Nuy post (Median value
at 139.7 mmol/L) and dialysate sodium prescription (median
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on-line hemodiafiltration

value at 138 mmol/L) could not be interpreted as a positive
mass balance. Indeed, plasma sodium concentration was ob-
tained using indirect potentiometry accounting for protein
and hematocrit concentrations. In contrast, dialysate sodium
concentration was not directly measured but estimated using
conductivity which also takes into account other ions. As pre-
viously demonstrated by Gaillard et al,32 natremia measured
at laboratory and natremia estimated using conductivity are
not to be confused. In that context, a recent meta-analysis
comparing dialysate sodium concentrations based on labo-
ratory dosing reported reassuring data on measured and pre-
scribed dialysate sodium.’’ Now, it is easy to calculate that, by
increasing the volume of substitution, such condition would
not be achieved and, therefore, to keep adequate net sodium
mass balance, the dialysate sodium concentration should be
decreased by 2-3 mmol/L and then, aligned to patient plasma
sodium concentration estimated by the dialysis monitor.

Interestingly, by continuously sensing dialyzer sodium
flux in and out on one side and by calculating plasma so-
dium concentrations on the other side, the new generation
of hemodialysis machine will be able to incorporate such a
new sodium balancing tool. 20> Prospective studies relying
on this tool have recently shown that isonatremic dialysis was
easily achieved on a regular basis with high accuracy relying
on a totally automated mode driven by dialysis machine and
adapted algorithm. Interestingly, results obtained with ol-
HDF did not differ from the hemodialysis ones, meaning that
automated sodium balancing modules work with the same
accuracy in both modes and whatever the sodium fluxes are.
This finding may be easily explained by the fact that sodium
balancing module relies on conductivity cells interposed at
the dialyzer inlet and outlet ports ensuring a perfect ionic
mass balance within the hemodialyzer.29

Our study has limitations that may be summarized as
follows: first, number of patients and sessions analyzed
is limited and as such may not reflect the usual dialysis
population. However, automation and reproducibility
of measurements provided by the dialysis machine and
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-800

Pat-6 HD 4
Pat-7 HD 4
Pat-8 HD
Pat-9 HD 4
Pat-10 HD
Pat-1H DF -
Pat- 3H DF -
Pat -4 HD F -
Pat-5H DF -
Pat- 6 HDF
Pat-7 HDF -
Pat-8 HD F -
Pat-9 HDF -
Pat-10 HDF

Pat-2 HDF

. hf-HD, high-flux hemodialysis; IMB, ionic mass balance; ol-HDF,

calculations performed tend to minimize these errors. In
addition, net sodium mass removal computed in this co-
hort is in the range of recent studies and fits with clinical
assessment; second, plasma water potassium mass, which
can influence plasma water sodium concentration accord-
ing to the Edelman equation (/Na™] = (Na* plus K*)/Total
body water),s2 was measured and then, not accounted for in
this study. Moreover, effects caused by glucose, especially
when dealing with diabetic patients, may indirectly influ-
ence sodium mass balance by increasing plasma tonicity
then refilling vascular capacity and subsequently ultrafil-
tration capacity. In our study, bedside glycemia check was
performed as usual care at the start and the end of dialysis
sessions with autolet glucose sensoring device. Glycemia
remained in all cases in the range of 6-11 mmol/L. mean-
ing that the potential influence on sodium or ionic mass
balance calculation was minimal. In addition, glucose-
enriched dialysate was used as a standard of care in our
unit to prevent losing glucose and to improve dialysis tol-
erance; third, no clinical outcome was analyzed in parallel
to this sodium mass balance study. However, considering
fluid status of our dialysis patients as indicated by regular
MF-BIA measurement and blood pressure values, there is
no signal indicating that our patients were exposed to fluid
overload or presenting with uncontrolled blood pressure.
Future interesting clinical perspectives are open with
these new tools permitting us to assess sodium mass re-
moval in dialysis patients. Monitoring sodium and fluid
management in a dialysis quality assurance program will be
facilitated. Assessing sodium mass removal at each dialysis
session either on a manual or an automated mode will be of
tremendous support for regular clinical support of dialysis
patients. If one considers that on a weekly basis, sodium mass
removal is equivalent to dietary intake, this precise informa-
tion gathered regularly and automatically will help caregiv-
ers and dietitians to provide personalized diet guidance or
to detect early clinical disorders in dialysis patients. Sodium
mass balance measurement will also be helpful in assessing



fluid volume and hemodynamic status of dialysis patients to
improve cardiovascular outcomes. It remains to be shown
that these sodium tools will be helpful to improve long-term
clinical outcomes of dialysis patients. Further outcome-based
studies are required in that perspective.

5 | CONCLUSION

Our study proposes a new approach to calculate sodium mass
removal in hemodialysis patients using the ionic dialysance
sensor embedded in hemodialysis machines. Our findings
support the notion that such a manual approach is easy and
accurate enough in the clinical setting to evaluate sodium
mass balance and to prevent long-term sodium mass imbal-
ance. In the future, the use of an automated sodium balanc-
ing module embedded in the hemodialysis machine could be
a practical approach to bridge the gap with fully automated
sodium balancing devices.
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