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ABSTRACT

Background. Kt/Vurea is the most used marker to estimate dialysis adequacy; however, it does not reflect the removal of
many other uraemic toxins, and a new approach is needed. We have assessed the feasibility of estimating intradialytic
serum time-averaged concentration (TAC) of various uraemic toxins from their spent dialysate concentrations that can
be estimated non-invasively online with optical methods.
Methods. Serum and spent dialysate levels and total removed solute (TRS) of urea, uric acid (UA), indoxyl sulphate (IS)
and β2-microglobulin (β2M) were evaluated with laboratory methods during 312 haemodialysis sessions in 78 patients
with four different dialysis treatment settings. TAC was calculated from serum concentrations and evaluated from TRS
and logarithmic mean concentrations of spent dialysate (MlnD).
Results. Mean (± standard deviation) intradialytic serum TAC values of urea, UA, β2M and IS were 10.4 ± 3.8 mmol/L,
191.6 ± 48.1 μmol/L, 13.3 ± 4.3 mg/L and 82.9 ± 43.3 μmol/L, respectively. These serum TAC values were similar and
highly correlated with those estimated from TRS [10.5 ± 3.6 mmol/L (R2 = 0.92), 191.5 ± 42.8 μmol/L (R2 = 0.79),
13.0 ± 3.2 mg/L (R2 = 0.59) and 82.7 ± 40.0 μmol/L (R2 = 0.85)] and from MlnD [10.7 ± 3.7 mmol/L (R2 = 0.92),
191.6 ± 43.8 μmol/L (R2 = 0.80), 12.9 ± 3.2 mg/L (R2 = 0.63) and 82.2 ± 38.6 μmol/L (R2 = 0.84)], respectively.

Received: 2.9.2022; Editorial decision: 12.12.2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

735

https://academic.oup.com/
https:/doi.org/10.1093/ckj/sfac273
https://orcid.org/0000-0002-1862-1038
https://orcid.org/0000-0002-9263-8014
https://orcid.org/0000-0002-4894-6853
https://orcid.org/0000-0002-7954-5075
https://orcid.org/0000-0001-7374-4287
https://orcid.org/0000-0002-7641-4707
https://orcid.org/0000-0002-9973-3604
https://orcid.org/0000-0003-3802-6735
https://orcid.org/0000-0003-4721-149X
https://orcid.org/0000-0003-4558-5236
https://orcid.org/0000-0003-2422-0430
https://orcid.org/0000-0002-1221-0772
https://orcid.org/0000-0002-3928-4157
https://orcid.org/0000-0002-9805-9523
mailto:joosep.paats@taltech.ee
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


736 J. Paats et al.

Conclusions. Intradialytic serum TAC of different uraemic toxins can be estimated non-invasively from their
concentration in spent dialysate. This sets the stage for TAC estimation from online optical monitoring of spent
dialysate concentrations of diverse solutes and for further optimization of estimation models for each uraemic toxin.
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INTRODUCTION

Adequate dialysis treatment improves survival and reduces
morbidity in haemodialysis (HD) patients. Conventionally, dialy-
sis adequacy is assessed by the clearance of the small molecular
weight molecule urea and quantified as Kt/Vurea or URR, which
is calculated from urea concentrations in pre-dialysis and post-
dialysis blood samples [1]. Kt/Vurea has helped to standardize HD
treatment and define the minimum dose of dialysis needed to
avoid morbidity and mortality related to inadequate dialysis, al-
though the Kt/Vurea concept has several shortcomings [2–4].

Kt/Vurea may be inaccurate for dialysis patients with diver-
gent body compositions [3, 5, 6]. In addition, Kt/Vurea does not
easily allow comparison of adequacy for patients who receive
different dialysis prescriptions with varying duration and fre-
quency [4, 7, 8] and for patients who have acceptable residual
renal function [3], as this has a major impact on solute removal
[9, 10]. Furthermore, Kt/Vurea poorly reflects the removal of so-
lutes other than urea, which are associated with clinical out-
comes, such as middle molecules and protein-bound molecules
[3, 11–13].

Despite these limitations, Kt/Vurea remains the most fre-
quent measure of dialysis adequacy [1], even as high cut-off
membranes are available and convective strategies have become
common that aim to increase the clearance of middlemolecules
and protein-bound uraemic toxins [3, 13]. New approaches are
therefore needed to quantify the HD dose that also represents
removal of uraemic toxins other than urea and can be applied
to dialysis sessions with varying settings (modality, frequency,
duration) to optimize patient survival and quality of life [3, 14].

Alternative measures of dialysis adequacy have been pro-
posed, e.g. the equivalent renal urea clearance [15], the time-
averaged concentration (TAC)/time-averaged deviation concept
[16], ionic dialysance [17] and fractional solute removal [18],
among other indices. However, a key issue is the existence of
many types of uraemic toxins that should be removed by HD
but are not assessed by Kt/Vurea. The TAC of individual solutes,
which strongly depends on the total dialysis time per week and
on the weekly dialytic frequency, may provide insights into the
clearance of diverse solutes [7, 16, 19]. TAC evaluates changes in
uraemic toxin levels over time, even if they have different size
and removal characteristics, and allows comparing the effect of
different dialysis strategies on individual uraemic toxins [7, 16,
19]. Moreover, TAC integrates the impact of patient parameters,
such as residual renal clearance and the rate of generation of
uraemic toxins [16]. Indeed, TAC was historically used to assess
dialysis adequacy, but it was replaced by the simpler Kt/Vurea due
to cumbersome calculations [16].

TAC is usually estimated from repeated blood sampling and
calculated as the area under the concentration curve over the
period of interest. In other words, TAC is the mean concentra-
tion of the solute of interest over a period of time, which can be
one treatment cycle, e.g. a week, or one intradialytic period, i.e.
an individual dialysis session time [7, 15, 18, 20]. However, eval-
uating intradialytic TAC from repeated blood samples obtained

during the dialysis session is more complex than assessing
Kt/Vurea, which usually requires only pre- and post-dialysis
sampling [7, 20, 21]. This problem becomes more prominent for
solutes with higher intercompartmental resistance [20].

Online optical monitoring methods that do not require
blood sampling allow the simultaneous monitoring of multiple
uraemic toxins in the outflow of effluent dialysate from dial-
ysis machines (spent dialysate) [22–24]. As the mass of tox-
ins removed from blood to the dialysate is proportional to the
dialysate flow/dialyzer clearance ratio [21, 25] in the case of
using membranes with negligible adsorption capacity, such as
polysulfone-based membranes [26], we hypothesized that the
concentration of uraemic toxins in spent dialysate could be used
to precisely estimate blood TAC values from each dialysis ses-
sion. So far, dialysate-based methods have enabled evaluation
of Kt/Vurea, the removal ratio and the total mass of removed so-
lutes, providing additional information about treatment quality
[22, 23, 27, 28].

The aim of this work was to estimate intradialytic serum
TAC of urea, uric acid (UA), indoxyl sulphate (IS) and β2-
microglobulin (β2M) from their concentrations in spent
dialysate. Urea, UA, IS and β2M were considered as markers
for the three general uraemic toxin groups based on different
physicochemical characteristics and removal kinetics, namely
small water-soluble compounds, protein-bound compounds
and middle molecules [27].

MATERIALS AND METHODS

Clinical data were acquired from four separate dialysis centres
from countries with diverse life expectancies, renal replacement
therapy incidences and kidney transplant rates: North Estonia
Medical Centre, Tallinn, Estonia (22 patients); Linköping Uni-
versity Hospital, Linköping, Sweden (21 patients); Ghent Uni-
versity Hospital, Ghent, Belgium (15 patients) and Fundación
Jiménez Díaz University Hospital Health Research Institute,
Madrid, Spain (20 patients). The clinical characteristics of the
78 participants monitored for a total of 312 dialysis procedures
have been described [28] and are summarized in Supplementary
Table 1. All studies were performed in accordance with the Dec-
laration of Helsinki after approval of the study protocol by local
ethics committees. Informed consentwas obtained from all sub-
jects involved in the study [28].

Inclusion criteria were age >18 years; chronic HD; thrice
weekly HD procedures for 3.5–4.5 hours, preferably via arteriove-
nous fistula or graft; achievable blood flow of at least 300ml/min;
absence of clinical signs of infection or other active acute clinical
complications and an estimated life expectancy >6 months.

Each patient underwent four HD sessions, each time using a
different HD setting, as summarized in Supplementary Table 2
and described in detail previously [28]. Blood and spent dialysate
samples were collected during each dialysis session [28]. Serum
and spent dialysate concentrations of uraemic toxins were
determined in clinical or analytical laboratories as described
earlier [28, 29]. In short, urea, UA and β2M were assessed in
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Figure 1: Clinical set-up, sample collection and analysis. The same set-up was repeated four times for each patient, each time using a different HD setting.

clinical biochemistry labs and IS and UA were assessed by high-
performance liquid chromatography (HPLC), as shown in Fig. 1.
For UA, HPLC results were used in subsequent calculations.

For each dialysis session, the TAC over dialysis sessions was
estimated for urea, UA, IS and β2M from serum concentrations,
total removed solute (TRS) from total dialysate collection and the
mean concentration of uraemic toxins in spent dialysate during
dialysis, which was calculated from spent dialysate concentra-
tions.

Values of average effective blood flow (Qb) during dialysis ses-
sions, dialysate flow, ultrafiltration rate, total ultrafiltration vol-
ume and total substitution volume were read from the dialy-
sis machine’s screen at the end of the treatment session. The
mass of the total waste dialysate collected during the session
wasmeasured. It was assumed that the average density of spent
dialysate is equal to the density of water at room temperature
(1 kg/L). The effective spent dialysate flow rate (Qd) was calcu-
lated from the weight of spent dialysate (Wtank) collected during
the session, divided by the dialysis session time (240 min), mul-
tiplied by the average density of spent dialysate:

Qd = Wtank

1kg/L · 240min
. (1)

The TAC of uraemic retention solutes in serum over dialysis ses-
sions was calculated by the following equation [29], where the

denominator is a simplified single-pool Kt/V:

TAC = (C0 −Ct )

ln
(
C0
Ct

) , (2)

where C0 is the serum concentration of uraemic solutes before
the dialysis session andCt is the serumconcentration of uraemic
solutes at the end of the dialysis session.

Serum TAC values were normalized to a 300 ml/min effective
blood flow rate to robustly compensate for dialyzer clearance.

TACn = TAC · Qb

300mL/min
, (3)

where Qb is the effective blood flow rate for the particular dial-
ysis session.

Themean concentration of uraemic toxins in spent dialysate
during the dialysis session was calculated as the logarithmic
mean concentration (MlnD) using equation (3):

MlnD = (D0 − Dt )

ln
(
D0
Dt

) , (4)

whereD0 is the spent dialysate concentration of uraemic solutes
in samples taken 7min after the start of the dialysis session and
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Dt is the spent dialysate concentration of uraemic solutes at the
end of the dialysis session.

For comparability of dialysis sessions with different treat-
ment settings, spent dialysate MlnD values were subsequently
normalized to a 300 ml/min effluent dialysate flow rate to com-
pensate for flow rate–dependent dilution of dialysate samples
using equation (5), where Qd is the effluent dialysate flow rate
for the particular dialysis session:

MlnDn = MlnD · Qd

300 mL/min
. (5)

The TRS of each solute was calculated from the total
dialysate collection (TDC) as follows:

TRS = Wtank

1 kg/L
· Dtank, (6)

where Dtank is the concentration of uraemic solute in the to-
tal dialysate collection and Wtank is the weight of total waste
dialysate in the dialysate collection tank (kg).

All the results were assessed for possible errors and data
conformity. The stability of blood and dialysate flow rates were
monitored online (shown in Supplementary Figure 1) through-
out each dialysis session, similarly as described before [30]. Dial-
ysis sessions were excluded from the analysis when the sam-
pling of spent dialysate had occurred during notably different
flow rates relative to the other sampling points or during self-
tests of the HD machine. In addition, data points in which ana-
lyte concentrations were below the quantification limit of clini-
cal laboratory methods were omitted.

Linear regression analysis was used to investigate the rela-
tionship between TAC values in serum and TRS and MlnDn val-
ues in spent dialysate. Afterwards, obtained linear regression
equations were used to estimate TAC values in serum. Confi-
dence intervals were estimated for regression lines using the
predict function in MATLAB R2020b (MathWorks, Natick, MA,
USA).

Systematic error (BIAS) was calculated for the results as fol-
lows:

BIAS =
∑N

i=1 ei
N

, (7)

where ei is the ith residual (difference between the results) and
N is the number of observations [31].

The standard error (SE) of performance corrected for BIAS
was calculated as follows [31]:

SE =
√∑N

i=1 (ei − BIAS)2

N − 1
. (8)

Individual differences between the TAC of uraemic toxins in
serum and corresponding values estimated from TRS or MlnD
values in spent dialysate were examined using Bland–Altman
analysis [32]. MATLAB R2020b was used for data analysis and
data visualization.

RESULTS

Overall, clinical data were available for 78 participants from four
HD units from four different countries monitored for a total
of 312 dialysis procedures. Clinical characteristics have been
described earlier [28] and are summarized in Supplementary

Table 1. TAC values were calculated from intradialytic serum
and MlnD values were calculated from spent dialysate concen-
trations for different uraemic retention solutes and normalized
by effective blood or spent dialysate flow rates, respectively. TRS
was evaluated based on TDC.

There was a generally strong correlation between TRS and
intradialytic TAC (R2 > 0.59) values (shown in Fig. 2) and MlnD
(R2 > 0.89) values (shown in Supplementary Fig. 2) for differ-
ent uraemic retention solutes, normalized by effective blood or
spent dialysate flow rates, respectively. The lowest R2 values
were found for β2M, a solute with the highest intercompartmen-
tal resistance and molecular weight.

There was also good correlation between intradialytic TAC
and MlnD values in all cases, regardless of treatment modality
(shown in Fig. 3). The correlation was higher for urea (molecular
mass 60 g/mol, R2 = 0.92), intermediate for UA and IS (molecular
mass 168 g/mol, R2 = 0.80 and molecular mass 213 g/mol,
R2 = 0.84, respectively) and lower for β2M (molecular weight
11.8 kDa,R2 = 0.63). For haemodiafiltration andHDmodality sep-
arately, the strongest correlation was seen for urea [R2 = 0.91
(n = 152), R2 = 0.96 (n = 63)] and the weakest correlation for β2M
[R2 = 0.62 (n = 168), R2 = 0.83 (n = 37)], respectively.

Table 1 shows the intradialytic TAC values for urea, UA, β2M
and IS and the corresponding TAC values calculated from TRS or
MlnDn in spent dialysate. TAC values estimated from TRS were
calculated by the linear regression equations shown in Fig. 2 and
TAC values estimated from spent dialysate MlnDn values were
calculated by the linear regression equations shown in Fig. 3.

Bland–Altman plots comparing intradialytic TAC values and
TAC values estimated from spent dialysate MlnDn normalized by
flow rates or estimated from TRS are shown in Fig. 4. It can be
seen from the plot that random error between TAC values and
estimated TAC values remains similar over the whole concen-
tration scale, while systematic error is negligible.

DISCUSSION

To our knowledge, serum TAC of uraemic toxins have not been
previously estimated from spent dialysate. The main finding of
the present report is that the concentration of diverse uraemic
solutes in spent dialysate can be used to estimate serum TAC
values for multiple uraemic solutes,minimizing blood sampling
needs and blood loss. This finding sets the stage for online op-
tical monitoring of serum TAC from spent dialysate concen-
trations of multiple uraemic toxins that would allow real-time,
point-of-care decision making regarding HD adequacy [23, 24,
30].

The high correlation coefficients found between intradialytic
TAC and spent dialysate MlnD or TRS values support the poten-
tial to estimate the intradialytic TAC of uraemic solutes with
different removal kinetics from their concentrations in spent
dialysate.

It is noteworthy that the midweek mean intradialytic serum
TAC value of urea (10.4 ± 3.8 mmol/L) was well aligned with
the average equivalent measures of the HEMO study standard
and high-dose arm, corresponding to a HEMO high weekly
TAC value ≤11.6 mmol/L [33], very similar to the median TAC
values presented by Kloppenburg et al. [34], and the plasma
TAC (11.7 mmol/L) for a study exploring increasing HD fre-
quency versus HD duration [7], respectively. Furthermore, the
achieved serum urea TAC was very close to the lowest TAC
value (≈10 mmol/L) for the most efficient treatment modes in
the ‘Lopot plot’ [35] modelled from data with varying duration,
frequency and spacing of treatments based on a study using a
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Figure 2: Correlation between total dialysate collection based on TRS and intradialytic TACs of (a) urea, (b)UA, (c) β2M and (d) IS in serum (TACn) normalized by effective
blood flow rate. Black line indicates the regression line and grey area indicates the 95% CI of the slope.

variable-volume two-pool urea kinetic model [8]. Even so, serum
urea TAC values remained higher than those obtainedwith high-
efficiency daily HD, which are close to those of healthy kidneys,
in which serum urea TAC is <4 mmol/L [36].

The strongest correlation between intradialytic TAC and
spent dialysateMlnD valueswas observed for urea (R2 = 0.92) and
theweakest for β2M (R2 = 0.63).Themain reason for the different
correlation coefficients of different uraemic solutes is probably
related to the solute-dependent kinetic behaviour. Urea has neg-
ligible resistance to intercompartmental shifts compared with
other solutes, which are therefore more difficult to remove by
dialysis [4, 12, 13]. This causes a rapid decline of the serum
concentration of other solutes at the beginning of the HD ses-
sion, especially for solutes with slow intercompartment clear-
ance such as β2M, and therefore double-pool kinetics should be
used to describe the removal of such solutes [12, 37].

As serum TAC values over the dialysis session were calcu-
lated in the current work using equation (2), where the denomi-
nator is a simplified single-pool Kt/V [38], serum TAC of uraemic
toxins with slower intercompartment clearance was probably
overestimated due to the pronounced decrease of serum levels
at the start of dialysis [12, 37]. The divergence between serum
TAC and corresponding values estimated from MlnD was likely
further amplified by the difference in the timing of the sampling
time of blood and spent dialysate. While the first serum sam-
ples were taken prior to the start of dialysis when serum and
extracellular compartments were equilibrated, the first spent

dialysate samples were taken 7 minutes after starting the dial-
ysis session, when an intercompartmental concentration gra-
dient had already been developed to some extent. This effect
even overestimates intradialytic serum urea TAC when using
only pre-dialysis and post-dialysis serum samples to calculate
TAC [7, 20, 21], but a larger effect can be expected for solutes
with higher intercompartmental resistance.

These inaccuracies can be avoided by measuring intradia-
lytic serum and spent dialysate concentrations with higher fre-
quency to accurately describe the concentration profile and TAC
or MlnD of solutes. While additional blood sampling is incon-
venient and burdensome for patients, continuous monitoring
of different uraemic toxins simultaneously in spent dialysate
can be achieved non-invasively with online optical monitoring
methods [22–24]. Continuous monitoring of uraemic toxin con-
centrations in spent dialysate could be used to obtain precise
TAC values from TRS [23, 30, 39].

In addition, online monitoring of effluent dialysate concen-
trations can help to detect interruptions in treatment, sudden
changes of dialysate and blood flows and clinical alarms and
determine effective dialysis time [30, 40] more accurately, which
could reduce errors in TAC estimation. Furthermore, the accu-
racy of TAC estimation could be increased by using real-time
values of dialysis machine treatment settings and consider-
ing dialyzer specifications in the modelling of dialyzer clear-
ance.Whereas in this study membranes with negligible adsorp-
tion capacity were used, it is important to note that the use of
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Figure 3: Correlation between intradialytic TACs of (a) urea, (b) UA, (c) β2M and (d) IS in serum (TACn) and logarithmic mean concentration (MlnDn) in spent dialysate
normalized by effective blood or spent dialysate flow rates, respectively. Black line indicates the regression line and grey area indicates the 95% CI of the slope.

Table 1: Mean ± SD values of intradialytic TACs (TACn) normalized by blood flow rate and estimated from TRS and MlnDn in spent dialysate
normalized by spent dialysate flow rate for urea, UA, β2M and total IS).

TACn TACn from TRS TACn from MlnDn

Urea (mmol/L) 10.4 ± 3.8 (n = 274) 10.5 ± 3.6 (n = 267) 10.7 ±3.7 (n = 215)
UA (μmol/L) 191.6 ± 48.1 (n = 273) 191.5 ± 42.8 (n = 272) 191.6 ± 43.8 (n = 247)
β2M (mg/L) 13.3 ± 4.3 (n = 264) 13.0 ± 3.2 (n = 232) 12.9 ± 3.2 (n = 205)
IS (μmol/L) 82.9 ± 43.3 (n = 273) 82.7 ± 40.0 (n = 271) 82.2 ± 38.6 (n = 244)

negatively charged adsorptive membranes such as polymethyl
methacrylate or adsorbent columns can additionally adsorb
uraemic toxins before passing across the membrane into spent
dialysate. This may cause additional errors in the dialysate-
based readings and the commonly used set-up of optical sensors
should be modified to take this effect into account.

Also, patient-specific parameters such as dialyzer recircula-
tion [41] and haematocrit [4] influence the clearance of uraemic
toxins and thus proportionality [25, 42] between serum con-
centration of uraemic toxins and their concentration in spent
dialysate [30]. In this regard, urea is removed from both ery-
throcytes and plasma water as blood passes through the dia-
lyzer, but this is not the case for other uraemic toxins that are
only removed from plasma, and thus their clearance depends on
haematocrit and cannot exceed plasma flow [4]. Therefore, for
uraemic toxins without facilitated transport in and out of ery-
throcytes, i.e. other than urea [4], plasma concentrations should

be used in the estimation of TAC [4]. This can additionally ex-
plain why the strongest correlation between serum and spent
dialysate TAC values was observed for urea, as we used serum
concentrations, and clearance of urea ismainly limited by extra-
corporeal blood and dialysate flows [12].

Notwithstanding these limitations, the study demon-
strates the feasibility of obtaining reasonable estimates of
serum TAC values from spent dialysate. Moreover, preliminary
(unpublished) data show that the modality does not affect the
accuracy of optical estimation of uraemic toxin concentrations
in spent dialysate in the tested range including higher dialysate
and substitution flow rates. Before clinical implementation,
these general models should be optimized for each uraemic
toxin, considering treatment settings, dialyzer membrane spec-
ifications, patients’ body parameters and using plasma values,
which would allow a more precise estimation of serum TAC
values from spent dialysate concentration values. Additionally,
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Figure 4: Bland–Altman plots comparing intradialytic TAC values in serum normalized by effective blood flow rate (TACn) and corresponding TACn values estimated
from logarithmic mean concentrations (MlnDn) in spent dialysate normalized by spent dialysate flow or from TRS for (a, e) urea, (b, f) UA, (c, g) β2M and (d, h) total IS.
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clinical implementation would be facilitated by estimating
uraemic toxin concentrations in spent dialysate from contin-
uous optical online monitoring of spent dialysate, providing
a more convenient, less labour-intensive method [22–24, 30],
which may allow optimization of the HD prescription.

Although the TAC concept offers additional information on
HD adequacy, HD adequacy should be multitargeted and cover
all patient needs and clinical goals that improve outcomes [14,
43, 44]. Kt/V has been criticized for ignoring the question of how
much uraemic toxin is left in the patient [4]. The serum TAC
concept can address this question.Moreover, Kt/V does not con-
sider fluid management nor residual kidney function [45]. The
latter should also be reflected in TAC values, which has been
illustrated for β2M [46]. TAC is therefore a good parameter for
comparison of the status of patients with varying residual kid-
ney functions and diets on different dialysis strategies.

In conclusion, the present study demonstrates the feasibil-
ity of evaluating serum TAC of uraemic toxins from uraemic
toxin concentrations in spent dialysate. In the future, automatic
evaluation of intradialytic serum TAC values from optical on-
line monitoring of spent dialysate could provide a more conve-
nient and precise measure of the impact of treatment on TAC
values and allow a real-time, point-of-care adjustment of the
dialysis prescription. In this regard, for clinical implementation,
the general models described herein should be optimized for
each uraemic toxin considering treatment settings and patient
parameters.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.
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